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Abstract	

This	thesis	investigates	the	relation	between	the	catalytic	activity	and	catalyst	material	to	

develop	a	predictive	framework	for	the	rational	design	of	catalytic	systems.	More	

specifically,	catalyst	morphology,	surface	structure,	and	surface	composition	are	probed	to	

understand	their	impact	on	catalyst	activity	and	selectivity	for	sustainable	catalysis	

applications.	We	begin	with	an	introduction	of	sustainable	catalysis,	with	an	emphasis	on	

the	use	of	copper	catalysts	and	alloy	materials	(Chapter	1).	The	details	of	the	methods	used	

in	this	thesis	are	then	presented	(Chapter	2).	Next,	the	role	of	defects	and	step	edge	sites	in	

elementary	reaction	steps	is	studied	for	methanol	oxidation	on	titania	(Chapter	3)	and	

ethanol	dehydrogenation	on	copper	(Chapter	4).	The	study	of	ethanol	dehydrogenation	

reaction	is	further	expanded	to	understand	the	effect	of	alloying	nickel	with	copper	

materials	on	the	catalyst	activity	and	selectivity	(Chapter	5).	A	thorough	investigation	is	

undertaken	to	understand	surface	compositional	(Chapter	6)	and	structural	(Chapter	7)	

changes	induced	by	different	gas	exposures	of	a	nanoporous	nickel-copper	catalyst.	The	

changes	in	surface	composition	and	structure	using	in	situ	techniques	are	correlated	to	

changes	in	catalytic	activity	and	stability	(Chapters	6	–	7).	The	use	of	reactive	gases	to	alter	
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catalytic	materials	is	further	investigated	on	a	bulk	silver-gold	alloy	as	a	model	for	

nanoporous	gold	catalysts	(Chapter	8).		
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Chapter	1.		

Introduction	-	Sustainable	Catalysis	

	

1.1 Abstract	

To	 meet	 the	 rising	 global	 demand	 for	 energy,	 it	 is	 crucial	 to	 reduce	 the	 energy	

footprint	 of	 the	 chemical	 production	 industry.	 The	 development	 of	 more	 energy-

efficient	 catalysts	 and	 catalytic	 processes	 is	 imperative	 to	 reaching	 this	 goal.	 The	

production	of	 acetaldehyde,	 an	 important	 industrial	 chemical,	 is	 one	 such	process	

that	can	be	made	more	sustainable	with	the	use	of	an	alternative	production	process,	

ethanol	dehydrogenation	reaction.	With	the	development	of	a	robust	catalyst,	ethanol	

dehydrogenation	can	be	used	to	produce	acetaldehyde	alongside	hydrogen,	a	clean	

fuel.	Copper-based	catalysts	provide	a	strong	starting	point	towards	this	endeavor	

given	 their	 inherent	 high	 selectivity	 for	 dehydrogenation	 reactions.	 This	 report	

explores	alloying	as	a	strategy	for	improving	the	catalytic	reactivity	and	stability	of	

copper-based	catalysts	for	the	ethanol	dehydrogenation	reaction.	

	

1.2	Motivation:	Sustainable	Production	of	Valuable	Chemicals	

Global	 energy	use	 is	 growing	 lightning	 fast.	 Total	world	 consumption	of	 energy	 is	

projected	to	increase	from	549	quadrillion	Btu	in	2012	to	815	quadrillion	Btu	in	2040,	

a	48%	increase1.	The	industrial	sector	is	the	largest	consumer	of	delivered	energy,	

consuming	~54%	of	the	world's	total	delivered	energy,	in	addition	to	being	a	heavy	
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emitter	 of	 carbon	 dioxide,	 which	 contributes	 to	 global	 warming1.	 Within	 the	

industrial	 sector,	 the	 basic	 chemicals	 industry,	 including	 bulk	 chemical	

manufacturing,	accounted	 for	19%	of	 total	delivered	energy	consumption	 in	2012,	

making	the	basic	chemicals	industry	the	largest	consumer	of	delivered	energy1.	Given	

that	 the	chemical	 industry	 is	such	a	 large	energy	consumer,	 it	 is	crucial	 that	more	

energy	efficient	production	processes	are	developed	to	minimize	its	energy	footprint	

and	help	mitigate	climate	change.	

In	the	chemical	production	industry,	approximately	90%	of	all	commercially	

produced	 chemicals	 utilize	 catalysts	 at	 some	 step	 in	 the	 process2.	 In	 chemistry,	 a	

catalyst	is	a	material	that	increases	the	rate	of	a	reaction,	allowing	certain	reactions	

to	 take	 place	 that	 would	 otherwise	 not	 occur	 in	 the	 same	 conditions.	 Ammonia	

synthesis,	 one	 of	 society’s	 greatest	 innovations,	 is	 an	 example	 of	 such	 a	 reaction.	

Developed	 by	 Haber	 and	 Bosch,	 the	 process	 takes	 atmospheric	 nitrogen	 and	

hydrogen	and	produces	ammonia,	a	fertilizer,	over	an	iron-based	catalyst	at	elevated	

temperatures	 and	 pressures.	 The	 process	 has	 been	 dubbed	 the	 “detonator	 of	 the	

population	explosion”	as	it	has	exponentially	expanded	society’s	ability	to	grow	food3.	

If	it	wasn’t	for	the	development	of	this	iron-based	catalyst,	much	of	society	would	not	

be	here	today.	

	 Inspired	 by	 the	 impact	 of	 the	 Haber-Bosch	 process,	 this	 thesis	 primarily	

investigates	the	development	of	new	catalysts	for	the	production	acetaldehyde	with	

the	goal	of	making	the	production	process	more	energy-efficient	and	environmentally	

sustainable.	Current	production	methods	of	acetaldehyde	utilize	two	main	reactions	

that	 consume	 large	 quantities	 of	 energy.	 An	 alternative	 route	 to	 acetaldehyde	
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production	is	a	reaction	called	ethanol	dehydrogenation,	an	advantageous	reaction	

that	 produces	 hydrogen	 in	 conjunction	 with	 the	 acetaldehyde.	 Although	 ethanol	

dehydrogenation	 is	 an	 environmentally	 friendlier	 pathway	 than	 the	 other	 two	

reaction	methods,	 it	 is	 not	 currently	 viable	 in	 the	 chemical	 industry	 as	 a	 suitable	

catalyst	 is	 yet	 to	 be	 developed.	 Methanol	 oxidation	 to	 methyl	 formate	 and	

formaldehyde	is	also	briefly	studied	in	this	thesis.	

Specifically,	 this	work	examines	 the	use	of	unsupported	 copper	and	nickel-

copper	(Ni-Cu)	alloy	materials	 for	ethanol	dehydrogenation	reaction	in	addition	to	

titania	(TiO2)	nanowires	and	silver-gold	(AgAu)	alloys	for	methanol	oxidation.	

	

1.2.1	Acetaldehyde:	Current	Production	

Acetaldehyde	is	an	important	chemical	in	the	global	industry,	which	is	widely	found	

in	 nature	 and	 produced	 on	 the	 industrial	 scale.	 In	 2003,	 1	 million	 tonnes	 of	

acetaldehyde	were	produced	globally4.	Acetaldehyde	is	a	platform	chemical,	because	

it	is	used	as	a	starting	material	for	the	production	of	other	high	value	chemicals.	It	is	

used	as	a	starting	material	 for	acetic	acid,	acetate	esters,	pentaerythritol,	pyridine,	

and	other	pyridine	based	 compounds4-5	 among	many	others.	 These	molecules	 are	

high	 value	 chemicals	 used	 to	 produce	 polymers,	 explosives,	 resins,	 plastics,	

cosmetics,	and	many	other	chemicals	for	commercial	applications.		

	 Currently,	acetaldehyde	 is	mainly	produced	via	 the	Wacker	process	using	a	

homogenous	 palladium-copper	 chloride	 catalyst	 in	 the	 oxidation	 of	 ethylene	

(Reaction	1).	Smaller	quantities	are	manufactured	by	the	partial	oxidation	of	ethanol	

over	silver	catalysts	at	500	–	650	°C	(Reaction	2)4-5.	



Chapter	1.	Introduction	-	Sustainable	Catalysis	

	 4	

	

2	C2H4				+					O2						→					2	CH3CHO	 (1)	

								 			ethylene						oxygen										acetaldehyde	

	

CH3CH2OH					+					½	O2					→				CH3CHO					+				H2O		 (2)	

			ethanol														oxygen							acetaldehyde							water	

	

Although	 the	Wacker	 process	 produces	 high	 yields	 of	 acetaldehyde,	 it	 has	 several	

disadvantages.	First,	 it	uses	a	corrosive	catalyst	which	rusts	 the	steel	reactors	and	

tubing	used	in	the	chemical	industry.	To	prevent	corrosion,	reactors	are	lined	with	a	

ceramic	material	and	titanium	tubing	is	used	instead	of	stainless	steel,	which	is	more	

expensive.	 Second,	 the	 process	 is	 conducted	 above	 atmospheric	 pressure,	 which	

requires	more	energy.	Similarly,	the	partial	oxidation	of	ethanol	(Reaction	2)	requires	

high	temperatures	for	the	reaction	to	occur.		

Lastly	and	most	significantly,	 the	Wacker	process	 is	conducted	in	the	 liquid	

phase	with	water	which	requires	several	separation	steps	to	purify	the	acetaldehyde	

from	unwanted	by-products	and	water.	In	the	partial	oxidation	of	ethanol	(Reaction	

2),	water	is	produced	as	a	by-product	and	thus,	also	needs	to	be	separated.	For	both	

processes,	 a	 separation	method	 called	 distillation	 is	 used,	which	 is	 inefficient	 and	

consumes	 a	 considerable	 amount	 of	 energy.	 Specifically,	 chemical	 separation	

processes,	 including	 distillation,	 account	 for	 10-15%	 of	 the	 world’s	 energy	

consumption6.	 In	 the	United	States,	 separation	processes	account	 for	~50%	of	 the	

energy	used	by	the	industrial	sector,	of	which	the	distillation	methods	consume	49%	
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of	energy6.	Consequently,	by	reducing	the	number	of	separation	steps	in	a	procedure	

or	by	using	a	lower	temperatures/pressures,	the	amount	of	energy	consumed	by	a	

process	 is	 reduced.	 Ethanol	 dehydrogenation	 provides	 this	 opportunity	 for	

acetaldehyde	production.	

	

1.2.2	Ethanol	Dehydrogenation	as	an	Alternative	

Ethanol	 dehydrogenation	 is	 a	 potential	 alternative	 to	 the	 current	 methods	 of	

acetaldehyde	 production	 that	 is	 more	 energy-efficient	 and	 environmentally	

sustainable.	The	reaction	proceeds	at	relatively	low	temperatures	of	260-290	°C	in	

atmospheric	pressure	on	copper	(Cu)	catalysts	(Reaction	3)4,	thus	using	less	energy	

than	the	current	methods.	Since	acetaldehyde	can	be	condensed	into	a	liquid,	it	can	

be	easily	separated	from	the	hydrogen	gas.	

	

CH3CH2OH			→			CH3CHO					+						H2	 	(3)	

ethanol										acetaldehyde						hydrogen	

	

A	great	benefit	of	the	ethanol	dehydrogenation	reaction	is	the	production	of	

hydrogen	as	a	co-product	with	the	acetaldehyde.	Hydrogen	is	advantageous	as	a	fuel	

over	other	common	fuels	such	as	gasoline	and	natural	gas	because	it	has	a	high	energy	

content	by	weight.	The	energy	density	of	gasoline	and	natural	gas	are	~45-50	MJ/kg,	

while	 hydrogen’s	 energy	 density	 is	 a	 steeping	 ~125	 MJ/kg	 in	 comparison.	

Furthermore,	 hydrogen	 is	 considered	 a	 zero-emission	 fuel	 since	 it	 only	 produces	

water	–	a	benign	by-product	–	when	burned	with	oxygen	for	energy.	When	employed	
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in	an	electrochemical	cell	coupled	with	an	electric	motor,	it	is	two	to	three	times	more	

efficient	than	an	internal	combustion	engine	running	on	gasoline7.	In	addition,	fuel	

cells	 operate	 at	 lower	 temperatures	 and	 are	 more	 compact	 in	 size	 compared	 to	

internal	 combustion	 engines.	 Because	 of	 these	 benefits,	 demand	 for	 hydrogen	 is	

increasing	globally	and	extends	into	the	consumer	market	through	the	development	

of	hydrogen-powered	vehicles.	In	this	regard,	the	ethanol	dehydrogenation	reaction	

could	prove	a	critical	means	of	meeting	demand	due	to	its	hydrogen	gas	co-product,	

while	still	producing	the	highly	useful	acetaldehyde.	

With	 the	 use	 of	 ethanol	 derived	 from	 biomass	 (bioethanol	 or	 biofuel),	 the	

ethanol	 dehydrogenation	 process	 has	 the	 potential	 to	 be	 a	 completely	 renewable	

process	as	biomass	is	a	renewable	resource.	With	recent	advances	in	chemical	and	

biological	processing	technologies,	the	fermentation	process	to	producing	bioethanol	

is	becoming	more	efficient	and	the	ultimate	goal	of	reaching	a	 'zero	waste'	biofuel	

production	process	is	becoming	ever	more	promising8-9.	In	just	about	10	years,	from	

2007	to	2016,	global	bioethanol	production	has	doubled	from	13.12	billion	gallons	to	

26.58	billion	gallons	with	production	still	increasing10.	

Biofuels	seem	incredibly	attractive,	because	crops	sequester	carbon	dioxide	

from	 the	 atmosphere	 as	 they	 grow.	However,	 studies	have	 shown	 that	 converting	

land	 for	 biofuel	 production	 releases	 more	 carbon	 dioxide	 than	 is	 saved	 by	 using	

biofuels	instead	of	fossil	fuels11-12.	To	truly	reduce	greenhouse	gas	emissions,	biofuels	

should	 be	 produced	 from	 biomass	 waste	 or	 from	 biomass	 grown	 on	 abandoned	

agricultural	lands12-13.	Thus,	the	use	of	sustainably	sourced	and	produced	bioethanol,	
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would	not	only	lead	to	a	renewable	ethanol	dehydrogenation	reaction,	but	it	would	

also	help	mitigate	global	climate	change.		

		 As	 these	 examples	 demonstrate,	 ethanol	 dehydrogenation	 stands	 as	 an	

advantageous	and	sustainable	industrial	process.	Ethanol	from	biomass	provides	an	

environmentally	friendly	resource.	Acetaldehyde	is	produced	and	used	as	a	starting	

material	for	other	important	chemicals	and	hydrogen	is	produced	as	a	clean	fuel	with	

rising	demand.	 In	addition,	 the	reaction	takes	place	at	relatively	 low	temperatures	

and	can	be	highly	selective	towards	the	acetaldehyde	product	with	certain	catalysts	

such	 as	 copper,	 which	 is	 also	 relatively	 inexpensive.	 While	 the	 benefits	 are	

unquestionable,	 the	next	sections	will	discuss	 the	 issues	 that	prevent	 this	reaction	

from	 being	 realized	 on	 the	 industrial	 scale	 and	 the	 research	 being	 conducted	 to	

develop	new	and	improved	catalysts	for	the	reaction.	

	

1.2.3	The	Plague:	Deactivation	

Although	 ethanol	 dehydrogenation	 is	 an	 attractive	 process,	 it	 is	 not	 currently	

economically	viable	due	to	the	lack	of	a	robust	catalyst	that	meets	all	the	criteria	for	

industrial	scale	production.	In	chemical	production,	high	selectivity	is	preferred	over	

high	activity	as	it	reduces	the	number	of	separations	required.	Of	course,	a	catalyst	

with	 high	 selectivity	 and	 high	 activity	 is	 ideal.	 Another	 criterion	 for	 industrial	

processes	is	long-term	stability.	Catalysts	need	to	have	stable	activity	for	weeks,	if	not	

months,	 to	 be	 viable	 for	 industrial	 applications.	 The	 iron-based	 catalyst	 used	 for	

ammonia	synthesis,	for	example,	is	used	for	10	years	or	more14.	In	industry,	it	is	better	

for	a	catalyst	to	have	a	lower	activity	and	be	stable	for	a	long	period	of	time	than	for	
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it	to	have	higher	activity	and	deactivate	over	time.	Thus,	the	three	main	criteria	for	a	

viable	catalyst	in	the	industry	are:	high	activity,	selectivity,	and	stability.	

With	 the	 development	 of	 a	 stable	 and	 highly	 active	 catalyst,	 ethanol	

dehydrogenation	could	become	an	efficient	and	sustainable	source	of	hydrogen	and	

acetaldehyde.	 Cu-based	 catalysts	 have	 been	widely	 studied	 for	 ethanol	 and	 other	

alcohol	dehydrogenation	reactions15-46.	Cu	is	highly	selective	for	dehydrogenating	the	

alcohol	 to	 its	 respective	 aldehyde,	 unlike	 more	 reactive	 metals	 which	 cleave	 the	

carbon-carbon	 bonds	 leading	 to	 decomposition	 of	 the	 reactants,	 an	 unwanted	

outcome.	This	quality	of	high	selectivity	has	posed	Cu	to	be	an	excellent	catalyst	for	

dehydrogenation	 reactions.	 Unfortunately,	 though,	 Cu	 catalysts	 were	 found	 to	

deactivate	in	ethanol	and	other	alcohol	dehydrogenation	reactions.	

Due	to	this	issue	of	deactivation,	copper-based	catalysts	have	not	been	feasible	

on	the	industrial	scale	for	the	ethanol	dehydrogenation	reaction.	This	work	aims	to	

improve	 the	 stability	 and	 reactivity	 of	 Cu-based	 materials	 for	 the	 ethanol	

dehydrogenation	reaction	with	 the	development	of	new,	unsupported	nanoporous	

copper	and	copper-nickel	materials	(Chapters	4	-	7).	

	

1.3	Cu-based	Catalysts	for	Alcohol	Dehydrogenation	Reactions	

1.3.1	Role	of	Step	Edge	Sites	in	Cu	

Copper	was	 first	demonstrated	 to	be	highly	 selective	 for	dehydrogenating	 the	C-O	

bond	without	 cleaving	 the	 C-C	 bond	 in	 single	 crystal	 studies	 using	methanol	 and	

ethanol,	 though	 they	 generally	 demonstrated	 low	 conversions	 to	 the	 respective	

aldehydes15-18.	Supported	copper	catalysts	have	demonstrated	modest	activity	for	the	
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direct	conversion	of	alcohols	to	the	corresponding	aldehydes.	However,	single	crystal	

studies	have	shown	much	less	activity.	Further	investigations	on	Cu	single	crystals	

have	led	to	an	understanding	of	this	discrepancy.		

	 Investigation	 of	 methanol	 on	 Cu	 (210)	 has	 demonstrated	 that	 methoxy	

formation	 is	 more	 facile	 on	 step	 edges	 than	 on	 terraces19.	 More	 recently,	 non-

oxidative	methanol	 and	ethanol	dehydrogenation	was	 shown	 to	occur	 at	 step	 and	

kink	 sites	 on	 Cu	 (111)	 and	 Cu	 (110)	 single	 crystals	 using	 scanning	 tunneling	

microscopy	(STM)	to	locate	the	sites.	In	addition,	the	study	also	demonstrated	that	

the	activity	of	the	single	crystal	could	be	increased	by	increasing	the	density	of	surface	

defects	 using	 thermal	 annealing	 and	 argon	 ion	 sputtering20.	 These	 studies	 have	

provided	an	explanation	for	the	 low	conversions	previously	observed	on	Cu	single	

crystals.	 Similarly,	 the	 contribution	 of	 step	 sites	 for	 non-oxidative	 ethanol	

dehydrogenation	 on	 Au	 nanoparticle	 catalysts	 has	 also	 been	 previously	 noted47.	

These	studies	demonstrate	the	efficacy	of	surface	defects	for	catalyzing	reactions	and	

suggest	 that	 highly	 defective	 metal	 catalysts	 may	 be	 more	 active	 for	 dry	 ethanol	

dehydrogenation	of	alcohols.		

	 Investigating	 this	hypothesis	 further,	 Chapter	4	of	 this	 thesis	demonstrates	

that	step	edge	sites	do	not	affect	the	activation	energy	of	the	ethanol	dehydrogenation	

reaction	on	copper	catalysts,	because	the	rate-determining	step	is	cleavage	of	the	C-

H	bond	and	not	the	O-H	bond.	Based	on	this	work,	it	can	be	concluded	that	defective	

metal	catalysts	may	be	more	active	catalysts	for	reactions	where	the	rate-determining	

step	 is	 catalyzed	by	under-coordinated	sites.	For	example,	Chapter	3	of	 this	 thesis	
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demonstrates	that	oxygen	adatom	defects	on	TiO2	nanowires	enhance	the	production	

of	formaldehyde	and	methyl	formate	in	the	oxidation	of	methanol.	

		

1.3.2	Supported	Cu	Catalysts	

Although	these	single	crystal	studies	show	that	step	sites	are	the	active	site	in	copper	

single	crystals	 for	alcohol	dehydrogenation,	 there	 is	no	agreement	upon	the	active	

site	when	 it	 comes	 to	non-model	Cu-based	 catalysts	used	 in	operating	 conditions,	

such	 as	 elevated	 temperatures	 and	 atmospheric	 pressure.	 With	 regards	 to	 Cu	

oxidation	state,	the	on-going	discussion	is	evident.	Many	studies	report	metallic	Cu	to	

be	the	most	active	species21-23,	whereas	others	cite	Cu+	or	a	mixture	of	Cu0/Cu+	as	the	

most	active	species	for	the	dehydrogenation	of	ethanol24-27	and	cyclohexanol28.	One	

study	 used	 in	 situ	 X-ray	 absorption	 near	 edge	 structure	 (XANES)	 to	 correlate	

dehydrogenation	and	esterification	selectivities	 to	 the	distribution	of	Cu	oxidation	

states.	The	study	demonstrated	that	Cu0	sites	catalyze	the	dehydrogenation	reaction	

to	acetaldehyde,	whereas	Cu2+	+	Cu1+	sites	catalyze	the	esterification	reaction	to	ethyl	

acetate.	 The	 study	 concluded	 that	 the	 relative	 populations	 of	 Cu0	 and	 Cu2+/Cu1+	

depend	 on	 cluster	 size	 and	 support	 and	 thus,	 the	 selectivity	 for	 dehydrogenation	

could	be	manipulated	by	altering	either	parameter23.	 In	this	vein,	previous	reports	

have	 also	 investigated	 the	 effects	 of	 Cu	 cluster	 size23,	 26,	 29,	 support22-23,	 29-30,	

preparation	methods31-32,	and	pressure33,	 though	no	decisive	conclusion	about	 the	

active	site	has	been	reached.		
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1.3.3	Promoters	and	Alloys	

Regardless	 of	 the	 ongoing	 discussion	 on	 the	 active	 site,	 Cu	 catalysts	 have	 been	

generally	found	to	deactivate	in	alcohol	dehydrogenation	conditions,	predominantly	

due	 to	 sintering34-42.	 To	 improve	 the	 stability	 of	 Cu	 catalysts,	 the	 addition	 of	

chromium21,	40-41,	43-45,	magnesium28,	39,	aluminum28,	30,	33,	zinc46,	and	alkali	metals37	as	

promoters	has	been	investigated.	Chromium	was	reported	to	improve	the	stability	of	

copper	 for	 the	 reaction;	 however,	 environmental	 issues	 related	 to	 the	 use	 of	

chromium	 have	 discouraged	 its	 use21,	 40-41,	 43-45.	 Potassium	 was	 found	 to	 be	

comparable	to	chromium	as	a	promoter,	increasing	the	activity	and	stability	of	silica-

supported	Cu	catalysts	for	the	dehydrogenation	of	ethanol.	In	the	same	study,	sodium	

and	rubidium	was	found	not	to	impact	the	stability,	however,	they	did	increase	the	

activity	compared	to	Cu/SiO237.		

Though	the	distinction	between	promoters	and	alloys	is	unclear,	these	studies	

on	multi-component	materials	indicate	an	important	principle:	that	the	addition	of	a	

second	 component	 changes	 the	 inherent	 materials	 properties	 and	 thus,	 catalytic	

function.	Bimetallic	catalysts	already	open	new	opportunities	for	tuning	the	reactivity	

and	selectivity	of	a	catalyst	for	improved	energy	efficiency	and	sustainability.	Because	

the	 primary	 motivation	 of	 this	 thesis	 is	 understanding	 the	 interplay	 between	

materials,	especially	alloys,	and	their	catalytic	properties,	it	is	necessary	to	expand	on	

the	 background	 of	 alloy	materials	 to	 fully	 appreciate	 their	 unique	 properties	 and	

advantages	in	catalysis.		
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1.4	Alloy	Catalysts	

1.4.1	Bulk	Alloys		

Metal	 alloys	demonstrate	different	 and	at	 times	 improved	activity,	 selectivity,	 and	

stability	 compared	 to	 their	 individual	 components	 for	 many	 reactions.	 Alloying	

catalysts	is	particularly	attractive	for	noble	metals	as	the	expensive	noble	metal	can	

be	diluted	in	a	less	expensive	one,	while	maintaining	the	function	of	the	noble	metal.	

Bimetallic	catalysts	with	noble	components	have	been	extensively	studied	for	ethanol	

steam	reforming	and	ethanol	oxidation	reactions	including	Au-Cu48-50,	Co-Cu51-52,	Co-

Ni51,	 53-54,	 Ni-Cu55-60,	 Ni-Zn61-63,	 Pd-Zn64,	 Pt-Cu65,	 Pt-Ni65-67,	 and	 Pt-Ru65,	 68.	 Ethanol	

steam	reforming	(ESR)	and	ethanol	oxidation	reaction	(EOR)	produce	CO	and	H2	from	

ethanol	 and	 steam	 or	 ethanol	 and	 oxygen,	 respectively.	 Some	 of	 the	 elementary	

reactions	in	ESR	and	EOR	overlap	with	non-oxidative	ethanol	dehydrogenation	thus,	

the	 literature	 can	 be	 used	 to	 gain	 insight	 about	 materials	 and	 their	 catalytic	

properties.		

Though	 the	previous	 section	on	promoters/alloys	alludes	 to	 some	work	on	

alloy	 materials	 for	 alcohol	 dehydrogenation	 reactions,	 the	 use	 of	 more	 noble	

components	for	non-oxidative	alcohol	dehydrogenation	reactions	has	been	limited	to	

Ag-Cu69,	Au-Cu49,	and	Pd-Zn70-72.	The	studies	listed	in	this	section	utilize	bulk	alloys	

with	each	component	comprising	at	least	5%	of	the	alloy	composition.	Considering	

the	large	scale	of	industrial	catalysis,	 this	may	still	require	a	substantial	amount	of	

precious	 metals	 which	 are	 not	 only	 expensive,	 but	 also	 are	 at	 risk	 of	 resource	

depletion	(Zn,	Pt,	Ag,	Ru,	Ir)73.	Recently,	studies	have	demonstrated	that	even	dilute	

metal	alloys,	where	one	of	the	metal	components	comprises	less	than	~5%	of	the	total	
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concentration,	are	still	active	and	selective	for	catalytic	reactions.	These	materials	are	

of	course	attractive	due	to	the	small	amount	of	precious	metals	used	and	thus	warrant	

further	investigation.	

	

1.4.2	Dilute	Metal	Alloys	

Studies	of	dilute	metal	alloys	are	few	as	synthesizing	dilute	alloys	(<5%)	can	be	more	

difficult	 than	 bulk	 alloys	 (>5%),	 though	 the	 literature	 is	 growing.	 Dilute	 alloy	

materials	 display	 remarkable	 cases	 of	 improved	 performance	 compared	 to	 their	

monometallic	counterparts,	because	the	more	reactive,	minority	component	is	used	

to	drive	the	reaction	on	the	majority	host	component.	Nanoporous	Au,	for	example,	is	

a	sponge-like	structure	with	~3	at%	Ag	that	can	catalyze	numerous	complex	oxygen-

assisted	 alcohol	 coupling	 reactions	with	 high	 reactivity,	 selectivity,	 and	 long-term	

stability74-76.	On	its	own,	Au	is	highly	selective	for	coupling	reactions,	but	is	relatively	

inert	for	dissociating	O2,	which	is	required	for	initiation	of	the	reaction.	Ag	on	its	own	

promotes	combustion	of	the	alcohol	reactants	to	carbon	dioxide	(CO2).	The	key	to	the	

high	performance	of	 nanoporous	Au	 is	 a	mixed	Au-Ag	oxide	 at	 the	 surface,	which	

facilitates	O2	dissociation	and	spillover	of	oxygen	atoms	 to	 the	Au	host,	where	 the	

selective	coupling	of	reactants	occur77.	

Further	dilution	of	bimetallic	catalysts	still	results	 in	highly	active	catalysts.	

Single	atom	alloys	are	novel	materials	were	single	atoms	of	an	active	species,	such	as	

Pd	or	Pt,	are	dispersed	on	the	surface	of	a	less	reactive	host	metal,	such	as	Cu,	which	

can	be	 in	 the	 form	of	a	single	crystal	or	nanoparticle.	The	 fundamental	 features	of	

single	 atom	 alloys	 are	 that	 the	 more	 active	 component	 is	 present	 in	 very	 low	
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concentrations	at	the	surface	of	the	host	metal	and	that	it	is	thermodynamically	stable	

as	a	single	atom	and	does	not	form	dimers	or	trimers.		

Pd-Cu	 and	 Pt-Cu	 single	 atom	 alloys	 are	 capable	 of	 dissociating	 H2	 and	

catalyzing	 alkyne	 and	 alkadiene	 hydrogenation	 reactions	with	 higher	 activity	 and	

selectivity	 compared	 to	 their	 monometallic	 counterparts,	 respectively78-79.	 Pt-Cu	

single	 atom	 alloys	 are	 also	 capable	 of	 dissociating	 C-H	 bonds	 and	 assisting	 in	

dehydrogenation	reactions	of	methanol80	and	 formic	acid81.	Similar	 to	nanoporous	

Au,	Cu	on	its	own	is	inert	for	dissociating	H2	for	hydrogenation	reactions,	whereas	Pd	

and	Pt	are	notoriously	active	for	H2	activation	and	hydrogenation	reactions	though	

unselective.	 Scanning	 tunneling	microscopy	 (STM)	of	 atomically	dispersed	Pd	 (~1	

at%)	on	Cu	(111)	demonstrated	that	the	dispersed	Pd	atoms	on	the	Cu	(111)	surface	

dissociate	 H2	molecules	 into	 adsorbed	 hydrogen	 atoms82.	 The	 STM	 study	 directly	

visualized	the	hydrogen	atoms	spilling	over	onto	the	Cu	surface	from	the	Pd	atoms	

allowing	hydrogenation	 reactions	 to	proceed	on	 the	Cu	 surface,	where	 it	 is	 highly	

selective.	

These	 investigations	 on	 single	 atom	alloys	 and	nanoporous	Au	 identify	 the	

crucial	 aspect	 in	 the	 success	 of	 dilute	 metal	 alloys:	 the	 synergistic	 effect	 of	 two	

different	 components	 where	 each	 performs	 a	 particular	 function	 in	 the	 overall	

reaction	mechanism.	Based	on	these	principles,	numerous	catalytic	materials	can	be	

strategically	designed	to	improve	their	reactivity,	selectivity,	and	stability	for	a	given	

reaction.	Chapter	5	of	this	thesis	specifically	investigates	the	development	of	dilute	

Ni-Cu	alloy	materials	 to	demonstrate	 its	 improved	activity	compared	to	Cu	 for	 the	

ethanol	dehydrogenation	reaction.	
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1.4.3	Ni-Cu	Alloys	for	Ethanol	Dehydrogenation	

Ni-Cu	 bulk	 alloys	 have	 been	 widely	 studied	 for	 the	 ethanol	 steam	 reforming	 or	

ethanol	oxidation	reactions55-60.	Many	studies	demonstrate	that	the	Cu	preferentially	

dehydrogenates	ethanol	to	acetaldehyde,	whereas	Ni	is	too	reactive,	promoting	C-C	

bond	scission	reactions	to	H2,	CO2,	CO,	and	CH456,	59-60.	Because	Ni	promotes	C-C	bond	

scission	reactions,	it	is	infamous	for	decomposing	reactants	into	carbon	leading	to	the	

deactivation57-58,	61-63,	83-84.	With	Ni-Cu	catalysts,	studies	reported	decreased	carbon	

deposition	compared	to	pure	Ni	catalysts,	though	it	was	not	completely	eliminated55,	

57-58.		

Building	on	the	principles	of	dilute	metal	alloys,	this	thesis	investigated	dilute	

Ni-Cu	alloy	materials	as	they	were	theorized	to	be	better	materials	 for	the	ethanol	

dehydrogenation	reaction	than	their	pure	components.	Because	Ni	is	more	reactive	

than	Cu,	adding	a	small	amount	of	it	to	Cu	may	improve	the	activity	without	sacrificing	

the	 selectivity	 to	 acetaldehyde.	 In	 addition	 to	 improving	 the	 activity,	 Ni	may	 also	

stabilize	 the	 Cu	 structure	 from	 sintering.	 Sintering	 is	 a	 common	 method	 of	

deactivation.	However,	the	more	stable	the	metal,	 the	less	 likely	it	 is	to	sinter.	The	

following	is	the	increasing	order	of	stability	for	metals85-86:	

	

Ag	<	Cu	<	Au	<	Pd	<	Fe	<	Ni	<	Co	<	Pt	<	Rh	<	Ru	<	Ir	<	Os	<	Re	

	

The	 lower	 the	 metal	 is	 in	 the	 series,	 the	 more	 susceptible	 it	 is	 to	 deactivate	 by	

sintering.	Since	Ni	is	a	more	stable	metal	than	Cu,	we	speculated	that	doping	Cu	with	
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Ni	would	improve	the	stability	of	the	catalyst	and	prevent	deactivation	by	sintering.	

Furthermore,	Cu	and	Ni	are	both	inexpensive	and	earth	abundant	elements,	making	

them	cost-effective	to	implement	on	the	industrial	scale.		

Based	 on	 these	 ideas,	 this	 work	 synthesized	 and	 tested	 novel	 Ni-Cu	 alloy	

nanoparticles	 and	 several	 nanoporous	 materials	 (sponge-like	 structures)	 for	 the	

ethanol	dehydrogenation	reaction.	Chapter	5	demonstrates	that	dilute	Ni-Cu	alloys	

are	 highly	 active	 and	 selective	 for	 ethanol	 dehydrogenation	 to	 acetaldehyde	 and	

hydrogen.	The	study	found	that	dilute	Ni-Cu	catalysts,	regardless	of	form,	lower	the	

activation	barrier	 for	 the	 ethanol	 dehydrogenation	 reaction	 and	 thus,	 have	higher	

activity	while	maintaining	high	selectivity	for	acetaldehyde	and	hydrogen.	Additional	

studies	by	collaborators	demonstrated	that	Ni	facilitates	C-H	bond	cleavage,	the	rate-

determining	step	in	ethanol	dehydrogenation,	improving	the	activity	of	Cu	in	Ni-Cu	

single	 atom	 alloy	 nanoparticles	 and	 demonstrating	 the	 synergistic	 function	 of	 the	

metals87.	

	

1.4.4	Manipulation	of	Active	Structures	

A	crucial	feature	of	dilute	metal	alloys	that	is	often	overlooked	is	the	surface	features	

of	the	catalyst.	As	alluded	to	in	the	dilute	metal	alloys	section,	the	active	component	

of	 the	alloy	must	be	at	 the	surface	as	 it	will	have	no	effect	on	 the	reactivity	 if	 it	 is	

located	in	the	bulk.	In	the	case	of	single	atom	alloys,	the	active	component	must	also	

be	 stable	 as	 a	 single	 atom	 at	 the	 surface	 and	 not	 form	dimers	 and	 trimers	 as	 the	

catalytic	function	of	a	single	atom	will	differ	from	a	dimer	or	trimer	structure.	Thus,	
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it	is	essential	to	control	the	surface	features	of	a	catalyst	as	the	bulk	composition	does	

not	reflect	the	surface	composition	or	structure.	 	

	 For	 working	 catalysts,	 the	 active	 surface	 can	 be	 manipulated	 by	 different	

pretreatments	 that	 lead	 to	 different	 catalytic	 behavior.	 For	 example,	 as	 prepared	

nanoporous	Au	 (npAu)	 is	 highly	 active	 for	 CO	 oxidation	 to	 CO288,	whereas	 ozone-

pretreated	 npAu	 is	 inactive	 for	 CO	 oxidation89.	 Additionally,	 as	 prepared	 npAu	

becomes	 inactive	 for	 methanol	 oxidation	 and	 higher	 alcohols,	 whereas	 ozone-

pretreated	 npAu	 is	 highly	 active,	 selective,	 and	 stable	 for	 alcohol	 oxidation	

reactions89.	As	stated	previously,	the	key	to	ozone-activated	npAu	is	a	mixed	Ag-Au	

oxide	at	the	surface	that	is	capable	of	dissociating	O2.	This	structure	is	only	created	

upon	ozone	treating	the	material	which	brings	more	Ag	to	the	surface	and	oxidizes	

the	Ag	and	Au77.	On	the	other	hand,	the	CO	oxidation	activity	of	as	prepared	npAu	is	

attributed	 to	 surface	defects	with	 the	 role	Ag	being	 to	 stabilize	 the	 step	 sites	 and	

facilitate	O2	dissociation90.	Clearly,	the	as	prepared	and	ozone-treated	npAu	materials	

are	 fundamentally	 different	 materials	 with	 distinct	 catalytic	 activities.	 Ozone	

pretreatment	is	an	example	of	a	transformation	agent,	turning	an	inactive	structure	

into	 an	 active	 one	 and	 vice	 versa,	 and	 demonstrates	 how	 materials	 can	 be	

manipulated	 and	 tuned	 for	 their	 best	 performance	 using	 carefully	 chosen	

pretreatments.			

As	 a	means	 to	 understanding	 npAu,	 Chapter	 8	 explores	 the	 effect	 of	 ozone	

treatment	and	methanol	oxidation	reaction	on	bulk	Ag70Au30,	which	is	the	precursory	

alloy	used	to	fabricate	npAu	by	selective	dissolution	of	Ag.	The	study	demonstrates	a	

similar	diffusion	of	Ag	to	the	surface	by	ozone	exposure.	Upon	further	exposure	to	
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methanol	 oxidation	 reaction	 conditions,	 a	 nanoporous	 morphology	 develops	

illustrating	 that	 even	 large-scale	 compositional	 and	morphological	 changes	 can	be	

initiated	by	surface	chemical	reactions	(Chapter	8).	

	 Following	up	on	the	Ni-Cu	studies	presented	in	Chapter	5,	Chapters	6	and	7	

present	an	extensive	investigation	of	different	pretreatments	on	nanoporous	Ni-Cu	

(npNiCu).	These	chapters	demonstrate	that	H2	pretreatment	of	npNiCu	transforms	

the	 material	 such	 that	 it	 deactivates	 the	 catalyst	 for	 ethanol	 dehydrogenation,	

whereas	O2	pretreatment	forms	an	active	and	more	stable	catalyst	for	the	reaction.	

The	 work	 follows	 surface	 compositional	 (Chapter	 6)	 and	 structural	 (Chapter	 7)	

changes	to	demonstrate	that	the	inactive	and	active	forms	of	the	catalyst	are	tied	to	

the	presence	of	metallic	and	oxidized	Ni	at	the	surface,	respectively,	with	the	presence	

metallic	Ni	leading	to	deactivation	due	to	carbon	deposition.	

	

1.5	Specific	Aims	of	Thesis	

The	 overarching	 focus	 of	 this	 thesis	 is	 on	 understanding	 the	 relationship	

between	catalyst	activity	and	catalyst	material	at	a	fundamental	level.	The	effect	of	

catalyst	 morphology	 on	 elementary	 reactions	 steps	 are	 probed	 on	 titania	 (TiO2)	

nanowires	 for	methanol	oxidation	(Chapter	3)	and	nanoporous	copper	 for	ethanol	

dehydrogenation	(Chapter	4).	The	effect	of	alloying	nickel	with	various	copper-based	

materials	 is	 explored	 for	 ethanol	 dehydrogenation	 reaction	 (Chapter	 5).	

Furthermore,	 the	 transformation	 of	 catalytic	 materials	 with	 reactive	 gases	 is	

investigated	 on	 bulk	 Ag-Au	 (Chapter	 8)	 as	 well	 as	 for	 nanoporous	 Ni-Cu	with	 an	

extensive	 investigation	 on	 reactivity	 changes	 in	 the	 ethanol	 dehydrogenation	
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reaction	correlated	with	structural	(Chapter	6)	and	surface	compositional	(Chapter	

7)	changes.	The	insights	gained	from	this	work	can	be	applied	to	tailor	new	catalysts	

with	 improved	 activity	 and	 stability	 for	 energy	 efficient	 and	 environmentally	

sustainable	catalytic	applications.	
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Chapter	2.		

Methods	

	

2.1	Abstract	

In	 this	 chapter,	 catalytic	 testing	 of	 materials	 and	 characterization	 techniques	 are	

described.	All	methods	described	here	and	summarized	in	their	respective	chapters	

were	conducted	by	the	author	of	this	thesis.	Experimental	details	of	work	performed	

by	collaborators	are	described	solely	in	their	respective	chapters.		

	

2.2	Catalyst	Pretreatments	

2.2.1	H2	and	O2	Pretreatments	of	Cu-based	Catalysts	

Hydrogen	 pretreatments	 were	 conducted	 on	 Cu-based	 catalysts	 to	 ensure	 a	 fully	

reduced	 sample	 was	 used	 for	 catalytic	 tests	 using	 a	 flow	 reactor.	 Hydrogen	

treatment	was	performed	prior	to	catalytic	testing	by	flowing	10%	hydrogen	at	20	

ml/min	 at	 room	 temperature,	 followed	 by	 ramping	 the	 temperature	 to	 350°C	 at	

10°C/min	 and	 holding	 for	 1	 hr.	 The	 temperature	 was	 then	 lowered	 to	 250°C	 for	

ethanol	 dehydrogenation	 reactions.	 Oxygen	 pretreatments	 were	 performed	 using	

20%	 oxygen	 at	 a	 flow	 rate	 of	 50	 ml/min.	 The	 catalysts	 were	 held	 at	 room	

temperature	 and	 ramped	 to	 250°C	 at	 10°C/min	 and	 held	 there	 for	 1	 hr.	 The	

temperature	was	kept	at	250°C	for	ethanol	dehydrogenation	reaction.		
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2.2.2	Pretreatments	of	Bulk	Ag-Au	Alloys	

For	nanoporous	Au	catalysts	and	bulk	AgAu	systems,	ozone	pretreatment	is	used	to	

activate	 the	 catalysts.	 Without	 ozone	 treating	 Au-based	 catalysts,	 these	 materials	

are	 not	 active	 for	 alcohol	 oxidation	 and	 coupling	 reactions.	 Ozone	 treatment	was	

performed	on	Ag70Au30	bulk	alloy	ingots	at	150°C	under	a	flow	of	3%	O3	in	O2/He	at	

100	ml/min	for	1	h.	The	sample	was	then	exposed	to	methanol	oxidation	reaction	

conditions	of	6%	methanol	and	20%	oxygen	balanced	in	He	using	a	flow	rate	of	50	

ml/min	at	150°C	for	1	h.		

	

2.3	Catalytic	Activity	Tests	

2.3.1	Steady-State	Ethanol	Dehydrogenation	Reaction	Tests	

Steady-state	 activity	 tests	 were	 performed	 using	 a	 flow	 reactor	 at	 atmospheric	

pressure	housed	in	a	temperature-controlled	furnace	(Figure	2.1).	Ultrahigh-purity	

gases	were	supplied	to	the	reactor	by	mass-flow	controllers.	In	a	typical	experiment,	

~30	mg	of	catalyst	was	diluted	with	sand,	loaded	into	the	reactor	tube,	and	topped	

with	 quartz	 wool.	 The	 reactants	 flow	 through	 the	 catalyst	 bed,	 where	 the	

temperature	and	pressure	are	regulated,	and	exit	with	any	products	to	be	analyzed	

by	either	a	mass	spectrometer	or	a	gas	chromatograph-mass	spectrometer.	The	gas	

composition	for	a	typical	activity	test	was	6%	ethanol	balanced	in	He	using	a	typical	

flow	 rate	 of	 50	 ml/min.	 Ethanol	 was	 obtained	 by	 flowing	 a	 saturated	 He	 stream	

through	 a	 bubbler	 filled	 with	 liquid	 ethanol.	 For	 steady-state	 activity	 tests,	 the	

catalyst	was	maintained	at	250°C.	Reactant	and	product	gases	were	analyzed	using	

an	online	gas	chromatograph-mass	spectrometer	(GC-MS,	Agilent	5975C	and	Agilent	
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7890A)	 equipped	 with	 columns,	 HP-PLOT	 Q	 and	 CARBONLOT,	 and	 a	 thermal	

conductivity	detector.		

	

Figure	2.1	Schematic	of	flow	reactor	system	

	

Products	 detected	 by	 the	 GC-MS	 are	 quantified	 by	 their	 peak	 areas	 in	 the	

chromatograph.	 All	 product	 peak	 areas	 are	 corrected	 by	 their	 ionization	 cross	

sections	 (Table	 2.1).	 Because	 only	 acetaldehyde	 is	 detected	 by	 the	 GC-MS,	 as	

hydrogen	 is	 light	 and	 travels	 too	 quickly	 through	 the	 column	 for	 detection,	 all	

conversion	 and	 kinetic	 analyses	 are	 conducted	 using	 acetaldehyde.	 Based	 on	 the	

reaction	stoichiometry,	an	equal	number	of	moles	of	acetaldehyde	and	hydrogen	are	

produced	by	the	reaction.	Conversion	to	acetaldehyde	was	calculated	based	on	the	

reaction	stoichiometry	using	the	expression:	
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𝑋"#$%"&'$()'$(%) = 100 ∙
𝐶"#$%"&'$()'$		+		𝐶45 	+	𝐶6$%("7$	

𝐶"#$%"&'$()'$ +	𝐶45 	+	𝐶6$%("7$ 	+ 	𝐶$%("78&
	

	

where	 𝐶"#$%"&'$()'$ ,	 𝐶45 ,	 𝐶6$%("7$ ,	 and	 𝐶$%("78& 	are	 the	 concentrations	 of	

acetaldehyde,	CO,	methane,	and	ethanol	 in	 the	gas	stream,	respectively.	The	mass-

specific	reaction	rate	of	acetaldehyde	(𝑅6)	was	determined	by:	

	

𝑅6 =
𝐹 ∙ 𝑋"#$%"&'$()'$ ∙ %𝑒𝑡ℎ𝑎𝑛𝑜𝑙

60 𝑠
𝑚𝑖𝑛 ∙ 22400

𝑚𝑙
𝑚𝑜𝑙 ∙ 𝑚#"%"&)H%

	

	

where	𝐹	is	 the	 total	 flow	 rate	 of	 the	 reaction	mixture,	%𝑒𝑡ℎ𝑎𝑛𝑜𝑙	is	 the	 percent	 of	

ethanol	 in	 the	reactant	gas	composition,	and	𝑚#"%"&)H%	is	 the	weight	of	 the	catalyst.	

The	selectivity	to	acetaldehyde,	𝑆"#$%"&$()'$ ,	is	calculated	using:	

	

𝑆"#$%"&$()'$ = 100 ∙
𝐶"#$%"&'$()'$

𝐶"#$%"&'$()'$ +	𝐶45 	+	𝐶6$%("7$ 	+ 	𝐶$%("78&
	

	

Table	2.1	Ionization	cross	sections	used	in	quantitative	mass	spectrometry	
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1Adapted	from	J.	Phys.	B:	At.	Mol.	Opt.	Phys.	37	(2004)	445-455.	

2Adapted	from	J.	Phys.	B:	At.	Mol.	Opt.	Phys.	30	(1997)	2465-2475.	

3Calculated	according	to	equation	σm	=	2.72nc	+	1.81	(nc	=	number	of	carbons)	from	

Int.	J.	Mass.	Spectrum.	273	(2008)	53-57.	

4Calculated	according	to	equation	σm	=	2.67nc	+	2.34	(nc	=	number	of	carbons)	from	

Int.	J.	Mass.	Spectrum.	248	(2006)	42-46.		

	

2.3.2	Activation	Energy	Measurements	

For	activation	energy	measurements,	 the	 total	 conversion	was	kept	below	15%	to	

ensure	differential	reactor	conditions.	The	catalyst	was	maintained	at	250°C	for	at	

least	 1	 h	 in	 reaction	 conditions	 before	 lowering	 the	 temperature	 by	 10°C.	 The	

temperature	was	 lowered	by	10°C	 increments	until	~1%	conversion	was	 reached	

and	then	returned	to	250°C	in	10°C	increments	to	ensure	the	catalyst	recovered	the	

same	activity	at	each	temperature.	The	catalyst	was	kept	at	each	temperature	for	at	

least	30	min	to	reach	steady-state.	The	activation	energy	is	calculated	by	plotting	the	

natural	log	of	the	reaction	rate	at	each	temperature	in	an	Arrhenius	plot	versus	1/T,	

where	T	is	temperature.	A	linear	fit	is	added	and	the	slope	of	the	linear	fit	is	used	to	

obtain	the	activation	energy	in	kJ	mol-1	using	the	equation:	Ea	=	slope*R,	where	R	is	

the	universal	gas	constant.			

	

2.3.3	Temperature-Programmed	Ethanol	Dehydrogenation	Reaction	Tests	

Temperature-programmed	surface	 reaction	 (TPSR)	 tests	were	perfomed	using	 the	

flow	reactor	system	described	previously	(Figure	2.1).	A	typical	amount	of	catalyst	
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was	 loaded	 and	 pretreated	 as	 needed.	 After	 cooling	 to	 room	 temperature,	 6%	

Ethanol/He	gas	was	flowed	through	the	catalyst	at	50	ml/min.	The	temperature	was	

ramped	linearly	at	10	°C/min	to	the	reaction	temperature	of	250	°C.	The	effluent	gas	

was	analyzed	by	a	residual	gas	analyzer	(Hiden	HAL	3F	RGA)	operated	at	a	pressure	

of	~1e-6	Torr.	

Ethanol,	water,	and	H2	were	monitored	by	m/z	=	31,	18,	and	2,	respectively.	

For	acetaldehyde,	m/z	=	43	and	29	were	both	monitored	as	m/z	=	43	is	unique	to	

acetaldehyde,	 however,	m/z	 =	 29	 provides	 better	 signal-to-noise,	 though	 it	 is	 not	

unique	to	acetaldehyde.	

	

2.4	Catalyst	Characterization	

2.4.1	X-ray	Photoelectron	Spectroscopy	

X-ray	photoelectron	spectroscopy	(XPS)	was	conducted	at	the	Center	for	Nanoscale	

Systems	 at	 Harvard	 University	 using	 a	 Thermo	 Scientific	 K-Alpha	 or	 K-Alpha	 +	

system.	 Both	 instruments	 utilize	 a	 monochromatic	 Al	 Kα	 X-ray	 source	 with	 an	

energy	~1.4866	keV	and	a	180º	double	 focusing	hemispherical	 analyzer	and	128-

channel	detector.	All	XPS	spectra	were	obtained	with	an	X-ray	spot	size	of	400	μm	

and	a	flood	gun	to	compensate	any	sample	charging	during	a	measurement.	Survey	

scans	were	collected	using	a	1	eV	step	size,	100	eV	pass	energy,	and	10	scans.	High-

resolution	scans	were	obtained	using	a	0.05	eV	step	size,	40	eV	pass	energy,	and	10	

scans	 except	 for	Ni	where	 40	 scans	were	 used	 for	 better	 signal-to-noise	 ratio.	 An	

argon	sputter	gun	was	used	for	depth	profiling.	All	spectra	were	analyzed	using	the	

CasaXPS	software	and	energy	calibrated	to	the	1s	carbon	peak	at	284.5	eV.		



Chapter	2.	Methods	

	 34	

	

2.4.2	Ambient-Pressure	X-ray	Photoelectron	Spectroscopy	(AP-XPS)	

Ambient-pressure	 X-ray	 photoelectron	 spectroscopy	 (AP-XPS)	 experiments	 were	

conducted	 at	 Beamline	 23-ID-2	 at	 the	 National	 Synchrotron	 Light	 Source	 II	 at	

Brookhaven	National	 Laboratory.	Because	 the	 freeze-drying	 synthesis	 step	 results	

in	a	Ni	and	Zn	enriched	ingot	surface	and	samples	are	crushed	for	reactivity	testing,	

both	the	surface	and	the	cross	section	of	an	ingot	sample	were	studied.	To	do	this,		

a	npNiCu	ingot	(dimensions:	~12	mm	x	3	mm	x	1	mm)	was	halved	into	two	pieces	

with	 lengths	 of	 6	mm	each.	One	of	 these	pieces	was	 cut	 lengthwise	 to	 expose	 the	

cross	section	and	loaded	with	the	cross	section	facing	out.	The	other	was	loaded	as	

is	 to	expose	 the	outer	surface	of	 the	 ingot.	Both	pieces	were	held	onto	a	 tantalum	

back-plate	with	 tantalum	 foil	 that	was	 spot	welded	on	 each	 side	 to	 keep	 in	place.	

The	whole	 contraption	was	 then	 loaded	 on	 platinum	 button	 heater	 and	mounted	

within	 the	 AP-XPS	 chamber.	 Both	 an	 as	 prepared	 ingot	 and	 a	 previously	 treated	

ingot	 in	 the	 flow	 reactor	 (10%	 H2,	1	 atm,	 1	 h,	 350°C)	 were	 used	 for	 the	 AP-XPS	

studies.		

To	ensure	that	the	same	depth	was	probed	for	each	element	and	similar	gas-

phase	attenuation,	the	X-ray	photon	energy	was	varied	such	that	the	kinetic	energy	

of	 all	 photoelectrons	was	 200	 eV.	 After	 every	 photon-energy	 change,	 the	mirrors	

were	adjusted	to	optimize	the	XPS	counts.	With	each	metal	2p	or	survey	spectrum	

that	 was	 collected	 in	 each	 condition,	 a	 corresponding	 Fermi	 edge	 spectrum	 was	

collected	and	used	 to	calibrate	 the	energy	of	 the	 respective	spectrum.	The	sample	

was	first	analyzed	in	ultra-high	vacuum	(UHV)	at	room	temperature	(RT)	(condition	
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0).	 Then	 it	was	 exposed	 to	 0.2	Torr	 ethanol	 for	 6	 h	 at	 250	 °C	 (condition	1),	 after	

which	it	was	exposed	to	1	Torr	O2	at	250	°C	for	1	h	(condition	2).	The	sample	was	

exposed	to	each	of	these	conditions	and	analyzed	in	vacuum	after	the	reactant	gas	

was	 completely	 pumped	 out	 of	 the	 chamber	 to	 limit	 beam	 effects.	 In	 the	 final	

condition,	 the	 spectra	were	 taken	while	 the	 sample	was	 in	 0.2	 Torr	 ethanol	 after	

being	 exposed	 to	 the	 ethanol	 for	 1	 h	 at	 250	 °C	 (condition	 3).	 During	 reactant	

exposures,	the	beam	was	blocked	between	spectra	collection	to	limit	beam	damage.	

	

2.4.3	AP-XPS	Spectral	Analysis	

All	the	C	1s	and	O	1s	spectra	were	de-convoluted	using	Voigt-type	line-shapes	after	

subtracting	 a	 Shirley-type	 background.	 Ni	 2p	 spectra	 were	 analyzed	 using	 least	

square	 fitting	 based	 on	 a	 linear	 combination	 of	 area	 normalized	 reference	 2p3/2	

spectra	 of	Ni0,	Ni2+,	 and	Ni(OH)2	 to	 extract	 the	percentage	 of	 each	 specie	 present.	

Peak	fitting	with	Gaussian-type	fits	was	not	appropriate	to	use	as	the	Ni	2p	spectra	

exhibited	complicated	 line-shapes	with	characteristic	 satellites.	Because	 the	Cu	2p	

spectra	 exhibited	 pure	 Cu2+	 or	 Cu0/Cu+1,	 which	 are	 indistinguishable	 by	 XPS,	 no	

further	fitting	was	conducted.	Efforts	to	fit	the	Zn	2p	spectra	were	not	made	as	the	

Zn	metal	and	oxide	components	overlap	and	thus	quantification	is	difficult	for	mixed	

systems.	 Therefore,	 the	 LMM	 Auger	 parameter,	 as	 generally	 agreed	 in	 the	

literature1,	 was	 used	 to	 qualitatively	 demonstrate	 changes	 in	 the	 Zn/Zn2+	 ratio	

under	different	conditions.	The	Zn	LMM	Auger	spectra	were	extrapolated	from	the	

survey	spectra	collected	with	a	photon	energy	of	1221	eV.	Due	to	the	large	step	size	

in	the	survey	spectra,	no	fitting	was	performed.	
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	 Atomic	ratios	were	calculated	using	the	peak	area	(PA)	and	ionization	cross-

section	(ICS)	of	each	element	and	the	photon	flux	(PF)	at	the	corresponding	photon	

energy	using	the	following	formula2:	

	

2.4.4	Near-Edge	X-ray	Absorption	Fine	Structure	(NEXAFS)	

NEXAFS	spectra	were	acquired	using	 the	AP-XPS	analyzer	 in	partial	electron	yield	

(PEY)	mode.	For	Cu	L-edge	spectra	and	Ni	L-edge	spectra,	the	kinetic	energies	of	the	

emitted	photoelectrons	were	selected	to	be	320	eV	and	240	eV,	respectively,	as	no	

XPS	 peaks	 appear	 at	 this	 kinetic	 energy	 within	 the	 energy	 range	 scanned,	 which	

would	otherwise	produce	false	NEXAFS	peaks.	Because	most	of	the	spectra	showed	

prominent	Cu0	characteristics,	the	energy	calibration	was	conducted	by	aligning	the	

Cu0	 peaks	 and	 corresponding	 satellites	 to	 reported	 literature	 values.	 To	 extract	

Cu0/Cu1+	ratios,	least	square	fitting	was	performed	based	on	the	linear	combination	

of	Cu0	and	Cu1+	area	normalized	reference	spectra	of	the	L3	region.		

	

2.4.5	Raman	Spectroscopy	

Raman	 spectroscopy	 was	 performed	 using	 a	 Horiba	 LabRam	 HR	 Evolution	

Spectrometer	using	a	633	nm	excitation	wavelength	and	100%	laser	power.	Spectra	

were	acquired	from	65	cm-1	to	3000	cm-1.	Z-height	profiling	was	conducted	on	each	

sample	from	-5	𝜇m	to	+5	𝜇m.	The	spectrum	with	the	highest	intensity	among	the	Z	

RatioA B =
PA(A)
PA(B)

×
ICS(B)
ICS(A)

×
PF@Ehv,B

PF@Ehv,A
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profile	 was	 chosen	 for	 comparison.	 Raman	 spectroscopy	 was	 conducted	 at	 the	

Center	for	Nanoscale	Systems	at	Harvard	University.		

	

2.4.6	Electron	Microscopy	–	SEM	and	TEM	

All	ex	situ	transmission	electron	microscopy	(TEM)	was	performed	at	the	Center	for	

Nanoscale	Systems	at	Harvard	University.	For	TEM	imaging,	a	JEOL	2100	instrument	

operated	 using	 a	 lanthanum	 hexaboride	 filament	 source	 at	 200	 kV	 was	 used.	

Selected	area	electron	diffraction	(SAED)	was	performed	on	the	JEOL	2100	to	obtain	

diffraction	 patterns	 of	 samples.	 High-resolution	 transmission	 electron	microscopy	

(HR-TEM)	was	performed	on	a	JEOL	2010	instrument	with	a	field	emission	source	

operated	at	200	kV.		

Aberration-corrected	 scanning	 transmission	 electron	 microscopy	 (STEM)	

was	performed	using	a	JEOL	ARM	200F	microscope	operated	at	200	kV	with	a	field	

emission	 gun.	 Energy	 dispersive	 X-ray	 spectroscopy	 (EDS)	was	 performed	 on	 the	

JEOL	 ARM	 200F	 microscope	 equipped	 with	 a	 two-quadrant	 EDS	 detector.	 EDS	

mapping	was	also	performed	at	Brookhaven	National	Laboratory	at	 the	Center	 for	

Functional	Nanomaterials	using	a	FEI	Talos	F200X	microscope	operated	at	200	kV	

equipped	with	 a	 four-quadrant	 EDS	 detector	 and	 a	 high	 angle	 annular	 dark	 field	

(HAADF)	detector.	

	 TEM	 and	 STEM	 samples	 were	 prepared	 by	 dispersing	 the	 catalyst	 in	

deionized	water	and	dropping	onto	200	mesh	copper	grids	coated	with	lacey	carbon	

film.	Gold	grids	coated	with	lacey	carbon	film	were	utilized	instead	of	copper	grids	

when	EDS	mapping	was	to	be	performed.	
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	 Scanning	 electron	 microscopy	 (SEM)	 was	 performed	 at	 the	 Center	 of	

Nanoscale	 Systems	at	Harvard	University	using	 field	 emissions	microscopes,	 Zeiss	

Ultra	 55	 and	 Zeiss	 Supra	 55VP.	 An	 accelerating	 voltage	 of	 5	 keV	 was	 used	 for	

imaging	samples	at	working	distances	of	5	to	8.5	mm.	EDS	was	also	performed	on	

the	SEM	where	an	accelerating	voltage	of	15	keV	was	used	and	a	working	distance	of	

~8.5	mm.	 SEM	 samples	were	 prepared	 by	 loading	 pieces	 of	 catalyst	 sample	 onto	

double-sided	 carbon	 tape,	 which	 was	 pre-loaded	 on	 appropriate	 SEM	 stubs	 or	

silicon	wafer	pieces.	For	any	measurements	of	 size,	 the	program	 ImageJ	was	used	

and	at	least	100	measurements	were	made	for	statistical	accuracy.		

	 Due	to	the	low	mass	of	nanoporous	Cu	(npCu)	yielded	by	the	synthesis	and	

used	 for	 catalytic	 testing,	 Brunauer-Emmett-Teller	 (BET)	 surface	 area	

measurements	could	not	be	conducted	after	each	treatment.	One	BET	measurement	

was	 conducted	 using	 N2	 adsorption	 on	 an	 as	 prepared	 npCu	 sample	 to	 yield	 a	

surface	area	of	2.7	m2/g.	For	npCu	after	a	specified	treatment,	the	ligament	size	was	

used	 to	 estimate	 the	 surface	 area	 of	 the	 nanoporous	 structure	 following	 the	

published	 procedure1.	 The	 as	 prepared	 npCu	 sample	 was	 used	 as	 a	 reference	 to	

determine	 the	dimensionless	 constant	of	 the	porous	 structure.	To	account	 for	any	

spherical	 nanoparticles	 at	 the	 surface,	 the	 surface	 area	 per	 gram	 was	 calculated	

using	the	radius	of	the	particle.	The	total	surface	area	of	the	nanoporous	structure	

and	particles	was	then	calculated	by	taking	a	weighted	average	with	the	number	of	

particles	and	ligaments	measured.	
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2.4.7	Environmental	Transmission	Electron	Microscopy	(E-TEM)	

Environmental	 transmission	 electron	 microscopy	 (E-TEM)	 was	 performed	 at	

Brookhaven	National	Laboratory	using	a	FEI	Titan	microscope	operated	at	300	kV	

equipped	 with	 an	 electron	 energy	 loss	 spectrometer	 (EELS).	 The	 instrument	

operates	at	a	base	pressure	of	3	-	4	x	10-7	Torr.	Powdered	samples	were	dispersed	in	

deionized	 water	 and	 drop-casted	 onto	 a	 DENS	 Solutions	 heated	 sample	 holder.	

Gases	 and	 vapors	 were	 introduced	 into	 the	 microscope	 using	 a	 gas-handling	

manifold	equipped	with	dosing	valves.	EELS	spectra	were	analyzed	using	FEI's	TEM	

imaging	and	analysis	(TIA)	program.	

	

2.4.8	TEM	Imaging	of	Twinned	Pd	Nanostructures	

The	 following	 are	 contributions	 made	 by	 the	 thesis	 author	 to	 the	 publication,	

“Defects	 by	 design:	 synthesis	 of	 palladium	 nanoparticles	 with	 extended	 twin	 defects	

and	corrugated	surfaces”,	for	which	the	author	is	acknowledged3.		

	

This	paper	was	published	in	Nanoscale,	2017,	9,	17914-17921.	

	

The	premise	of	 the	report	 is	 the	synthesis	of	well-defined	palladium	nanoparticles	

with	 an	 increased	 density	 of	 surface	 defects	 as	 undercoordinated	 sites	 are	

catalytically	 more	 active.	 The	 ratio	 of	 chloride	 to	 bromide	 in	 the	 particle	 growth	

solutions	 was	 tuned	 to	 form	 multiply	 twinned	 palladium	 nanostructures	 with	

corrugated	 surface	 features	 and	 extended	 fin-like	 twin	 defects.	 This	 synthetic	

method	 produced	 complex	 nanostructures	 such	 as	 concave	 icosahedra,	 star-like	
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pentatwinned	 rods,	 and	 bipyramids,	 where	 the	 fin-like	 features	 are	 the	 result	 of	

outward	 growth	 at	 the	 twin	 defects	 along	 the	 [111]	 directions.	 Figures	 2.2A	 and	

2.3A	 illustrate	 a	 concave	 icosahedron	and	pentatwinned	 rod,	 respectively.	 Figures	

2.2B	 and	 2.2C	 show	 the	 presence	 of	 twin	 planes	 in	 the	 fins	 of	 the	 concave	

icosahedron,	which	 the	other	 two	geometries	 also	exhibit.	The	 surfaces	of	 each	of	

the	 structures	 is	 also	 corrugated	 and	 not	 planar,	 highlighted	 in	 Figures	 2.3B	 and	

2.2C,	 which	 is	 related	 to	 the	 ratio	 of	 chloride	 and	 bromide	 ions	 in	 the	 growth	

solution	along	with	the	growth	at	the	twin	planes.	The	use	of	chloride	and	bromide	

ions	 in	 the	 growth	 medium	 to	 tailor	 nanoparticle	 structures	 can	 be	 extended	 to	

other	 noble	 metal	 systems	 to	 generate	 structures	 with	 a	 high	 density	 of	 defects,	

ideal	for	catalytic	applications.	

	

	

Figure	2.2	A)	High-resolution	TEM	images	showing	the	presence	of	twin	planes	in	

the	 fins	 of	 a	 concave	 icosahedron.	 The	 areas	 highlighted	 by	 boxes	 in	 the	 low-

magnification	image	in	(A)	are	the	sites	of	the	high-magnification	images	in	(B)	and	

(C).	
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Figure	 2.3	A)	 High-resolution	 TEM	 images	 showing	 atomic	 scale	 roughness	 and	

undercoordination	at	the	surface	of	the	corrugated	fins	of	a	pentatwinned	rod.	The	

areas	 highlighted	 in	 the	 low	magnification	 image	 in	 (A)	 are	 the	 sites	 of	 the	 high-

magnification	images	in	(B)	and	(C).		

	

2.4.9	TEM	Imaging	of	AuPt	Nanostructures	

The	 following	 TEM	 images	 are	 contributions	 made	 by	 the	 thesis	 author	 to	 the	

publication,	 “Synthetic	 Routes	 to	 Shaped	 AuPt	 Core–Shell	 Particles	 with	 Smooth	

Surfaces	Based	on	Design	Rules	for	Au	Nanoparticle	Growth”,	 for	which	the	author	 is	

acknowledged4.		

	

This	paper	was	published	in	Part.	Part.	Syst.	Charact.,	2018,	1700401.	

	

In	 this	 work,	 AuPt	 core-shell	 particles	 were	 produced	 using	 a	 one-pot	 synthesis	

under	 mild	 reaction	 conditions.	 Core-shell	 particles	 were	 produced	 with	 various	

shapes	and	smooth,	well-defined	surfaces,	a	novel	development,	as	previous	studies	

observed	 Pt-islands	 covering	 the	 surface	 of	 AuPt	 core-shell	 particles.	 The	



Chapter	2.	Methods	

	 42	

concentration	 of	 bromide	 ions	 in	 the	 growth	 solution	 determined	 the	 shape	 and	

facets	of	the	AuPt	nanoparticles	leading	to	lower	energy	surfaces	with	the	addition	

of	 bromide.	 When	 no	 bromide	 was	 present,	 {110}-faceted	 rhombic	 dodecahedra	

formed,	 the	highest	energy	surface	 (Figure	2.4).	When	a	small	amount	of	bromide	

was	added,	{100}-faceted	cubes	and	bipyramids	formed	(Figure	2.5).	With	a	larger	

concentration	of	bromide	in	the	growth	solution,	{111}-faceted	octahedra,	truncated	

triangular	bipyramids,	and	decahedra	form	which	have	the	 lowest	energy	surfaces	

(Figure	2.6	and	2.7).		

It	is	clear	from	Figures	2.4	to	2.7	that	the	Pt	shell	grows	epitaxially	on	the	Au	

core	 as	 the	 surfaces	 are	 smooth,	 contrary	 to	 previous	 studies	 which	 observed	

spherical	Pt	clusters	or	dendrites	on	the	Au	core.	Figure	2.8	shows	the	formation	of	

a	{100}-faceted	cube	after	Au	reduction	but	prior	to	Pt	deposition,	 illustrating	that	

when	the	Pt	layers	deposit,	they	retain	the	structure	of	the	Au	core.	Comparison	of	

the	Au	cube	with	the	AuPt	cube,	where	multiple	Pt	layers	have	been	deposited,	show	

similar	 surface	 structures	 demonstrating	 that	 the	 Pt	 grows	 epitaxially	 on	 the	 Au	

nanoparticle	(Figure	2.9).		

When	higher	Pt	contents	are	deposited	by	allowing	the	deposition	to	proceed	

for	48	h	instead	of	24	h,	the	beginning	of	dendritic	growth	can	be	observed	on	the	

{111}-faceted	octahedra	(Figure	2.10).	The	beginnings	of	dendritic	growth	are	less	

apparent	 on	 the	 {111}-faceted	 truncated	 bipyramids	 that	 form	 in	 the	 same	

conditions	 (Figure	 2.10).	 As	 determined	 by	 inductively	 coupled	 plasma	 atomic	

emission	 spectroscopy	 (ICP-AES),	 the	 {111}-faceted	 particles	 contained	 9.4%	 Pt	

after	 24	 h	 of	 growth,	 whereas	 they	 contained	 12.6%	 Pt	 after	 48	 h	 of	 growth.	
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Elemental	mapping,	ICP-AES,	along	with	estimates	of	Pt	percentage	as	a	function	of	

particle	shape,	size,	and	the	number	of	Pt	layers	revealed	that	the	Pt	octahedra	likely	

have	~3	layers	of	Pt	after	24	h	of	growth,	which	increases	to	~4	layers	of	Pt	after	48	

h	growth.	This	suggests	that	around	four	 layers	of	Pt	 is	the	maximum	for	epitaxial	

growth,	after	which	Pt	deposition	continues	by	dendritic	growth.		

Fundamental	experimental	and	 theoretical	 studies	on	Pt	 single	 crystals	 can	

be	 readily	 applied	 to	 these	 nanoparticles	 because	 of	 their	 large,	 uniform	 facets.	

These	particles	are	well-suited	for	facet-dependent	catalytic	activity	studies	as	well	

as	Pt	coverage-dependent	studies	in	heterogeneous	catalysis.	The	use	of	Au	particle	

growth	chemistry	to	manipulate	the	resulting	nanoparticles	can	also	be	extended	to	

produce	 AuPt	 nanoparticles	with	 high-index	 surface	 facets,	which	 are	 favored	 for	

catalytic	applications.	
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Figure	2.4	 (B-D)	 HRTEM	 images	 of	 the	 edges	 of	 the	 {110}-faceted	 AuPt	 rhombic	

dodecahedron	 in	 (A),	 showing	epitaxial	 growth	of	Pt	 and	 the	absence	of	 spherical	

islands	or	dendrites.	The	particle	was	imaged	after	24	hours	of	growth.		
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Figure	2.5	(B-D)	HRTEM	images	of	the	edges	of	the	{100}-faceted	AuPt	cube	in	(A),	

showing	 epitaxial	 growth	 of	 Pt	 and	 the	 absence	 of	 spherical	 islands	 or	 dendrites.	

The	particle	was	imaged	after	24	hours	of	growth.		
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Figure	2.6	(B-D)	HRTEM	images	of	the	edges	of	the	{111}-faceted	AuPt	octahedron	

in	 (A),	 showing	 epitaxial	 growth	 of	 Pt	 and	 the	 absence	 of	 spherical	 islands	 or	

dendrites.	The	particle	was	imaged	after	24	hours	of	growth.		
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Figure	2.7	(B-D)	HRTEM	 images	of	 the	edges	of	 the	 {111}-faceted	AuPt	 truncated	

bipyramid	 in	 (A),	 showing	 epitaxial	 growth	 of	 Pt	 and	 the	 absence	 of	 spherical	

islands	or	dendrites.	The	particle	was	imaged	after	24	hours	of	growth.		
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Figure	2.8	(B-E)	HRTEM	images	of	the	edges	of	the	{100}-faceted	AuPt	cube	in	(A).	

The	cube	is	representative	of	particles	formed	in	a	reaction	that	was	quenched	at	10	
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min	 of	 growth,	 which	 is	 after	 the	 reduction	 of	 Au	 but	 prior	 to	 the	 deposition	 of	

significant	Pt.	The	particle	has	a	 similar	 surface	 structure	 to	 the	particle	 in	Figure	

2.5,	supporting	the	epitaxial	growth	of	Pt.		

	

	

Figure	2.9	High	magnification	TEM	images	of	{100}-faceted	AuPt	cubes	(A)	after	10	

min	 of	 growth	 (prior	 to	 the	 onset	 of	 significant	 Pt	 deposition);	 and	 (B)	 after	 24	

hours	of	growth	(when	multiple	layers	of	Pt	have	been	deposited).	The	similarity	of	

the	surface	structure	 in	the	two	samples	 indicates	that	Pt	grows	epitaxially	on	the	

Au	core,	rather	than	forming	spherical	islands	or	dendrites.		
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Figure	2.10	(B-C)	HRTEM	images	of	the	edges	of	the	{111}-faceted	AuPt	octahedron	

in	 (A),	 showing	 the	 beginnings	 of	 some	 dendritic	 growth	 of	 Pt.	 The	 particle	 was	

imaged	after	48	hours	of	growth.		
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Figure	2.11	(B-D)	HRTEM	images	of	the	edges	of	the	{111}-faceted	AuPt	truncated	

bipyramid	 in	 (A),	 showing	 largely	 epitaxial	 growth	of	Pt.	The	particle	was	 imaged	

after	48	hours	of	growth.		
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Chapter	3.		

Methanol	Photo-Oxidation	on	Rutile	TiO2	Nanowires:		Probing	

Reaction	Pathways	on	Complex	Materials	

	

3.1	Abstract	

	

Understanding	 photochemical	 processes	 on	 nanomaterials	 is	 key	 to	 developing	 effective	

photocatalysts.		Herein,	methanol	oxidation	and	reduction	is	used	to	probe	the	thermal-	and	

photo-chemical	properties	of	rutile	titania	nanowires	grown	using	a	hydrothermal	method.	

The	 presence	 of	 oxygen	 vacancy	 defects	 leads	 to	 methoxy	 formation	 and	 subsequent	

disproportionation	to	formaldehyde	and	methanol	at	700	K.	Methane	and	dimethyl	ether	are	

also	 produced	 in	minor	 quantities.	 	 Oxygen	 adatoms	 enhance	 the	 formation	 of	methoxy,	

which	 led	 to	 an	 increase	 in	 the	 disproportionation	 products	 and	 dimethyl	 ether	 at	 high	
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temperature,	and	a	decreased	amount	of	methane.	The	thermal	reactivity	of	the	nanowires	

parallels	that	of	rutile	TiO2(110)	single	crystals.	Photo-oxidation	of	methoxy	using	UV	light	

produced	 formaldehyde	 and	 methyl	 formate.	 	 These	 product	 yields	 were	 enhanced	 on	

nanowires	with	oxygen	adatoms,	but	a	majority	of	methoxy	(~70%)	is	not	photo-active.	In	

contrast,	 all	methoxy	 is	photo-oxidized	on	rutile	TiO2(110)	when	O-adatoms	are	present.		

This	difference	 indicates	 that	holes	created	 in	 the	nanowires	during	UV	excitation	do	not	

migrate	to	most	of	the	methoxy—a	required	step	for	methoxy	photo-oxidation.		This	lack	of	

activity	could	either	be	due	to	trapping	of	holes	in	the	material	or	different	binding	of	the	

inactive	methoxy.		These	studies	demonstrate	that	while	charge	carriers	can	be	efficiently	

created	in	nanowires,	differences	in	chemical	properties	can	suppress	photo-oxidation.	

	

This	paper	was	published	in	J.	Phys.	Chem.	C	2017,	121,	9910-9919.	

	

3.2	Introduction	

Transition	metal	oxide	semiconductors,	including	TiO2,	are	an	important	class	of	materials	

for	 a	wide	 variety	 of	 photocatalytic	 applications.	 	 In	 order	 to	 optimize	 their	 function	 as	

photocatalysts,	 an	understanding	of	 the	 critical	 reaction	 steps	and	 the	effect	of	materials	

properties,	especially	the	presence	of	defects,	 is	required.	A	major	challenge	is	to	develop	

insight	into	the	fundamental	behavior	of	nanomaterials.	 	In	recent	years,	there	has	been	a	

revolution	in	the	synthesis	of	nanostructured	materials1	so	that	controlled	shapes	and	sizes	

are	 now	 routinely	 synthesized.	 Nanowires	 are	 particularly	 interesting	 as	 photocatalysts	

because	they	are	designed	to	increase	light	absorption	along	their	length	while	decreasing	
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the	radial	diffusion	length	to	the	surface	of	charge	carriers	(electrons	and	holes)	created	by	

light	absorption	(Fig.	1).		At	the	same	time,	control	of	defects	in	these	materials	could	prove	

to	be	challenging	because	defects	can	more	readily	be	created	through	oxidation	or	reduction	

processes	that	occur	via	reaction	at	the	surface	because	of	the	short	radial	length.	

	

Figure	3.1	Schematic	depicting	the	advantage	of	nanostructuring	a	photocatalyst.	 	On	the	left,	the	

diffusion	lengths	for	an	electron	(Le)	and	hole	(Lh)	are	now	similar	to	the	size	of	the	material,	meaning	

that	the	probability	of	an	electron	or	hole	to	reach	a	surface	site	and	initiate	a	reaction	is	enhanced.		

On	the	right,	a	single-crystal	surface	illustrates	that	there	is	a	much	higher	probability	of	diffusion	

and	recombination	in	the	bulk.		Additionally,	the	nanostructure	has	more	exposed	surface	area	which	

can	absorb	photons,	thereby	increasing	the	concentration	of	charge	carriers.	

	

Fundamental	 studies	 of	 metal-oxide	 single	 crystal	 surfaces	 provide	 a	 basis	 for	

understanding	thermal	and	photochemical	processes	on	a	well-controlled	material	that	can	

inform	the	design	of	nanomaterials.2-5	 	 	A	wide	range	of	studies	on	rutile	TiO2(110)	single	

crystals	 have	 established	 a	 general	 framework	 for	 understanding	 photochemical	

transformations.6	 Various	 defects,	 including	 bridging	 oxygen	 vacancies	 (Ov),	 O	 adatoms	

(Oad),	 and	 Ti	 interstitials,	 play	 a	 role	 in	 determining	 the	 selectivity	 and	 activity	 for	
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photochemical	 reactions	 on	 rutile	 TiO2(110).6-8	 Hence,	 titania	 is	 an	 excellent	 system	 for	

comparison	of	single	crystals	and	nanomaterials.	

The	photo-oxidation	of	methanol	has	been	extensively	studied	on	TiO2	single	crystals	

and	on	high-surface-area	materials,	rendering	it	a	good	prototype	for	understanding	both	

thermal	 and	 photocatalytic	 reactions.	 9-24	 The	 first	 step	 in	 methanol	 oxidation	 is	 the	

conversion	 to	 methoxy	 (CH3Oads).23	 	 Thermal	 reaction	 can	 occur	 at	 bridging	 oxygen	

vacancies,	 yielding	methoxy	 bound	 to	 the	 vacancy	 site	 and	 bridging	 OH.	 	 Only	 a	 limited	

amount	of	methoxy	is	formed	by	this	path	because	there	are	typically	only	a	few	vacancies	

(<10%)	on	the	surface.		Alternately,	the	O-H	bond	dissociation	is	enhanced	by	the	presence	

of	Oad.		The	alcoholic	hydrogen	is	transferred	to	Oad,	forming	OHads	and	CH3O	adsorbed	on	a	

5-coordinate	Ti	 center;	 the	 formed	OHads	 reacts	with	a	 second	methanol	 to	yield	another	

methoxy	and	water.9,16	Methoxy	can	also	form	from	photo-induced	OH	bond	dissociation.10	

Photo-oxidation	 of	 methoxy	 to	 formaldehyde	 occurs	 by	 hole-induced	 C-H	 bond	

transfer	to	a	nearby	bridging	oxygen.10	Time-dependent	density	functional	theory	studies	

show	 that	 the	 C-H	 bonds	 become	 acidic	 as	 the	 photo-generated	 hole	 migrates	 onto	 the	

methyl	 group.25	 	 While	 formaldehyde	 is	 the	 primary	 photo-product,	 secondary	

photochemical	 coupling	 with	 unreacted	methoxy	 species	 can	 also	 occur	 to	 yield	 methyl	

formate.13,16,17		The	coupling	depends	on	a	relatively	high	density	of	methoxy	species.		The	

density	of	methoxy	species	in	turn	depends	on	the	degree	of	reduction	of	the	surface	since	

formation	of	Oad	is	promoted	by	available	charge	from	both	surface	and	subsurface	reduced	

species.	 	Besides	formaldehyde	and	methyl	formate,	dimethyl	ether	and	methane	are	also	

produced	thermo-chemically	from	methanol.19-22			
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Herein,	we	apply	the	tools	of	surface	chemistry	under	ultra-high	vacuum	conditions	

to	investigate	the	photo-oxidation	of	methanol	induced	by	titania	nanowires.		Our	objective	

is	to	build	on	the	understanding	of	this	model	reaction	as	a	means	of	probing	the	materials	

properties	 and	 photo-reaction	 efficiencies	 of	 the	 nanowires.	 Only	 one	 other	 study	 of	 the	

fundamental	behavior	of	titania	nanomaterials	has	been	reported	to	date,	in	which	methanol	

oxidation	 induced	by	 anatase	nanoparticles	 of	 varying	 size	was	 investigated.22	Reactivity	

similar	 to	 that	 of	 single	 crystals	 was	 observed;	 specifically,	 formaldehyde	 and	 methyl	

formate	were	produced	after	UV	irradiation,	as	well	as	thermal	reaction	to	form	methane	

and	dimethyl	ether.		These	shape-controlled	anatase	particles	contained	mainly	(101)	facets	

and	a	minority	of	the	(001)	plane.		On	these	particles,	coupling	of	methoxy	to	form	dimethyl	

ether	was	preferred	on	the	minority	(001)	planes	and	attributed	to	four-fold	Ti	cation	sites,	

defects	or	crystal	edges.		Methyl	formate	was	posited	to	form	from	five-fold	coordinated	Ti	

sites	on	the	(101)	planes.			

Our	work	shows	that	the	thermal	and	photochemical	reactions	of	methanol	on	rutile	

titania	nanowires	are	qualitatively	similar	to	the	previously	studied	anatase	particles	and	

that	these	reactions	can	be	understood	from	studies	of	the	rutile	single	crystal.	There	are,	

however,	differences	compared	to	single	crystals.	Specifically,	methyl	formate	evolved	near	

room	temperature	(315	K)	is	produced	at	the	expense	of	dimethyl	ether,	demonstrating	that	

the	key	reactive	site	is	one	which	facilitates	bimolecular	coupling	on	nanowires.	Additionally,	

reactivity	 trends	of	 the	nanowires	are	used	 to	 sensitively	gauge	 the	defect	density	 in	 the	

nanowires	through	chemical	methods.		This	study	demonstrates	how	understanding	of	key	

reactions	 on	 well-defined	 single	 crystals	 can	 be	 used	 to	 probe	 the	 properties	 of	
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nanomaterials	 so	 as	 to	 potentially	 optimize	 their	 properties	 for	 efficient	 and	 selective	

reactions.	

	

3.3	Methods	

The	rutile	TiO2	nanowire	arrays	were	synthesized	on	Ti	foil	substrates	(Goodfellow,	>99.6	

%)	using	 the	previously	 reported	 hydrothermal	method	with	modification.26	 The	Ti	 foils	

were	first	cleaned	by	sonication	in	acetone,	methanol	and	isopropyl	alcohol,	and	then	rinsed	

in	water,	and	 finally	dried	 in	air.	For	a	 typical	 synthesis,	0.2	mL	of	 titanium(IV)	butoxide	

(Aldrich	 Chemicals,	 97%)	 was	 added	 into	 12	 mL	 of	 an	 aqueous	 HCl	 solution	 (6	 mL	 of	

deionized	 (DI)	water	 +	 6	mL	 of	 concentrated	HCl	 (38%))	 under	magnetic	 stirring.	 After	

stirring	for	10	min,	the	solution	was	poured	into	a	Teflon-lined	stainless	steel	autoclave	(80	

mL	 capacity),	 and	 pieces	 of	 the	 Ti	 foil	 substrates	 were	 immersed	 in	 the	 solution.	 The	

autoclave	was	sealed	and	heated	to	135	°C	in	an	oven,	and	it	was	held	at	135	°C	for	12	h	and	

then	cooled	to	room	temperature	naturally.	The	obtained	samples	were	washed	with	ethanol	

and	DI	water,	and	finally	annealed	at	450	°C	for	1	h	in	air.	

The	 TiO2	 nanowires	 were	 characterized	 by	 scanning	 electron	 microscopy	 (SEM)	

(Zeiss	 Supra	 55VP	 microscope)	 and	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 (Thermo	

Scientific	 K-Alpha	 XPS	 system;	 monochromatic	 Al	 Kα	 source).	 	 Raman	 spectra	 were	

measured	with	a	Horiba	LabRAM	HR	Evolution	Spectrometer	using	the	532	emission	of	a	

Laser	Quantum	Ventus	diode	pumped	solid	state	laser	with	a	10	%	neutral	density	filter.		

The	 reactivity	 measurements	 were	 performed	 in	 an	 ultrahigh	 vacuum	 (UHV)	

chamber	with	a	base	pressure	of	<	10-10	Torr.		Tungsten	wires	(0.125	mm	dia.,	Goodfellow)	
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were	affixed	(Aremco,	Ceramabond	569)	directly	on	the	back	of	the	Ti-foil	to	mount	on	the	

sample	 holder	 and	 for	 heating	 and	 cooling	 with	 liquid	 nitrogen.	 	 The	 temperature	 was	

measured	by	a	type-K	thermocouple	affixed	to	the	back	of	the	substrate.		The	sample	was	

annealed	for	10	minutes	at	800	K	for	cleaning	and	for	preparation	of	the	vacuum	annealed	

surface.	 	No	 impurities	 other	 than	 adventitious	 carbon	 (see	 Figure	 3.9	 in	 the	 supporting	

information)	were	detected	using	ex	situ	XPS	either	before	or	after	use	in	the	UHV	system.		

Methanol	(Sigma	Aldrich,	³99.98%	purity)	was	dosed	at	300	K	using	a	directional	dosing	

apparatus	 attached	 to	 a	 leak	valve	 after	 several	 freeze-pump-thaw	cleaning	 cycles.	 	 Each	

dose	was	performed	for	20	s;	by	changing	the	dosing	time	the	coverage	was	estimated	to	be	

0.7	 times	 the	saturation	coverage	at	300	K,	where	saturation	 is	defined	as	 the	maximum	

methanol	(31	m/z)	signal	achieved	when	dosing	at	300	K.		The	sample	was	positioned	<	5	

mm	from	the	doser	during	adsorption.	Oxygen	(Airgas,	4.4	purity)	was	dosed	at	300	K	in	a	

similar	 fashion,	but	a	background	pressure	of	5	x	10-7	Torr	was	established	for	5	mins	 in	

order	to	ensure	a	saturation	coverage.		This	preparation	was	performed	after	annealing	at	

800	K	and	generates	the	Oad	surface.			

The	temperature	programmed	reaction	(TPR)	measurements	were	performed	using	

a	Hiden	HAL	301	RGA	quadrupole	with	the	temperature	ramp	controlled	by	a	Eurotherm	

2404	 PID	 controller.	 	 Quantitative	 analysis	 was	 performed	 by	 taking	 into	 consideration	

fragmentation	pattern,	transmission	coefficients,	and	ionization	cross	section.27		This	allows	

for	 a	 complete	 quantitative	 analysis	 of	 the	 measured	 product	 signals.	 	 The	 methanol	

fragmentation	 pattern	was	measured	 using	 the	methanol	multilayer	 peak	 at	 200	K.	 	 The	

source	for	UV-illumination	was	a	300	W	Xe	lamp	with	a	400	nm	short	pass	filter	(3.1	eV)	

purchased	from	Asahi	Spectra	to	match	the	band	gap	of	TiO2.	 	The	flux	at	the	surface	was	
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previously	determined	to	be	92	mW/cm2,	14%	of	which	is	>400	nm.28		The	nanowires	were	

held	at	200	K	using	liquid	nitrogen	and	irradiated	for	5	minutes	unless	otherwise	noted.	

	

3.4	Results	and	Discussion	

3.4.1	Nanowire	Characterization	

Previous	 characterization	 of	 the	 titania	 nanowires	 synthesized	 using	 this	 hydrothermal	

method	determined	that	they	have	(110)		facets	exposed	on	their	sidewalls	and	(100)	planes	

comprising	the	tip.26,29		The	titania	nanowires	used	for	this	study	are	several	microns	long	

with	 an	 average	 diameter	 of	 169	 ±23	 nm.	 	 Ex	 situ	 analysis	 shows	 that	 they	 are	 not	

substantially	 altered	 following	 investigation	 under	 ultrahigh	 vacuum	 conditions	 (Figure	

3.2).	 	 There	 is	 little	 change	 in	 their	 morphology	 after	 multiple	 reaction	 cycles	 (~	 150	

methanol	temperature	programmed	cycles	involving	heating	to	800	K):	 	the	average	wire	

diameter	measured	using	SEM	after	prolonged	investigation	in	UHV	is	182	±23	nm.		

The	titania	nanowires	are	predominantly	rutile	based	on	the	characteristic	Raman	

peaks	 observed	 at	 447	 and	611	cm-1	 (Figure	 3.2c).30	 	No	 peaks	 characteristic	 of	 anatase,	

which	would	be	 signified	 as	 a	 very	 intense	peak	 at	 145	cm-1	 and	others	 at	 639,	 515	 and	

396	cm-1,	were	detected.31	 	X-ray	photoelectron	spectra	indicate	that	there	is	no	dramatic	

change	 in	 the	overall	Ti	oxidation	state	based	on	 the	binding	energies	of	 the	Ti	2p	peaks	

(2p3/2	=458.6	eV,	2p1/2	=464.3	eV)	which	are	the	same	before	and	after	the	extended	studies	

of	reactivity	in	the	UHV	chamber	(Figure	3.2d).	These	peak	positions	and	separation	both	

correspond	to	literature	values.32		Because	these	measurements	are	made	ex	situ,	reduced	Ti	
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at	the	surface	could	be	healed	by	exposure	to	air,	so	that	subtle	changes	in	the	surface	due	to	

reaction	may	not	be	detected.	The	electron	mean	free	path	at	these	kinetic	energies	is	~2	nm,	

so	that	defects	deeper	in	the	material	will	not	be	detected.	

	

	

Figure	3.2	Physical	characterization	of	the	titania	nanowires	shows	that	they	are	highly	oriented	and	

that	the	predominant	phase	is	rutile.	Exemplary	SEM	images	of	the	nanowire	films	(a)	before	and	(b)	

after	use	in	the	UHV	chamber.		Insets:	magnified	views	of	the	nanowires	show	their	orientation.		(c)	

Raman	spectra	showing	peaks	at	444	(Eg)	and	611	cm-1	(A1g),	characteristic	of	rutile	TiO2.		The	spectra	

are	essentially	the	same	before	and	after	use.	(d)	X-ray	photoelectron	spectra	for	the	Ti	2p	region	
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manifest	peaks	at	458.6	and	464.3,	characteristic	of	TiO2,	with	no	shoulder	at	lower	binding	energy	

characteristic	of	Ti3+	or	other	reduced	states.		There	is	no	discernable	change	in	the	spectra	before	

and	after	the	reactive	studies.		All	measurements	were	made	ex	situ.	

	

3.4.2	Oxygen	Adsorption	and	Photo-Desorption	

Oxygen	adatom	(Oad)	formation	is	mediated	through	vacancies	and	interstitials	on	the	titania	

nanowires	 either	 through	 thermal	 dissociation	 of	 O2	 at	 room	 temperature	 or	 via	

photodissociation	 at	 lower	 temperature.	Molecular	 oxygen	 interaction	with	 the	 vacuum-

annealed	nanowires	is	similar	to	TiO2	single	crystals	which	indicates	the	presence	of	oxygen	

vacancy	 defect	 sites.	 	 After	 exposure	 of	 the	 nanowires	 to	 O2	 below	 200	K,	 an	 oxygen	

desorption	 feature	 at	 435	K	 is	 observed	 (Figure	 3.3,	 curve	 a).	 Previous	 studies	 on	 rutile	

TiO2(110)	 attributed	 this	 state	 to	 loss	 of	 one	 O2	 from	 a	 cluster	 of	 three	 chemisorbed	 O2	

adsorbed	near	an	oxygen	vacancy.33-35		The	remaining	two	oxygen	molecules	heal	the	surface	

defect,	so	that	the	molecular	desorption	state	cannot	be	repopulated	without	annealing	to	

800	K	 in	 vacuum	 to	 reduce	 the	 material.34	 	 The	 conditions	 used	 for	 the	 desorption	

experiments	were	insufficient	(Tmax=	700	K,	dwell	time	of	a	few	seconds)	to	regenerate	the	

oxygen	vacancies	required	for	population	of	the	“chemisorbed”	O2	state;	thus,	there	is	very	

little	desorption	in	a	sequential	experiment	in	which	O2	was	exposed	to	the	surface	under	

the	same	conditions	(Figure	3.3,	curve	b).		
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Figure	3.3	Dioxygen	temperature	programmed	desorption	from	the	vacuum	annealed	nanowires	is	

used	 to	probe	 conditions	 for	O2	 dissociation	 and	photo-desorption	 (inset).	 	 The	peak	 at	 435	K	 is	

attributed	to	a	strongly-bound	state,	(a)	is	observed	when	O2	is	exposed	to	the	nanowires	below	200	

K.	 	This	peak	is	substantially	reduced	in	intensity	following	a	sequential	exposure	to	O2	under	the	

same	 conditions	 (b),	 suggesting	 that	 the	 sites	 for	 O2	 binding	 were	 healed	 by	 the	 first	 exposure.	

Adsorption	 below	 200	 K	 followed	 by	 photo-stimulated	 desorption	 (inset),	 also	 leads	 to	 the	

disappearance	of	this	chemisorbed	state	(c).		There	is	very	little	O2	desorption	following	exposure	of	

dioxygen	to	the	nanowires	at	300	K,	suggesting	dissociation	forming	Oad	species	and	no	molecular	

chemisorbed	species	(d).	The	maximum	temperature	in	the	desorption	experiments	was	700	K	and	

the	dwell	time	at	700	K	only	a	few	seconds.	

	

The	 “chemisorbed”	 O2	 created	 by	 exposure	 of	 dioxygen	 to	 the	 nanowires	 is	 not	

detected	after	exposure	 to	ultraviolet	 (UV)	photons,	based	on	 the	depletion	of	 the	435	K	

desorption	state	and	the	associated	observation	of	O2	in	the	gas	phase	when	the	material	is	

irradiated	(Figure	3.3	inset).		Prior	studies	of	single	crystals	attribute	the	photodesorbed	O2	

to	loss	from	five-fold	coordinated	Ti	sites	(Ti5c).36	There	is	no	detectable	thermal	desorption	

of	O2	after	exposure	to	UV	light	(Figure	3.3,	curve	c),	 in	agreement	with	previous	work.37		
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This	demonstrates	that	either	the	photoactive	molecule	is	responsible	for	desorption	feature	

at	 435	K	 or	 some	 other	 photo-induced	 process	 has	 consumed	 the	 chemisorbed	 species.		

Currently,	the	interpretation	is	that	either	molecular	O2	bonded	at	an	oxygen	vacancy	can	

photodissociate,	or	it	 is	photoinactive36,38,	with	the	photodissociation	pathway,	supported	

by	our	data,	leading	to	the	oxygen	atoms	healing	the	defect	and	bonding	to	a	Ti5c	site.	

The	O	vacancies	are	also	healed	by	exposure	of	the	reduced	nanowires	to	O2	at	300	K.	

Dissociation	of	O2	on	single	crystal	TiO2(110)		heals	bridging	oxygen	vacancies	at	the	surface;	

the	second	O	forms	an	Oad	on	a	neighboring	Ti	site.39	There	is	no	appreciable	desorption	of	

O2	at	435	K	after	exposure	of	the	nanowires	to	O2	at	300	K	(Figure	3.3,	curve	d).		This	result	

indicates	 that	 Oad	 are	 produced	 by	 exposure	 of	 the	 nanowires	 to	 dioxygen	 at	 300	 K,	 by	

analogy	to	single	crystal	studies.	

Taken	 together,	 these	 results	 show	 that	O	 adatoms	 are	 created	 on	 the	 nanowires	

either	through	thermal	dissociation	or	via	photodissociation	of	O2.		The	creation	of	Oad	and	

chemisorbed	O2	is	indicative	of	defects	in	the	nanowire	material	that	can	be	healed	in	the	

near-surface	 region	 by	 O2	 dissociation.	 	 These	 conclusions	 are	 based	 on	 the	 strong	

correspondence	in	the	behavior	of	the	nanowires	to	single	crystal	rutile	TiO2(110).	Creation	

of	Oad	is	expected	to	alter	the	photochemical	behavior	of	the	nanowires	and	forms	a	basis	for	

comparing	reactivity	based	upon	their	presence.	

	

3.4.3	Methanol	Thermal	and	Photocatalysis	on	TiO2	Nanowires	

Nanowires	subjected	to	vacuum	annealing	are	active	for	methanol	photo-oxidation,	yielding	

formaldehyde	and	methyl	formate	in	temperature	programmed	reaction	following	exposure	
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to	UV	light	(Figure	3.4a),	indicating	that	defects	are	present.		The	behavior	of	the	nanowires	

is	similar	to	rutile	TiO2(110).13,16		The	activity	for	photo-oxidation	of	methanol	is	evaluated	

based	on	the	appearance	of	new	peaks	assigned	to	formaldehyde	and	methyl	formate	slightly	

above	300	K	and	the	corresponding	depletion	of	peaks	at	~700	K	that	are	characteristic	of	

thermal	 decomposition	 of	methoxy	 (Figures	 3.4a	 and	 3.4c).	 	Methanol	 (green)	 is	mainly	

evolved	thermally	in	a	peak	at	365	K,	with	a	small	feature	(~10	%)	at	~700K	(Figure	3.4a,	

solid).	 	 The	 methanol	 peak	 at	 ~700	 K	 coincides	 with	 the	 production	 of	 formaldehyde	

(orange).		These	features	are	attributed	to	thermal	disproportionation	of	methoxy	in	analogy	

to	prior	studies	of	single	crystal	rutile	titania.9,16,40	The	disproportionation	is	a	signature	of	

defects,	including	bridging	oxygen	vacancies	and	Ti	interstitials,	in	rutile	TiO2(110).		In	the	

absence	of	illumination,	there	are	no	products	detected	below	350	K,	the	onset	of	methanol	

evolution.		

Exposure	 to	 UV	 light	 lead	 to	 small	 amounts	 of	 formaldehyde	 and	methyl	 formate	

production	 at	~300	K	 and	 315	K,	 respectively	 (Figures	 3.4a	 and	 3.4c).	 There	 is	minimal	

change	 in	 the	 higher	 temperature	 features	 characteristic	 of	 thermal	 chemistry	 (≤10%)	

compared	 to	without	 irradiation.	 	 The	 data	 shown	 are	 corrected	 for	mass	 spectrometer	

transmission,	detector	efficiency,	ionization	cross	section	and	fragmentation,27	(Figure	3.4c).			

These	results	are	generally	consistent	with	studies	of	single	crystal	rutile	TiO2(110)	in	that	

there	is	limited	photochemical	reaction	on	defective,	as-prepared	material.	
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Figure	 3.4	 Photo-oxidation	 of	 methanol	 is	 demonstrated	 by	 comparison	 of	 temperature	

programmed	reaction	spectra	obtained	either	without	exposure	to	light	(solid	curves)	or	after	light	

exposure	 (dashed	 lines).	 (a)	 Vacuum	 annealed	 nanowires	 and	 (b)	 nanowires	 containing	 oxygen	

adatoms	(Oad).	 	The	O	adatoms	were	created	by	exposure	of	the	nanowires	to	O2	(150	L;	1L=10-6	

torr•s)	at	300	K.		Quantitative	analysis	of	the	temperature	programmed	reaction	data	in	(a)	and	(b)	

are	 depicted	 in	 (c)	 and	 (d),	 respectively.	 	 The	 results	 are	 corrected	 for	 mass	 spectrometer	

transmission,	detector	efficiency,	ionization	cross	section	and	fragmentation.27		All	graphs	are	plotted	

on	the	same	y-axis	scale	for	direct	comparison;	the	baselines	of	the	various	products	are	offset	for	

clarity.		Exposure	to	UVL	at	200	K	for	5	minutes	from	a	xenon	lamp	with	a	short	pass	442	nm	filter	

was	used	for	both	cases	(92	mW/cm2).		The	formaldehyde	traces,	m/z	=	30,	have	been	corrected	for	

methanol	fragmentation	(see	Methods	for	detail).	In	all	experiments,	the	same	dose	of	methanol	was	
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used	 (0.7	 saturation	 at	 300	 K)	 and	 the	 crystal	 was	 subsequently	 cooled	 to	 200	 K	 prior	 to	 the	

experiments.	The	protocols	used	for	these	experiments	were	selected	based	on	prior	studies	of	rutile	

TiO2(110).		

	

The	thermal	and	photo-oxidation	of	methanol	are	enhanced	by	the	presence	of	Oad	on	

the	 nanowires	 (Figures	 3.4b	 and	 3.4d).	 	 In	 the	 absence	 of	 light,	 the	 formaldehyde	 and	

methanol	peaks,	characteristic	of	methoxy	disproportionation	at	~700	K,	all	increase	by	a	

factor	 of	 three	 relative	 to	 the	 vacuum-annealed	 surface	 (Figures	 3.4b	 and	 3.4d).	 This	

indicates	an	increase	in	the	formation	of	adsorbed	methoxy	which	is	similar	to	single	crystal	

rutile	titania.9,16,19		There	is	also	less	methanol	evolution	at	365	K.		When	O	adatoms	react	

with	methanol	at	300	K	on	rutile	TiO2(110),	water	is	formed	and	evolved	into	the	gas	phase,	

creating	two	methoxy	species	for	each	Oad	originally	on	the	surface;16	hence,	the	amount	of	

molecular	methanol	that	desorbs	is	depleted	(see	Table	3.2	for	complete	integration	results	

of	all	products).					

The	yields	of	photoproducts,	formaldehyde	and	methyl	formate,	evolved	below	350	

K	after	exposure	to	UV	light,	are	increased	when	Oad	are	present	(Figures	3.4b	and	3.4d).	The	

formaldehyde	yield	increased	by	a	factor	of	~5	and	the	methyl	formate	yield	by	more	than	

an	 order	 of	 magnitude.	 A	 similar	 pattern	 of	 reactivity	 was	 observed	 on	 single	 crystal;	

however,	the	relative	yields	of	methyl	formate	to	formaldehyde	generated	photo-chemically	

is	lower	on	the	nanowires.	13,16		

There	is	also	a	new	broad	methyl	formate	feature	at	~600	K	that	accounts	for	~40%	

of	its	total	yield	(Figure	3.4b,	blue,	dash-dot).		Formaldehyde	and	methyl	formate	evolved	at	
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lower	temperature	are	attributed	to	primary	photoproducts	formed	during	exposure	to	UVL.		

In	contrast,	the	higher	temperature	methyl	formate	peak	must	be	due	to	thermal	reaction	of	

a	photoproduct	formed	at	lower	temperature.			

Quantitative	 analysis	 clearly	 demonstrates	 that	 Oad	 enhances	 the	 formation	 of	

methoxy	 via	 thermal	 reaction,	 based	 on	 the	 yields	 of	 disproportionation	 products	

(formaldehyde	and	methanol)	at	higher	temperature,	analogous	to	single-crystal	TiO2(110)	

where	this	reaction	path	was	only	observed	in	the	presence	of	oxygen.9,40	Our	results	differ	

in	 that	 the	 vacuum	 annealed	 sample	 shows	 appreciable	 high	 temperature	

disproportionation,	 in	contrast	 to	 the	single	crystal	where	 this	reaction	pathway	was	not	

observed.9,16		This	reaction	path	is	likely	due	to	reactive	sites	on	the	nanowires	that	remain	

active	for	methoxy	formation.		

The	yields	of	the	photoproducts	formed	at	300	K	(formaldehyde	and	methyl	formate)	

increase	with	the	time	of	exposure	to	UV	light	with	the	largest	change	occurring	in	the	first	

minute	 of	 exposure	 (Figure	 3.5).	 	Without	 any	 UV	 irradiation,	 there	 is	 no	 formaldehyde	

detected	below	600	K	and	no	detectable	methyl	formate	(Figures	3.4	and	3.5).		The	yields	of	

formaldehyde	and	methyl	formate	at	300	K	grow	quickly	in	the	first	minute	of	light	exposure.		

The	yields	level	off	after	5	minutes	of	light	exposure	and	the	ratio	between	methyl	formate	

and	 low	 temperature	 formaldehyde	 remains	 approximately	 1:10.	 Additionally,	 the	 high-

temperature	formaldehyde	peak	decreases	as	a	function	of	UV	exposure,	indicating	that	its	

precursor,	methoxy,	is	converted	to	formaldehyde	by	a	photon	induced	process.	
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Figure	 3.5	 The	 yields	 of	 photoproducts—formaldehyde	 (orange)	 and	 methyl	 formate	 (blue)—	

increase	as	a	function	of	the	time	of	UV	irradiation	following	methanol	dosing	on	titania	nanowires	

containing	Oad.		The	error	bars	represent	an	11	%	error	based	on	the	standard	deviation	of	methyl	

formate	yield	from	repeated	experiments	after	5	minutes	of	irradiation.		The	surface	was	prepared	

by	 vacuum	 annealed	 and	 subsequent	 exposure	 to	 O2	 at	 300	K.	 	 Photolysis	 was	 carried	 out	 after	

cooling	the	sample	to	200	K	so	that	photoproducts	are	trapped	on	the	surface.		Exposure	to	UVL	was	

performed	with	 a	 xenon	 lamp	with	 a	 short	 pass	 442	 nm	 filter	was	 used	 for	 all	 experiments	 (92	

mW/cm2).		No	temperature	rise	was	observed	during	irradiation.	

	

	 Methoxy,	 is	 only	 partially	 converted	 to	 formaldehyde	 by	 exposure	 to	 UV	 light	

indicating	that	some	of	the	methoxy	bound	to	the	nanowires	is	not	photo-active.	In	contrast,	

all	 methoxy	 can	 be	 photo-oxidized	 on	 single-crystal	 TiO2(110).16	 On	 the	 nanowires	 the	

majority	 of	 formaldehyde	 formed	 from	 exposure	 to	UV	 light	 is	 observed	within	 the	 first	

minute,	and	only	increases	by	a	factor	of	three	after	20	minutes	of	irradiation.		Thus,	only	a	

fraction	 (~30%)	of	 the	methoxy	 is	 efficiently	photo-oxidized,	 indicating	 that	 there	 are	 at	

least	two	different	methoxy	binding	environments.		Methoxy	on	single-crystal	TiO2(110)	is	
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completely	converted	to	photo-products	after	only	five	minutes	of	UV	exposure	under	the	

same	conditions.16	

Aside	 from	 increasing	 the	 concentration	 of	 methoxy,	 the	 effect	 of	 oxygen	 on	 the	

photo-oxidation	 of	methanol	 to	methyl	 formate	 has	 also	 been	 previously	 rationalized	 as	

removing	possible	hole	trap	surface	vacancies.16	This	behavior	has	been	experimentally	and	

theoretically	 demonstrated	 for	 trimethyl	 acetate	 on	 TiO2(001).41	 Our	 results	 could	 be	

influenced	 by	 this	 effect,	 but	 also	 show	 that,	 in	 the	 absence	 of	 Oad,	 nanostructuring	 the	

material	does	not	lead	to	a	quenching	of	the	photo-oxidation	reaction	pathway.	This	could	

be	attributed	 to	 the	 increase	 in	 the	concentration	of	 charge	carriers	 reaching	 the	surface	

which	can	drive	the	reaction,	the	attenuation	of	bulk	recombination	and	the	increase	in	the	

surface	 concentration	 of	 methoxy	 evidenced	 by	 the	 high	 temperature	 methoxy	

disproportionation	products	on	the	vacuum	annealed	nanowires.			

Water,	dimethyl	ether	and	methane	(Figure	3.6)	are	also	produced	from	reaction	of	

methoxy	on	the	nanowires.		These	products	are	characteristic	of	{110}	(methane	and	water)	

and	 (114)	 facetted	TiO2(001)	 surfaces21,	 a	TiO2(110)	 surface	 (methane	 and	water)19	 and	

nanocatalysts/powders.20,22		Dimethyl	ether	was	identified	by	the	m/z	45:46	ratio	measured	

in	the	fragmentation	pattern	of	the	product	during	reaction	(see	Figure	3.10).			Methane	was	

identified	based	on	the	m/z	16:15	ratio	and	on	the	basis	of	the	isotopic	shift	to	m/z	20	under	

identical	reaction	conditions	for	d3-methanol.		Isotopic	labeling	excludes	the	m/z	16	peak	as	

being	due	to	methyl	radical	desorption	followed	by	reaction	with	background	hydrogen.42		
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Figure	 3.6	Methane,	 dimethyl	 ether	 and	water	 are	 all	 evolved	 during	 temperature	 programmed	

reaction	both	from	(a)	vacuum	annealed	nanowires	and	(b)	nanowires	containing	Oad.	The	yield	of	

water	increases	by	exposure	to	UV	light	as	is	apparent	from	comparison	of	the	data	without	(solid	

curves)	and	subsequent	to	exposure	to	UVL	at	200	K	for	5	minutes	(dashed	lines)	from	a	xenon	lamp	

with	a	short	pass	442	nm	filter	(92	mW/cm2).		Methane	and	dimethyl	ether	both	decrease	on	the	Oad	

surface	due	to	UV	light	exposure,	but	methane	increases	and	dimethyl	ether	decreases	on	the	vacuum	

annealed	surface.	The	baselines	for	the	various	products	are	offset	for	clarity.	

	

Water	evolution	peaks	at	a	 temperature	of	370	K	(Figures	3.6a	and	3.6b)	which	 is	

attributed	 to	 recombination	 of	 adsorbed	 OH	 species	 produced	 from	methoxy	 formation	

based	on	previous	studies.19,40	There	is	also	a	small	water	peak	at	~715	K	for	the	surface	
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containing	Oad	(Figure	3.6b).		Quantitative	analysis	of	the	amount	of	water	generated	from	

the	vacuum	annealed	surface	is	in	good	agreement	with	the	total	amount	of	water	formation	

expected	(Table	3.1).	The	amount	of	water	formation	is	predicted	by	quantifying	the	reaction	

products	 that	 have	 lost	 hydrogen	 atoms,	 presumably	 by	 transfer	 to	 O	 or	 OH.10,16,19	 This	

corroborates	 the	 assertion	 that	 methoxy	 leads	 to	 all	 thermal	 reaction	 products	 on	 the	

vacuum	annealed	surface	in	the	absence	of	UV	light.	

In	 contrast,	 there	 is	 significant	 loss	of	water	 formed	on	 the	 surface	containing	Oad	

during	dosing	at	300	K.	The	measured	amount	of	water	from	the	surface	containing	Oad	is	

1.22	compared	to	a	predicted	amount	of	~3,	indicating	that	water	desorbs	during	methoxy	

formation	 from	methanol	 at	 300	K.	 	 This	 explanation	 is	 based	 on	 prior	 studies	 of	 rutile	

TiO2(110)16	and	is	also	supported	by	an	observed	shift	in	the	water	desorption	peak	with	

increasing	water	coverage	(Figure	3.11).		As	we	expect	close	to	three	times	the	amount	of	

water	to	be	evolved	from	the	Oad	surface,	OH	recombination	already	at	300	K	is	likely	great	

enough	to	induce	this	discrepancy.	

	

Table	3.1	Quantitative	analysis	of	the	predicted	and	measured	amount	of	water	formed	using	data	

in	Figures	2	and	3.		All	values	represent	absolute	number	densities	of	molecules.	

surface	 species	 dark	integral	 UV	integral	

	 Methoxya	 1.73	 1.34	

	 300	K	H2CO	 -	 0.21	

Vacuum	Annealed	 Dimethyl	ether	 0.04	 0.03	
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	 Expected	H2Ob	 0.95	 0.91	

	 Acutal	H2O	 0.89	 1.10	

	 Methoxya	 5.56	 2.99	

	 300	K	H2CO	 -	 1.15	

Oad	 Dimethyl	ether	 0.17	 0.07	

	 Expected	H2Ob	 2.95	 2.97	

	 Actual	H2O	 1.22	 1.57	

aThe	sum	of	the	methanol	and	formaldehyde	peak	integrals	at	~700	K.	

bThe	sum	takes	into	consideration	the	stoichiometry	of	each	species,	methoxy:H2O	=	2:1;	300	K	H2CO:	H2O	=	

1:1;	dimethyl	ether:	H2O	=	1:1.		In	the	case	of	the	Oad	surface,	the	contribution	of	methyl	formate	was	included	

for	the	UV	exposed	surface	(1:2	H2O).	

	

The	 low-temperature	 water	 peak	 increases	 upon	 exposure	 of	 the	 two	 different	

surfaces	to	UV	light	following	exposure	to	methanol	at	300	K,	indicating	that	OH	is	formed	

during	 photolysis	 (Figure	 3.6).	 	 On	 the	 vacuum	 annealed	 surface,	 the	 amount	 of	 water	

produced	is	increased	by	~24%	after	light	exposure;	from	0.89	to	1.10	(Table	3.1).		On	the	

surface	containing	Oad,	an	increase	of	~29%	is	measured	after	photolysis	of	methanol.	We	

attribute	this	increase	in	water	formation	primarily	to	production	of	formaldehyde	through	

transfer	of	H	to	a	bridging	O.25	Note	also	that	the	onset	of	water	evolution	is	somewhat	lower	

after	photolysis	of	CH3OH	on	the	surface	containing	Oad,	which	is	consistent	with	the	shift	in	

water	desorption	to	lower	temperature	with	coverage.	
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The	minority	reaction	products,	methane	and	dimethyl	ether,	are	part	of	a	reaction	

network	available	to	methoxy	at	high-temperature	(Scheme	3.1).		Reaction	1	and	2	represent	

the	 well-known	 disproportionation	 pathway	 to	 form	 formaldehyde	 and	 methanol,	

respectively.		These	reactions	do	not	produce	any	hydrogen	or	healing	of	defects.		Methane	

formation,	reaction	3,	results	in	the	healing	of	a	defect	site	while	also	consuming	a	hydrogen.		

Dimethyl	ether,	reaction	4,	entails	the	healing	of	a	defect	site	and	is	hydrogen	neutral.	

	

Scheme	3.1		Methoxy	reaction	pathways	at	high-temperature.	

	

	

Our	data	demonstrate	a	preference	for	methane	formation	on	the	vacuum-annealed	

nanowires.	 	 Methane	 production	 has	 been	 attributed	 to	 the	 presence	 of	 methoxy	

decomposition	at	defects	on	rutile	TiO2(110).19		This	points	to	defect	concentration	being	an	

essential	factor	regarding	methane	formation	as	the	process	results	in	the	healing	of	Ov.		In	

the	 same	 study,	 co-adsorbed	 oxygen	 (dosed	 after	 methanol)	 led	 to	 an	 increase	 in	 the	

temperature	for	methane	evolution	and	a	smaller	yield	indicating	that	the	removal	of	surface	

defects	inhibits	this	reaction	pathway.19			
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Stoichiometric	methoxy	disproportionation	would	 yield	 a	1:1	 correlation	between	

methanol	and	formaldehyde	at	high-temperature,	which	was	not	observed.	 	However,	the	

amount	of	methane	and	methanol	produced	on	 the	vacuum-annealed	nanowires	at	high-

temperature	does	have	a	1:1	correspondence	with	the	amount	of	formaldehyde	in	the	same	

temperature	range.	 	This	demonstrates	that	reactions	1,	2	and	3	are	coupled	through	the	

common	 methoxy	 intermediate	 on	 the	 vacuum-annealed	 nanowires,	 with	 hydrogen	

production	from	formaldehyde	producing	both	methanol	and	methane,	and	methane	healing	

a	Ov	defect	site.		On	the	Oad	surface	the	correlation	is	0.92:1	(taking	into	consideration	high-

temperature	water,	and	methyl	formate,	evolution),	still	indicating	a	strong	correlation	(See	

Table	3.2	for	complete	integration	results	of	all	products).	

Without	UV	exposure,	methoxy	on	the	Oad	nanowires	shows	a	higher	propensity	to	

form	dimethyl	 ether	 compared	 to	 the	 vacuum-annealed	 nanowires.	 	 This	 increase	 in	 the	

amount	of	methoxy	converted	to	dimethyl	ether	matches	the	decrease	in	methane	observed	

(1.2:1),	demonstrating	 that	 the	precursor	 for	dimethyl	 ether,	CH3O(ad),	 on	 the	Oad	 surface	

preferentially	forms	methane	on	the	vacuum-annealed	surface	in	the	presence	of	Ov.			

The	analysis	of	the	minority	products	demonstrates	that	higher	concentrations	of	Ov	

defect	sites	 lead	to	methoxy	disproportion	to	 form	formaldehyde,	methanol	and	methane	

(reaction	1,2	and	3)	with	a	small	amount	of	dimethyl	ether	on	the	vacuum-annealed	surface.		

With	Oad,	methoxy	prefers	reaction	1,2	and	4,	i.e.	more	methanol	and	dimethyl	ether,	but	less	

methane,	 and	 the	 increase	 in	 dimethyl	 ether	 corresponds	 directly	 to	 the	 decrease	 in	

methane.	 	These	trends	demonstrate	again	the	essential	role	which	Ov	defects	play	on	the	

chemistry	of	TiO2	nanowires.	
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UV	 exposure	 on	 the	 vacuum-annealed	 surface	 leads	 to	 a	 minor	 decrease	 in	 the	

amount	 of	 dimethyl	 ether	 produced;	 increasing	 the	 amount	methane.	 	 These	 results	 are	

qualitatively	similar	to	Bennett	et	al.	in	their	study	on	anatase	TiO2	nanocrystals,	albeit	our	

differences	 are	 close	 to	 negligible.22	 	 On	 the	 Oad	 surface	we	 observe	 a	 clear	 decrease	 in	

dimethyl	 ether	 after	 UV	 exposure,	 and	 a	 small	 decrease	 in	 methane.	 	 The	 decrease	 in	

dimethyl	ether	production	on	the	Oad	surface	signifies	that	its	precursor	is	photo-activated	

to	form	another	species.			

The	depletion	of	dimethyl	ether	upon	exposure	to	UV	light	on	both	surfaces	is	similar	

to	the	amount	of	methyl	formate	evolved	(excluding	the	high	temperature	feature	on	the	Oad	

surface):	1.25:1	and	1.38:1	for	the	vacuum	annealed	and	Oad	surface,	respectively.		Varying	

the	UV	exposure	time	on	the	Oad	surface	supports	the	correlation	between	dimethyl	ether	

and	methyl	formate	evolved	at	300	K.		The	quantitative	integrals	of	these	two	species	on	the	

Oad	surface	(Table	3.3),	reveals	that	the	sum	of	dimethyl	ether	and	methyl	formate	at	300	K	

remains	approximately	equal,	irrespective	of	UV	exposure	time.	

This	quantitative	treatment	is	strong	evidence	that	the	adsorbed	state	of	methoxy	on	

the	 nanowire	 surface	 which	 forms	 dimethyl	 ether	 without	 UV	 exposure,	 forms	 methyl	

formate	upon	UV	exposure.	 	As	these	both	represent	bimolecular	reactions,	 it	 is	 logical	to	

assume	the	adsorption	site	must	be	one	which	facilitates	coupling	reactions,	 in	particular	

between	formaldehyde	and	methoxy.		This	was	also	postulated	in	the	work	of	Bennett	et	al.	

where	the	dimethyl	ether	yield	was	observed	to	decrease	with	increasing	UV	exposure	time	

and	that	the	magnitude	of	the	attenuation	was	correlated	with	the	photo-activity	reported	

for	methyl	formate,	i.e.	the	dimethyl	ether	yield	decreased	fastest	on	larger	particles,	which	
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also	showed	the	highest	methyl	 formate	yield.	 	As	previously	mentioned,	 they	tentatively	

attributed	dimethyl	ether	production	to	4-fold	coordinated	Ti	cation	sites	on	minority	(001)	

planes,	but	not	without	reservations.	 	 In	order	to	account	for	the	4-fold	coordinated	sites	

(which	would	not	be	present	on	an	ideal	TiO2(001)	plane)	they	employed	a	well-known	(1	x	

4)	 surface	 reconstruction	 which	 should	 produce	 the	 required	 4-fold	 coordinated	 sites.	

However,	a	study	of	carboxylic	acids	on	(1	x	4)	anatase	TiO2(001)	raised	doubts	about	the	

concentration	of	4-fold	 coordinated	Ti	 cations	being	high	enough	 to	observe	bimolecular	

coupling.43	 	 Clearly,	 the	 adsorption	 details	 of	methoxy	 intermediates	which	 can	 undergo	

bimolecular	 coupling	 reactions	 are	 still	 uncertain.	 	 As	 mentioned	 by	 Bennett,	 different	

reconstructions	could	be	present	on	nanostructured	materials	which	provide	the	active	sites	

for	bimolecular	coupling.		This	would	also	explain	the	lack	of	dimethyl	ether	on	single	crystal	

TiO2(110).19	 	 An	 additional	 factor	 which	 must	 be	 taken	 into	 consideration	 is	 the	

concentration	of	Ov,	which	we	have	 shown	have	 a	 detrimental	 impact	 on	dimethyl	 ether	

production	and	subsequently	methyl	formate	after	UV	exposure.		This	again	indicates	that	

healed	Ov	sites	at	least	play	a	role	in	the	formation	of	these	reaction	products.	

	 	

3.5	Conclusions	

Titania	nanowires	exhibit	primary	thermal-	and	photochemical	reactions	of	methanol	which	

have	been	well	documented	on	single	crystal	surfaces.	The	presence	of	Oad	greatly	enhances	

production	of	methoxy	species	on	the	nanowires,	similar	to	single	crystal	studies	on	rutile	

TiO2(110).	 	 This	 enhancement	 works	 in	 concert	 with	 the	 photon-induced	 generation	 of	

formaldehyde,	which	participates	in	the	production	of	the	coupling	product,	methyl	formate,	
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and	substantially	 increases	 the	product	yield.	 	One	 significant	difference	 in	 the	nanowire	

behavior	is	that	a	significant	fraction	(~70%)	is	not	photo-oxidized.	 	In	contrast,	methoxy	

bound	to	rutile	TiO2(110)	is	completely	photo-oxidized	under	similar	conditions.16	

This	lack	of	activity	could	either	be	due	to	trapping	of	holes	in	the	material	or	different	

binding	of	 the	 inactive	methoxy	 to	 the	nanowires.	 	These	studies	demonstrate	 that	while	

charge	carriers	can	be	efficiently	created	in	nanowires,	differences	in	chemical	properties	

can	suppress	photo-oxidation.	

	 The	near	unity	correlation	between	the	decrease	in	dimethyl	ether	production	and	

methyl	 formate	 yield	 at	 300	K	 on	 both	 the	 vacuum	 annealed	 and	 Oad	 surfaces	 after	 UV	

exposure	 suggests	 an	 identical	 precursor	 adsorption	 site	 conducive	 for	 bimolecular	

coupling.		It	is,	however,	unclear	whether	or	not	these	adsorption	sites	are	the	same	as	those	

on	single	crystals	responsible	for	methyl	formate	production.		

The	correlation	between	nanowire	and	single	crystal	TiO2	is	a	testament	to	the	value	

of	model	systems	for	understanding	the	chemical	behavior	of	complex	materials.	The	ability	

to	study	these	systems	under	well-controlled	environments	allows	for	targeted	studies	of	

individual	factors	governing	reactivity,	which	has	been	shown	in	this	case	for	the	positive	

influence	 of	 Oad	 on	 formation	 of	 methyl	 formate.	 Further	 studies	 of	 such	 correlations	

promises	 to	 lead	 to	 a	 complete	 understanding	 of	 how	 changing	 specific	 experimental	

parameters	can	lead	to	different	reaction	outcomes	and	catalyst	behavior.		We	hope	that	our	

work	provides	the	impetus	for	future	studies	in	this	direction.	

	

	



Chapter	3.	Methanol	Photo-Oxidation	on	Rutile	TiO2	Nanowires:	Probing	Reaction	Pathways	
on	Complex	Materials	
 

 79 

	

3.6	Supporting	Information	

3.6.1	Characterization	

SEM	measurements	of	the	nanowire	samples	were	performed	at	the	Center	for	Nanoscale	

Systems	(CNS)	at	Harvard	University.		A	selection	of	images	is	displayed	in	Figure	3.1.	

	

Figure	3.7	SEM	images	of	TiO2	nanowire	samples	before	introduction	into	the	UHV	chamber.	

	

XPS	spectra	of	the	O1s	region,	Figure	3.8,	demonstrates	the	same	behavior	as	seen	for	the	Ti	

2p	peaks	in	manuscript	Figure	3.1.			
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Figure	3.8	X-ray	photoelectron	spectra	of	the	nanowires	showing	the	O1s	region.	 	The	main	peak	

shape	remains	the	same	for	both	samples	(peak	maximum	within	0.1	eV).	

	

A	depth	profile	 analysis	 of	 the	nanowires	 after	 reaction	 cycles	using	 x-ray	photoelectron	

spectroscopy	(XPS)	with	argon	ion	sputtering	shows	that	carbon	is	primarily	found	on	the	

surface	 of	 the	 nanowires,	 and	 decreases	 considerably	 after	 etching	 for	 150	 s,	 which	we	

estimate	to	be	~	24	nm.		We	attribute	this	to	adventitious	carbon	formed	by	exposure	after	

removal	from	the	ultra-high	vacuum	system	and	transferring	into	the	XPS	instrument	at	the	

CNS	 facilities.	 	 Note	 that	 the	 oxygen	 and	 titanium	 peak	 areas	 increase	 slightly,	 but	 then	

remain	relatively	constant	as	the	etching	time	increases.	
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Figure	3.9	Depth	profile	analysis	of	the	C	1s,	O	1s	and	Ti	2p,	x-ray	photoelectron	peaks.		The	etch	

time	on	the	x-axis	corresponds	to	a	depth	of	~	0.16	nm/s.	

	

3.6.2	Reactivity	

Dimethyl	 ether	 was	 confirmed	 to	 be	 the	m/z	 =	 45	 species	 desorbing	 at	 675	K,	 from	 its	

symmetrical	correlation	with	m/z	=	46,	and	the	NIST	reported	fragmentation	pattern	ratio	

of	~0.6	=	46:45.		Note	that	formic	acid	would	yield	a	higher	intensity	for	the	m/z	=	46	trace.	
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Figure	3.10	Temperature	programmed	reaction	traces	of	m/z	=	45	and	46	used	to	identify	dimethyl	

ether.	

	

Temperature	 programmed	 desorption	 of	water	 at	 different	 coverages	 demonstrates	 that	

increased	coverages	lead	to	a	decrease	in	desorption	temperature.			
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Figure	 3.11	 Temperature	 programmed	 desorption	 of	 water	 (m/z	 =	 18)	 from	 vacuum	 annealed	

titania	nanowires	as	a	function	of	water	coverage.		The	water	coverage	was	controlled	by	variation	

in	the	time	of	exposure	to	water	at	500	mTorr	gas	line	pressure	and	150	K.	

	

Table	3.2	Number	density	of	desorbed	molecules	from	integration	of	TiO2	nanowire	TPRs.	

	

Molecule	 Vac.a	dark	 Vac.	with	UV	 Oada	dark	 Oad	with	UV	

Methanol	300	K	

	

5.16	 5.22	 3.42	 3.89	

Methanol	700	K	

	

0.73	 0.59	 2.29	 1.29	

Formaldehyde	300	K	

	

0.00	 0.21	 0.00	 1.15	

Formaldehyde	700	K	

	

1.00	 0.75	 3.26	 1.70	

Methyl	formate	

	

0.00	 0.01	 0.00	 0.13	

Methane	

	

0.28	 0.33	 0.08	 0.06	

Dimethyl	ether	

	

0.04	 0.03	 0.17	 0.07	

Water	 0.89	 1.10	 1.22	 1.57	

	 aVac.	=	vacuum	annealed,	Oad	=	treated	with	oxygen	at	300	K.	

	

	



Chapter	3.	Methanol	Photo-Oxidation	on	Rutile	TiO2	Nanowires:	Probing	Reaction	Pathways	
on	Complex	Materials	
 

 84 

	

Table	3.3	Quantitative	analysis	of	the	amount	of	dimethyl	ether	and	methyl	formate	at	300	K	on	the	

Oad	surface,	along	with	the	sum	of	these	two	values.		All	values	represent	absolute	number	densities	

of	molecules.	

UV	exposure	time	 methyl	formate	(300	K)	 dimethyl	ether	 sum	

0	 0	 0.17	 0.17	

1	 0.04	 0.10	 0.14	

5	 0.07	 0.07	 0.14	

20	 0.10	 0.06	 0.16	
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Chapter	4.	

Multiscale	Morphology	 of	Nanoporous	Copper	made	 from	

Intermetallic	Phases	

	

4.1	Abstract	

	

Many	 application	 relevant	 properties	 of	 nanoporous	 metals	 critically	 depend	 on	 their	

multiscale	 architecture.	 For	 example,	 the	 intrinsically	 high	 step-edge	 density	 of	 curved	

surfaces	at	the	nanoscale	provides	highly	reactive	sites	for	catalysis	while	the	macroscale	

pore	 and	 grain	morphology	 determines	macroscopic	 properties	 such	 as	mass	 transport,	

electrical	conductivity,	or	mechanical	properties.	In	this	work,	we	systematically	study	the	

effects	 of	 alloy	 composition	 and	 dealloying	 conditions	 on	 the	multi-scale	morphology	 of	

nanoporous	copper	(np-Cu)	made	from	various	commercial	Zn-Cu	precursor	alloys.	Using	a	
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combination	of	x-ray	diffraction	(XRD),	electron	backscatter	diffraction	(EBSD),	and	focused	

ion	beam	cross-sectional	analysis	(FIB-xSEM),	our	results	reveal	that	the	macroscopic	grain	

structure	of	the	starting	alloy	surprisingly	survives	the	dealloying	process	despite	a	change	

in	crystal	structure	from	body	centered	cubic	(Zn-Cu	starting	alloy)	to	face	centered	cubic	

(Cu).	The	nanoscale	structure	can	be	controlled	by	 the	acid	used	 for	dealloying,	with	HCl	

leading	to	a	larger	and	more	faceted	ligament	morphology	as	compared	to	H3PO4.	Anhydrous	

ethanol	dehydrogenation	was	used	as	a	probe	reaction	 to	 test	 the	effect	of	 the	nanoscale	

ligament	morphology	on	the	apparent	activation	energy	of	the	reaction.	

	

This	paper	was	published	in	ACS	Appl.	Mater.	Interfaces	2017,	9,	25615-25622.	

	

4.2	Introduction	

Nanoporous	 metals	 have	 many	 promising	 applications	 including,	 catalysis,1-2	 batteries,3	

actuators,4-6	and	electrochemical	sensors.7-8	The	performance	of	nanoporous	metals	 in	all	

these	 applications	 critically	 depends	 on	 their	 multiscale	 architecture	 that	 determines	

macroscale	 properties	 such	 as	 materials	 strength,	 electrical	 conductivity,	 and	 mass	

transport,	all	the	way	to	atomistic	properties	such	as	reactive	sites	for	catalysis.	In	recent	

years,	dealloying	has	been	established	as	a	versatile	synthesis	route	towards	high-quality	

monolithic	nanoporous	metals	providing	both	compositional	flexibility	and	a	high	level	of	

morphological	 control.7,	 9	 During	 dealloying,	 the	 less	 noble	 component	 of	 an	 alloy	 is	

selectively	 removed	 by	 a	 corrosive	 environment	 while	 the	 more	 noble	 component	
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spontaneously	forms	a	characteristic	bicontinuous	open-pore	structure	via	surface	diffusion	

assisted	 self-assembly	 of	 vacancies	 and	 noble	 metal	 atoms.8,	 10	 The	 mechanism	 of	

morphology	evolution	has	been	studied	in	detail	for	single-phase	solid	solution	precursor	

alloys	such	as	Ag-Au9-12,	Cu-Au,	and	Mn-Cu13.	These	systems	have	in	common	that	both	the	

starting	 alloy	 and	 the	 resulting	 nanoporous	 metal	 have	 the	 same	 crystal	 structure	 and	

similar	 lattice	 constants.	 For	 the	 case	 of	 a	 single-phase	 alloy,	 porosity	 formation	 can	 be	

explained	by	coherent	surface	diffusion	of	the	more	noble	metal	adatoms	and	vacancies	on	

a	rigid	lattice.14	This	leads	to	a	coherent	crystallographic	transformation,	for	example	from	

face	 centered	 cubic	 (fcc)	 Ag-Au	 to	 fcc	 nanoporous	 gold	 (np-Au)	 that	 preserves	 the	

macroscopic	 crystal	 grain	 structure	 of	 the	 starting	 alloy.14	 However,	 the	 dealloying	

mechanism	is	much	less	understood	for	more	complex	intermetallic	starting	alloys	where	

both	crystal	structure	and	lattice	constant	change	dramatically	during	dealloying.		

Next	 to	np-Au,	nanoporous	copper	(np-Cu)	 is	one	of	 the	most	studied	nanoporous	

metals	made	 by	 dealloying.	 Cu	 is	 not	 only	 less	 expensive	 than	 Au	 and	 Ag,	 but	 Cu-based	

catalysts	are	used	in	several	important	industrial	fuel	and	chemical	production	processes,	

including	 the	 water-gas	 shift	 reaction,	 dehydrogenation	 of	 alcohols,	 and	 production	 of	

methanol.15	The	first	example	of	np-Cu	made	by	dealloying	is	Raney	Cu	which	is	prepared	by	

dealloying	a	Al-Cu	alloy	in	sodium	hydroxide	solution16	and	is	a	widely	used	catalyst	for	gas-

phase	and	liquid-phase	dehydrogenation	and	hydrogenation	reactions15.	Later,	np-Cu	was	

made	from	single-phase	solid	solution	starting	alloys	such	as	Ni-Cu17	and	Mn-Cu8,	13,	17.	 In	

2006,	Hayes	and	co-workers13	first	synthesized	monolithic	np-Cu	by	dealloying	a	Mn0.7Cu0.3	

starting	alloy.	Recently,	np-Cu	was	fabricated	by	dealloying	intermetallic	or	multiple-phase	

alloy	precursors	 including	Mg-Cu18,	Al-Cu19	and	Zn-Cu17	alloys.	Other	Zn-based	alloys	 like	
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Zn-Ag20-21	 have	 been	 studied	 to	 fabricate	 porous	 Ag	 nanostructures.	 The	 effects	 of	

temperature,	 time,	 and	 precursor	 alloy	 on	 the	 structure	 of	 the	 material	 have	 been	

successfully	discussed	for	many	nanoporous	metals,	including	np-Cu.9,	11,	13,	22	However,	for	

the	technologically	relevant	system	of	Zn-Cu	alloys,	several	important	questions	related	to	

dealloying	have	not	yet	been	addressed.	These	include	questions	such	as	what	happens	to	

the	crystal	structure	as	the	body	centered	cubic	(bcc)	structure	of	the	Zn-Cu	starting	alloy	

undergoes	a	phase	transformation	to	face	centered	cubic	(fcc)	np-Cu,	and	what	is	the	effect	

of	the	etching	solution	on	the	ligament	morphology.		

Here,	we	 revisit	 the	 synthesis	of	np-Cu	 from	various	Zn-Cu	alloys.	 Specifically,	we	

selected	a	Zn-rich	(Zn80Cu20)	and	a	Cu-rich	(Zn50Cu50)	starting	alloy	that	are	both	aligned	

with	single	phase	regions	of	the	Cu-Zn	phase	diagram	(Figure	4.1a).	Dealloying	of	the	Zn-rich	

Zn80Cu20	alloy	is	expected	to	generate	high	porosity	np-Cu	(~80%	porosity	not	accounting	

for	 potential	 sample	 shrinkage)	 ideally	 suited	 for	 applications	 that	 require	 fast	 mass	

transport;	dealloying	of	the	Cu-rich	Zn50Cu50	alloy	is	expected	to	generate	a	low	porosity	and	

thus	mechanically	very	robust	np-Cu	that	undergoes	little	mechanical	deformation	during	

dealloying.	We	 also	 fabricated	 a	 crack-free	 3-inch	 diameter	 np-Cu	 wafer	 with	 a	 relative	

density	of	50%	for	gas	gun	high	pressure	experiments	at	LLNL.23	Using	the	Zn	and	Cu-rich	

alloys,	 we	 systematically	 studied	 the	 effect	 of	 the	 Zn-Cu	 starting	 alloy	 composition	 and	

dealloying	conditions	on	both	 the	macroscale	grain	structure	and	 the	nanoscale	 ligament	

surface	morphology.	Our	results	show	that	the	crystal	grain	structure	of	a	Zn50Cu50	starting	

alloy	is	surprisingly	preserved	during	dealloying	despite	the	bcc	Zn50Cu50	to	fcc	np-Cu	phase	

transformation.	We	also	observed	that	the	nanoscale	ligament	morphology	can	be	controlled	

by	the	nature	of	the	acid	used	for	dealloying,	with	HCl	leading	to	a	larger	and	more	faceted	
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ligament	 morphology	 as	 compared	 to	 H3PO4.	 This	 is	 important	 as	 the	 curvature	 of	 the	

ligaments	determines	the	density	of	catalytically	more	reactive	under-coordinated	step	edge	

sites.	Control	over	the	multiscale	morphology	of	np-Cu,	from	the	macroscopic	grain	structure	

to	the	nanoscale	ligament	morphology,	thus	potentially	opens	the	door	to	engineered	np-Cu	

catalysts	with	tailored	reactivity	and	selectivity.		

	

4.3	Methods	

Custom-made	 Zn50Cu50	 3-inch	 diameter	 disks	 (Plasmaterials)	 and	 Zn80Cu20	 (Goodfellow)	

alloy	cubes	(2x2x2cm3)	were	cut	into	3x3x0.3mm3	pieces	using	a	low-speed	diamond	saw	

and	cleaned	in	an	ultrasonic	bath	with	acetone	for	15	minutes.	Samples	for	dealloying	were	

polished	with	1200	grit	SiC	paper.	The	samples	for	electron	backscatter	diffraction	(EBSD)	

experiments	were	polished	to	a	0.05µm	finish	using	a	colloidal	silica	suspension.	The	effect	

of	 electrolyte	 composition	on	morphology	was	 systematically	 studied	using	 various	non-

oxidizing	acids	including	15M	H3PO4	(pH	0.48),	5M	H3PO4	(pH	0.72),	5M	H3PO4	+	0.25mol	

NaCl	(pH	0.72),	2.5M	H3PO4	+	2.5M	HCl	(pH	-0.42),	5M	HCl	(pH	-0.70)	and	5M	HCl	+	0.25mol	

NaCl	 (pH	 -0.70).	 Both	 HCl	 and	 H3PO4	 have	 negative	 oxidation	 potentials	 and	 thus	 are	

expected	to	selectively	dissolve	Zn	(standard	potentials	in	Table	4.2)	while	forming	highly	

soluble	 Zn	 salts.	 Sulfuric	 acid,	 on	 the	 other	 hand,	 forms	 a	 thick	 ZnSO4	 surface	 layer	 that	

prevents	further	reaction.	The	oxidation	potential	of	nitric	acid	is	too	positive	(+0.96V	vs.	

SHE)	to	allow	for	selective	dissolution	of	Zn.	
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All	electrolytes	were	made	with	18.2	MΩ-cm	deionized	(DI)	water	and	reagent	grade	

chemicals	(SigmaAldrich).	Alloy	samples	were	placed	in	an	electrolyte	solution	of	50	mL	and	

dealloyed	 for	 1	 to	 6	 days,	 depending	 on	 alloy	 composition,	 electrolyte	 composition	 and	

concentration,	and	sample	thickness.	The	dealloying	process	is	accompanied	by	hydrogen	

formation,	and	the	cessation	of	hydrogen	bubble	formation	at	the	alloy	surface	was	used	as	

a	qualitative	indicator	for	the	completion	of	the	dealloying	process.	The	samples	were	then	

rinsed	 three	 times	with	DI	water	 and	kept	 in	 a	DI	water	 bath	 to	displace	 the	 electrolyte	

completely	 from	 the	 internal	pores.	The	 samples	were	 then	dried	overnight	 in	a	vacuum	

desiccator	and	subsequently	stored	in	a	glovebox	until	further	characterization.	

The	multiscale	morphology	of	np-Cu	was	studied	by	scanning	electron	microscopy	

(SEM,	 field	 emission	 JEOL	 SEM	 JSM-7401F	 equipped	 with	 an	 EDS	 detector,	 Oxford	

Instruments).	Surface	grain	orientation	maps	were	obtained	by	EBSD	(FEI	Helios	Nanolab	660	

system	equipped	with	EDAX	and	Texture	&	Elemental	Analytical	Microscopy	software).	The	

electron	beam	was	set	to	30	kV	and	13	nA	with	a	working	distance	of	approximately	11.5	

mm.	Fiducials	(50x5x5	μm)	were	prepared	by	ion	milling	to	allow	for	spatial	matching	of	the	

EBSD	grain	orientation	maps	before	and	after	dealloying.	X-ray	diffraction	(XRD)	data	were	

collected	 using	 a	 Bruker	 D8	 Advance.	 The	 parameters	 were:	 2Θ:	 10°	 -	 90°;	 step	 size:	

0.03°/step;	number	of	steps:	2691;	time	per	step:	1	second.	The	TOPAS	program	was	used	

for	Rietveld	refinement.	The	lattice	and	final	structure	parameters	for	Zn50Cu50	can	be	found	

in	Table	4.3,	4.4	and	4.5.	The	refinement	pattern	is	shown	in	Figure	4.6.	Parameters	and	the	

pattern	for	Cu20Zn80	are	listed	in	Table	4.6	and	Figure	4.7.	Weight	measurements	were	done	

on	a	lab	scale	(Mettler	Toledo,	Model	XP204).	Ligament	size	distributions	were	obtained	by	
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SEM	 image	 analysis	 (ImageJ)	 using	 200	 ligament	 diameter	measurements	 per	 histogram	

(Figures	4.8	and	4.9).	

Apparent	activation	energies	of	various	np-Cu	samples	for	ethanol	dehydrogenation	

to	acetaldehyde	and	hydrogen	were	measured	at	atmospheric	pressure	using	a	quartz	tube	

continuous	 flow-reactor	 housed	 in	 a	 tubular	 furnace.	 The	 reaction	 rate	 of	 acetaldehyde	

production	was	measured	at	180	–	230	°C	under	steady-state	conditions	going	from	high	to	

low	then	high	temperatures	again	to	exclude	coarsening	induced	artifacts.	For	catalytic	tests,	

the	 samples	were	 crushed	 and	mixed	with	 sand	with	 a	 1	 to	 5	 ratio.	 Prior	 to	 testing,	 all	

samples	were	reduced	in	10%	H2	with	a	flow	rate	of	20	mL/min	for	1	h	at	250	°C.	The	samples	

were	subsequently	exposed	to	reaction	conditions	of	6%	ethanol	balanced	in	Helium	using	a	

flow	rate	of	25	mL/min	and	kept	at	250	°C	for	1	h	in	ethanol.	The	activation	barriers	were	

measured	at	different	 flow	rates,	 ranging	 from	7.5	mL/min	 to	50	mL/min	 (Table	4.7),	 to	

identify	 conditions	 that	minimize	 external	mass	 transport	 limitations.	 Conversion	 values	

measured	at	the	different	flow	rates	as	a	function	of	temperature	are	shown	in	Table	4.8,	

illustrating	 that	 conversion	 decreases	 with	 increasing	 flow	 rate,	 as	 expected	 if	 mass	

transport	 effects	 are	 not	 dominating.	 The	 measured	 activation	 energies	 for	 25	 and	 50	

mL/min	are	the	same	and	are	hence	characteristic	of	the	reaction	itself.	Gas	phase	ethanol	

was	obtained	by	flowing	He	gas	through	liquid	ethanol	at	room	temperature.	The	effluent	

gas	was	continuously	analyzed	by	a	GC-MS	(Agilent	5975C	and	Agilent	7890A)	equipped	with	

HP-PLOT	Q	and	CARBONPLOT	columns.	To	test	for	the	presence	of	a	concentration	gradient	

or	internal	diffusion	limitation,	different	size	distributions	of	np-Cu	particles	were	tested	at	

250°C	 at	 50	 mL/min	 with	 6%	 ethanol	 to	 obtain	 the	 dependence	 of	 the	 mass-averaged	

conversion	on	particle	size	(Table	4.9).	Different	particle	size	distributions	were	obtained	by	
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sieving	 with	 106,	 212,	 and	 425	 μm	 sized	 meshes.	 Particles	 larger	 than	 425μm	 were	

disregarded.		

	

4.4	Results	and	Discussion	

The	XRD	data	and	the	corresponding	crystallographic	phase	composition	of	the	Zn50Cu50	and	

Zn80Cu20	master	alloys	are	summarized	in	Figures	4.1b	and	4.1c.	For	the	Zn50Cu50	precursor	

alloy,	XRD	revealed	the	coexistence	of	several	Zn-Cu	phases,	a	Zn-rich	(Cu5Zn8)	and	a	Cu-rich	

(Cu3Zn1)	phase	in	addition	to	the	expected	Cu1Zn1	phase	(Figure	4.1b).	Quantitative	Rietveld	

analysis	 yielded:	 23.6%	 Cu3Zn1,	 55.9%	 Cu1Zn1	 and	 20.5%	 Cu5Zn8.	 By	 contrast,	 only	 the	

Cu1Zn4	phase	was	detected	in	the	Zn80Cu20	alloy	sample	(Figure	4.1c).		
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Figure	4.1	Characterization	of	Zn-Cu	samples	(a)	Copper-Zinc	phase	diagram;	XRD	analysis	

of	 commercially	 obtained	 Zn50Cu50	 (b)	 and	 Zn80Cu20	 (c)	 alloys;	 inlets	 reflect	 the	 phase	

distribution	 of	 the	 alloys	 obtained	 by	 Rietveld	 analysis;	 (d)	 Remaining	 weight	 over	

dealloying	time:	Zn50Cu50	with	5M	HCl,	Zn80Cu20	with	5M	HCl	and	Zn50Cu50	with	5M	H3PO4.	

	

For	 dealloying,	 alloy	 samples	 (3x3x0.3mm3)	 were	 submerged	 in	 HCl,	 H3PO4,	 or	

mixtures	thereof	(with	and	without	NaCl	addition)	until	hydrogen	bubble	formation	ceased	

indicating	the	completion	of	the	dealloying	process.	Dissolution	of	Zn	almost	immediately	
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changed	 the	 color	 of	 the	 samples,	 from	brass-like	 (Zn50Cu50)	 or	 silver	 (Zn80Cu20)	 to	 dark	

brown	(Figures	4.2	and	4.3,	center).	The	bulk	morphology	of	both	master	alloys,	before	and	

after	dealloying,	was	studied	by	FIB-xSEM	(Figures	4.2	and	4.3).	The	cross-section	of	 the	

Zn50Cu50	 starting	 alloy	 (Figure	4.2b)	 reveals	 an	 inhomogeneous	particle-like	morphology	

with	 voids	 that	 seem	 to	 be	 remnants	 of	 the	 particle	 sintering	 manufacturing	 method	

(Plasmaterials).	Due	to	its	significantly	lower	melting	point,	zinc	tends	to	solidify	later	during	

the	manufacturing	process	thus	accumulating	near	the	surface	of	the	particle-like	structures	

found	 in	 the	Zn50Cu50	alloy	as	confirmed	by	EDAX	on	FIB	cross-sections	(Figure	4.10	and	

Table	4.10).	The	Zn	enrichment	near	the	surface	of	the	particles	leads	to	the	formation	of	a	

hierarchical	porosity	during	dealloying:	Pores	formed	in	the	Zn-rich	shell	of	the	particles	are	

with	1-10µm	diameter	significantly	larger	than	those	formed	in	the	more	Cu-rich	core	of	the	

particles.	The	large	pores	formed	in	the	Zn-rich	shell	together	with	the	pre-existing	intrinsic	

voids	of	the	precursor	alloy	(Figure	4.2b)	form	a	mass	transport	facilitating	macroporous	

network	structure.	Indeed,	control	experiments	using	a	non-porous	Zn44Cu56	master	alloy	

(Plasmaterials)	 showed	 impractically	 slow	Zn	 removal	 rates	 for	5M	HCl	whereas	7M	HCl	

started	 to	 dissolve	Cu	 (Figures	 4.11	 and	4.12).	 By	 contrast,	 the	 Zn80Cu20	 starting	 alloy	 is	

homogeneous	in	composition	and	free	of	intrinsic	voids	(Figure	4.3a),	and	dealloying	in	5M	

HCl	results	in	the	formation	of	a	uniform	nanoporous	structure	(Figure	4.3b).	
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Figure	4.2	Characterization	of	the	macrostructure	of	Zn-Cu	samples.	EBSD	grain	orientation	

maps	(superposition	of	EBSD	image	quality	and	inverse	pole	figure	(IQ	+	IPF))	before	(a)	and	

after	 (c)	 dealloying	 in	 5M	HCl	 for	 36h.	 Cross-sectional	 SEM	of	 the	 Zn50Cu50	master	 alloy	

before	(b)	and	after	(d)	dealloying	the	same	sample.	This	reveals	the	retention	of	the	grain	

structure	and	orientation	as	well	as	the	presence	of	macropores	in	the	structure	-	due	to	the	

fabrication	 -	 initially	 accelerating	 the	 dealloying	 process	 by	 increasing	 mass	 transport	

properties.	Centered	image	represents	the	3x3x0.3mm3	sample	before	and	after	dealloying.	
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Figure	 4.3	 Cross-sectional	 SEM	 of	 the	 Zn80Cu20	 master	 alloy	 before	 (a)	 and	 after	 (b)	

dealloying	for	24h	in	5M	HCl.	Centered	image	represents	the	3x3x0.3mm3	sample	before	and	

after	dealloying.	This	represents	the	formation	of	a	uniform	nanoporous	structure	from	a	

homogeneous	 starting	 alloy	 and	 highlights	 extensive	 stress-induced	 deformation	 of	 the	

surface.	

	

As	expected,	the	dealloying	kinetics	depends	on	both	the	alloy	composition	and	its	

morphology.	For	Zn50Cu50	in	5M	HCl	(Figure	4.1d,	red	circles),	the	sample	weight	decreases	

exponentially	with	the	dealloying	time;	the	anticipated	weight	loss	of	49.5%	(complete	Zn	

removal)	is	reached	after	about	36h.	For	dealloying	times	in	excess	of	36h,	slow	weight	loss	

over	time	indicates	Cu	dissolution	consistent	with	the	electrolyte	becoming	faint	green	in	

color.	By	contrast,	the	Zn80Cu20	alloy	does	not	show	an	exponential	decay	in	the	dealloying	

rate	as	observed	for	the	Zn50Cu50	alloy	(Figure	4.1d,	black	squares).	Only	after	most	of	the	Zn	

has	been	removed	does	the	weight	loss	start	to	slow	down.	The	fast	dealloying	kinetics	of	the	

Zn80Cu20	 alloy	 is	 a	 consequence	 of	 the	 lower	 critical	 potential	 (onset	 of	 selective	 Zn	
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dissolution)	of	Zn-rich	brasses24.	The	initial	fast	weight	loss	of	the	Zn50Cu50	alloy	(initially	the	

weight	loss	appears	to	be	even	faster	than	that	of	Zn80Cu20)	can	be	attributed	to	the	formation	

of	the	macroporous	network	and	the	presence	of	the	Zn-rich	shell	of	the	particles	found	in	

this	 alloy.	 However,	 its	 more	 noble	 character	 makes	 the	 Zn50Cu50	 alloy	 inert	 against	

corrosion	 by	 phosphoric	 acid	 (H3PO4)	 whereas	 Zn80Cu20	 is	 readily	 attacked.	 H3PO4	 is	 a	

weaker	 acid,	 so	 the	 critical	 potential	 is	 still	 reached	 for	 Zn80Cu20	 but	 not	 for	 Zn50Cu50.	

Additional	data	on	the	dealloying	kinetics	for	different	acid	strengths	and	sample	thicknesses	

are	provided	in	the	supporting	information	(Figure	4.12).	

A	comparison	of	the	grain	orientation	maps	obtained	by	EBSD	from	a	Zn50Cu50	alloy	

sample	before	and	after	dealloying	clearly	demonstrates	that	the	grain	structure	as	well	as	

the	orientation	of	the	Zn50Cu50	starting	alloy	are	preserved	during	dealloying	(Figures	4.2a	

and	4.2c).	Although	the	crystal	structures	of	both	the	starting	alloy	(mostly	bcc	type)	and	np-

Cu	(fcc)	are	cubic,	the	transformations	involve	considerable	changes	in	the	lattice	constants.	

The	change	from	the	bcc	related	intermetallic	structures	of	Zn50Cu50	to	fcc	Cu	is	22.7%	(from	

2.95Å	to	3.62	Å)	for	the	Cu1Zn1	phase,	1.4%	(from	3.67Å	to	3.62	Å)	for	the	Cu-rich	(Cu3Zn1),	

and	22.3%	(from	2.96Å	to	3.62Å)	for	the	Zn-rich	phase	(Cu5Zn8).	The	minuscule	changes	in	

the	lattice	constant	from	Cu3Zn1	to	Cu	are	difficult	to	monitor	confidently	since	they	are	close	

to	 the	 measurement	 error	 of	 the	 EBSD,	 and	 because	 Cu3Zn1	 is	 a	 non-stoichiometric	

intermetallic	 compound	 which	 impedes	 proper	 identification	 of	 the	 Kikuchi	 bands.	 The	

lattice	constants,	space	group,	and	crystallographic	motif	of	all	occurring	phases	that	were	

entered	in	the	EBSD	acquisition	software	are	summarized	in	Table	4.11.	We	could	not	obtain	

reliable	EBSD	data	from	the	dealloyed	Zn80Cu20	structure	which	we	attribute	to	substantial	

stress-induced	deformation	and	tilting	of	the	lattice	planes	during	dealloying.	



Chapter	4.	Multiscale	Morphology	of	Nanoporous	Copper	made	from	Intermetallic	Phases	

 101 

	

Figure	4.4	(a)	-	(g)	SEM	micrographs	for	Zn80Cu20	dealloyed	in	various	electrolytic	solutions	

showing	 the	 evolution	 of	 the	 ligament	 morphology	 as	 a	 function	 of	 the	 electrolyte	
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composition	used	for	the	dealloying	process.	Chloride	anions	promote	Cu	surface	diffusion	

whereas	phosphate	or	its	combination	with	chloride	inhibits	diffusivity.	Further	increasing	

the	amount	of	chloride	by	adding	NaCl	pronounces	effects	of	surface	rearrangement	even	

more	and	is	independent	of	the	pH	level.	

	

Generally,	the	accepted	mechanism	for	dealloying	of	single-phase	solid	solution	alloys	

is	 based	 on	 coherent	 surface	 diffusion10,	 22,	 25,	 a	 mechanism	 which	 preserves	 the	 grain	

structure	 and	 orientation	 of	 the	 starting	 alloy14,	 25.	 This,	 however,	 requires	 that	 both	 the	

starting	alloy	and	the	dealloyed	material	have	the	same	crystal	structure	and	similar	lattice	

constants.	By	contrast,	excessive	stress	at	the	dealloying	front	caused	by	a	change	in	crystal	

structure	or	in	the	lattice	constant	(like	in	the	Zn-Cu	system	discussed	here)	is	expected	to	

change	the	grain	structure	by	triggering	nucleation	events.	Dealloying	induced	nucleation	

has	indeed	been	confirmed	for	amorphous	multicomponent	starting	alloys	as	demonstrated	

by	the	observation	of	the	fcc	Cu26/	Pt27/	Au27	structure	after	dealloying.	In	view	of	the	change	

in	crystal	structure	from	bcc	to	fcc	and	the	change	in	lattice	constants,	the	preservation	of	

the	grain	structure	of	the	Zn50Cu50	alloy	during	dealloying	clearly	is	an	unexpected	result.	

The	effect	of	pH	and	anion	species	on	the	nanoscale	morphology	of	np-Cu	was	studied	

on	 the	Zn80Cu20	 alloy	 as	 this	 alloy	 composition	allowed	us	 to	use	both	H3PO4	 and	HCl	 as	

etchants.	The	SEM	micrographs	shown	in	Figure	4.4	reveal	that	the	microstructures	formed	

by	 dealloying	 Zn80Cu20	 in	 diluted	 5M	 H3PO4	 (pH	 0.72)	 and	 5M	 HCl	 (pH	 -0.70)	 are	 very	

different	(see	also	the	size	histograms	in	Figures	4.8	and	4.9).	Small	(46	±	9	nm)	ligaments	

with	smoothly	curved	surfaces	are	observed	after	dealloying	for	24	h	in	H3PO4	(Figure	4.4b)	
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while	large	129	±	41nm	micro-faceted	ligaments	are	formed	in	HCl	after	36	h	of	dealloying	

(Figure	4.4f).	To	determine	whether	the	difference	in	the	ligament	nanostructure	originates	

from	 differences	 in	 pH	 value,	 dealloying	 time	 or	 anion	 specific	 interactions,	 we	

systematically	studied	the	effect	of	dealloying	time,	pH,	and	anion	composition.	Adding	HCl	

to	H3PO4	(by	mixing	equal	amounts	of	5M	H3PO4	and	5M	HCl)	slightly	increased	the	ligament	

size	(51	±	12	nm)	with	respect	to	5M	H3PO4	(46	±	9	nm)	(Figure	4.4d).	Addition	of	chloride	

anions	 to	 5M	 H3PO4	 (by	 adding	 0.25	 moles	 NaCl	 to	 the	 50	 mL	 solution)	 again	 slightly	

increased	 the	 ligament	 size	 to	57	±	16nm	(Figure	4.4e).	Prolonged	six-day	etching	 in	5M	

H3PO4	(Figure	4.4c)	also	only	slightly	increased	the	ligament	size	to	53	±	14	nm	(compared	

to	46	±	9	nm	after	24	h	dealloying	in	H3PO4).	Increasing	the	concentration	of	H3PO4,	from	5M	

to	 15M	 (pH	0.48),	 however,	 resulted	 in	 the	 formation	 of	 smaller	 ligaments	 (35	 ±	 8	 nm),	

(Figure	4.4a).	Thus,	these	conditions	resulted	in	the	formation	of	similar	sized	ligaments	with	

smoothly	 curved	 surfaces	 despite	 large	 differences	 in	 the	 pH	 value,	 composition,	 and	

dealloying	time.	On	the	other	hand,	addition	of	NaCl	to	5M	HCl	also	led	to	the	formation	of	

micro-faceted	ligaments	and	further	increased	the	feature	size	(156	±	76	nm)	relative	to	the	

micro-faceted	ligaments	obtained	by	5M	HCl	(129	±	41	nm)	(Figure	4.4g).		

The	experiments	reported	upon	above	indicate	that	the	large	differences	in	ligament	

size	and	morphology	between	H3PO4	and	HCl	dealloyed	np-Cu	samples	are	caused	by	the	

effect	 of	 the	 acid	 anions	 on	 the	 Cu	 surface	 diffusivity28.	 The	 presence	 of	 chloride	 anions	

increases	the	surface	diffusion	of	Cu	while	the	presence	of	phosphate	suppresses	the	surface	

diffusion.	In	the	presence	of	both	phosphate	and	chloride	anions,	the	suppressing	effect	of	

phosphate	dominates	over	the	promoting	effect	of	chloride	anions.	The	increase	in	surface	

diffusivity	 in	 the	 presence	 of	 chloride	 anions	 is	 consistent	 with	 previous	 reports.	 For	
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example,	 the	 presence	 of	 chloride	 anions	 decreases	 the	 corrosion	 potential	 for	 Al-Cu19.	

Delamare	 and	 Rhead29	 were	 first	 to	 report	 that	 the	 surface	 self-diffusion	 of	 Cu	 in	 the	

presence	 of	 adsorbed	 chlorine	 is	 enhanced	 by	 ~	 4	 orders	 of	 magnitude.	 Hayes	 et	 al.13	

reported	that	the	size	of	Cu	ligaments	in	np-Cu	obtained	from	Mn-Cu	increases	from	16nm	

for	 sulfuric	 acid	 to	125	nm	 for	HCl	which	 is	 similar	 to	 the	 ligament	 size	 observed	 in	 the	

current	 study	 for	 HCl	 (Figure	 4.4f).	 Similarly,	 the	 ligament	 size	 of	 nanoporous	 silver	 is	

associated	with	the	diffusivity	of	Ag	adatoms	during	dealloying	in	different	acidic	solutions30.	

Martin	et	al.28	experimentally	determined	the	activation	energy	of	Cu	surface	diffusion	in	the	

presence	of	a	NaCl	solution	to	be	12	±	4	kJ/mol,	compared	to	58.6	kJ/mol	for	Cu	diffusion	at	

the	 vacuum	 /	 Cu	 interface	 (estimated	 as	 0.2	 ∆Hs,	 where	 ∆Hs	 is	 the	 molar	 enthalpy	 of	

sublimation	at	standard	temperature	and	pressure).	Thus,	the	presence	of	chloride	anions	

can	 increase	 the	 surface	 diffusivity	 coefficient	 by	 5	 orders	 of	 magnitude	 compared	 to	 a	

chloride-free	electrolyte	which	is	consistent	with	the	earlier	work	of	Delamare	and	Rhead.	

By	contrast,	phosphate	was	found	to	passivate	the	Cu	surface31.		

In	good	agreement	with	 literature,	the	pH	value	does	not	have	a	dominating	effect	

because	 the	 experiments	 involving	 H3PO4	 exhibited	 similar	 morphology	 despite	 large	

differences	 in	 the	pH	value,	composition,	and	dealloying	time.	 In	contrast,	 the	addition	of	

NaCl	to	5M	HCl	and	prolonged	etching	led	to	micro-faceted	ligaments	and	further	increased	

the	 feature	 size	 relative	 to	 5M	 HCl	 which	 indicates	 accelerated	 Cu	 surface	 diffusion.	 As	

observed	in	our	study,	the	passivating/stabilizing	effect	of	phosphate	anions	dominates	over	

the	mobilizing	effect	of	chloride	anions	and	inhibits	the	anodic	dissolution	of	Cu	if	phosphate	

forms	a	compact	film	on	the	copper	surface.31		
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The	 capability	 to	 control	 both	 ligament	 size	 and	 shape	 opens	 up	 an	 exciting	

opportunity	in	catalysis,	namely	to	tailor	the	reactivity	of	Cu	catalysts	by	controlling	the	step	

edge	densities	(Figure	4.5a).	Our	measurement	of	the	apparent	activation	energies	(Ea)	of	

three	np-Cu	materials	for	anhydrous	ethanol	dehydrogenation	to	acetaldehyde	showed	that	

the	 Ea	 for	 this	 reaction	 is	 relatively	 insensitive	 to	 the	 nanoscale	 structure	 over	 the	

temperature	range	of	180	–	230	°C	under	steady-state	conditions.	The	calculated	apparent	

activation	energies	from	the	Arrhenius	plot	(Figure	4.5b)	are	summarized	in	Table	4.1,	and	

are	 in	 good	 agreement	with	 recently	 synthesized	 Zn-free	 Cu	 catalysts32-33.	 Therefore,	we	

conclude	 that	 the	 residual	 Zn	 from	 dealloying	 has	 no	 significant	 impact	 on	 the	 ethanol	

dehydrogenation	 reaction.	 Although	 the	 5M	H3PO4	 np-Cu	material	 has	 a	 higher	 ligament	

curvature	 and	 thus	 a	 higher	 step	 edge	 density	 than	 the	 micro-facetted	 5M	 HCl	 np-Cu	

material,	 within	 the	 margin	 of	 error,	 both	 materials	 have	 the	 same	 apparent	 activation	

energy.		
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Figure	4.5	(a)	Influence	of	surface	structure	and	curvature	on	the	step	edge	density	which	

affects	 catalytic	 reactivity.	 (b)	Arrhenius	 plot	 of	 the	 various	 np-Cu	materials	made	with	

different	precursor	alloys	(Zn50Cu50	or	Zn80Cu20)	and	dealloyed	 in	the	various	electrolytic	

solutions	 (5M	 HCl	 or	 5M	 H3PO4).	 (c)	 Reaction	 scheme	 for	 the	 anhydrous	 ethanol	

dehydrogenation	on	Cu	highlighting	 that	 the	 cleavage	of	 the	O-H	bond	 to	 form	adsorbed	

ethoxy	is	not	rate	limiting.	Thus,	the	rate	of	reaction	does	not	depend	on	morphology.	

	

Table	4.1	Apparent	activation	energies	(Ea)	for	ethanol	dehydrogenation	on	np-Cu	from	the	

Arrhenius	plot	(measured	at	180	–	230	°C	under	steady-state	conditions)	

Electrolyte	
from	Zn80Cu20	
Precursor	Alloy	

from	Zn50Cu50	
Precursor	Alloy	
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5M	HCl	
72	kJ/mol	±	2	

kJ/mol	
78	kJ/mol	±	2	

kJ/mol	

5M	H3PO4	
68	kJ/mol	±	2	

kJ/mol	 -	
	

To	 ensure	 that	 our	 reaction	 conditions	 were	 far	 from	 equilibrium	 conversion,	 a	

requirement	 for	 probing	 external	 mass	 transport	 limitations,	 the	 gas	 phase	 equilibrium	

constant	at	500	K	(227°C)	was	calculated	from	thermodynamic	data	(Keq	=	14.5)	and	used	to	

calculate	the	equilibrium	conversion.	As	illustrated	in	Table	4.12,	the	equilibrium	conversion	

is	much	higher	than	the	measured	conversions	of	the	tested	samples	thus	demonstrating	that	

the	measurements	were	conducted	far	from	equilibrium	conversion.	In	addition,	to	illustrate	

that	our	measurements	were	not	strongly	affected	by	concentration	gradients	due	to	internal	

mass	transport	limitations,	catalytic	tests	were	performed	with	size-selected	np-Cu	particles	

(Table	4.9).	The	mass-averaged	conversion	of	different	size	distributions	of	5M	HCl	etched	

Zn80Cu20	as	well	as	that	of	a	heterogeneous	size	distribution	of	a	5M	H3PO4	etched	sample	

were	 all	 within	 0.365	 to	 0.417	%/mg.	 Given	 that	 the	mass-averaged	 conversion	 did	 not	

depend	on	particle	size,	distribution,	or	sample,	we	conclude	that	particle	size	does	not	play	

a	critical	role	in	our	activation	energy	measurements.	

Through	 a	 combination	 of	 photoelectron	 spectroscopy	 and	 temperature	

programmed	 experiments,	 previous	 studies	 under	 UHV	 on	 Cu(110)	 and	 Cu(210)	

demonstrated	that	the	first	step	in	alcohol	dehydrogenation	at	low	conversions	and	oxygen-

free	surfaces	is	the	cleavage	of	the	O-H	bond	to	form	adsorbed	alkoxy	and	hydrogen	on	the	

surface.34-37	At	higher	temperatures,	the	C-H	bond	in	ethoxy	is	broken	to	form	aldehyde	and	

recombinative	hydrogen	by	further	dehydrogenation34-36.	Wachs	et	al.35	found	that	C-H	bond	
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activation	is	the	rate	determining	step	in	ethanol	dehydrogenation.	In	a	recent	study,	Sykes	

and	 co-workers38	 used	 a	 combination	 of	 temperature	 programmed	 experiments	 and	

scanning	tunneling	microscopy	on	Cu(111)	and	Cu(110)	model	surfaces	to	verify	the	two-

step	dehydrogenation	of	alcohols.	Furthermore,	they	confirm	that	dehydrogenation	occurs	

at	defect	sites.	The	relative	insensitivity	of	the	apparent	activation	energy	for	acetaldehyde	

formation	on	the	ligament	curvature	in	our	study	is	consistent	with	the	C-H	bond	activation	

in	ethoxy	being	the	rate	determining	step.	Since	ethoxy	forms	preferentially	at	step	edges	on	

Cu(111)	and	Cu(110)38,	the	step	density	will	be	a	factor	in	determining	the	amount	of	the	

ethoxy	intermediate	formed.	However,	due	to	the	rate-limiting	nature	of	the	first	step,	the	

rate	of	reaction	is	only	weakly	dependent	on	morphology.	The	different	morphologies	can	

potentially	be	used	to	manipulate	the	rates	of	other	reactions	that	have	structure	sensitive	

rate-determining	steps.	For	example,	Cu(100)	facets	seem	to	be	favorable	for	synthesizing	

ethylene	from	CO2,	whereas	Cu(111)	facets	are	more	selective	for	methylene	production.39		

	

4.5 Conclusions	

On	the	macroscale,	our	EBSD	study	revealed	the	retention	of	grain	structure	and	orientation	

despite	 phase	 transformation	 for	 the	 intermetallic	 phases	 in	 the	 Zn50Cu50	 starting	 alloy	

during	dealloying.	This	result	provides	new	insights	into	dealloying	of	complex	alloy	systems	

that	undergo	crystallographic	phase	changes	during	dealloying.	Concerning	the	structure	at	

the	 ligament	 level,	 the	morphology	of	 np-Cu	prepared	by	dealloying	Zn80Cu20	 precursors	

fundamentally	 differs	when	 using	 5M	HCl	 or	 5M	H3PO4	 as	 the	 etching	 solution.	 Chloride	

anions	facilitate	Cu	surface	diffusion	and	result	in	larger	and	micro-faceted	ligaments	with	
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129	±	41	nm	in	the	case	of	5M	HCl	and	156	±	76	nm	for	5M	HCl	+	0.25	mol	NaCl.	The	presence	

of	phosphate	anions	suppresses	surface	diffusion	and	leads	to	the	formation	of	np-Cu	with	

smaller	and	smoothly	curved	ligaments	(50	nm).	The	morphology	control	at	the	nanoscale	

opens	up	an	opportunity	to	design	more	effective	Cu	catalysts	for	various	reactions.	Testing	

this	 idea	 on	 selective	 ethanol	 dehydrogenation,	 however,	 we	 found	 that	 the	 apparent	

activation	energy	was	 relatively	 insensitive	 to	 ligament	 feature	 size	and	curvature	which	

both	control	the	step	edge	density.	Nonetheless,	this	result	is	coherent	because	the	C-H	bond	

cleavage	 of	 ethoxy	 is	 the	 rate-determining	 step	 in	 the	 reaction	mechanism.	 Since	 ethoxy	

formation,	 which	 is	 more	 facile	 on	 step	 edges,	 is	 not	 rate	 determining,	 an	 augmented	

presence	of	step	edge	sites	does	not	facilitate	the	overall	reaction.	Future	work	includes	the	

development	of	methodologies	to	further	tune	the	np-Cu	surface	to	achieve	homogeneous	

and	well-defined	facets	by	using	surfactants	or	electrochemically	supported	redox	reactions.	

Upon	micro	and	macro-structural	optimization,	np-Cu	could	provide	a	tunable	3D	structure	

with	high	surface	area	and	an	abundance	of	active	sites	while	reducing	mass	flow	limitations	

of	the	reactants.		

	

4.6	Supporting	Information	

4.6.1	Standard	potentials	

Table	4.2	Reduction	half-cell	reactions	with	reference	to	SHE	at	25°C	of	selected	species	to	

illustrate	possible	combinations	of	etchants.40		

Cl2	 	 +2e-	 à	 2	Cl-	 	 +1.36	V	
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HNO3	 +3H+	 +3e-	 à	 NO		 +2H2O	 +0.96	V	

Cu2+	 	 +2e-	 à	 Cu	 	 +0.34	V	

SO42-	 +4H+	 +2e-	 à	 SO2		 +2H2O	 +0.16	V	

2	H+	 	 +2e-	 à	 H2	 	 		0.00	V	

H3PO4	 +2H+	 +2e-	 à	 H3PO3		 +H2O	 -0.28	V	

Zn2+	 	 +2e-	 à	 Zn	 	 -0.79	V	

	

4.6.2	Crystallographic	parameters	for	Rietveld	refinement	and	the	EBSD	study	

Table	4.3	Lattice	parameters	and	the	final	structure	parameters	determined	for	Cu5Zn8	in	

Zn50Cu50	

Atom	 Site	 x	 y	 z	 Occ	 Biso	

Zn	(1)	 8	 0.10890	 0.10890	 0.10890	 1	 1.12	

Cu	(1)	 8	 -0.172000	 -0.172000	 -0.172000	 1	 0.88	

Cu	(2)	 12	 0.35580	 0.00000	 0.00000	 1	 0.71	

Zn	(2)	 24	 0.31280	 0.31280	 0.03660	 1	 1.32	

Unit	cell:	cubic	I-43m,	a	=	8.88655(52)	Å,	V	=	701.78(12)Å	3;	wt%	Rietveld:	20.5(37)	

	

Table	4.4	Lattice	parameters	and	the	final	structure	parameters	determined	for	Cu1Zn1	in	

Zn50Cu50	

Atom	 Site	 x	 y	 z	 Occ	 Biso	

Zn	(1)	 1	 0.50000	 0.50000	 0.50000	 1	 1	

Cu	(1)	 1	 0.00000	 0.00000	 0.00000	 1	 1	

Unit	cell:	cubic	Pm-3m,	a	=	3.6886(17)Å,	V	=	50.188(68)Å	3;	wt%	Rietveld:	55.9(86)	
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Table	4.5	Lattice	parameters	and	the	final	structure	parameters	determined	for	Cu3Zn1	in	

Zn50Cu50	

Atom	 Site	 x	 y	 z	 Occ	 Biso	

Zn	(1)	 4	 0.00000	 0.00000	 0.00000	 0.25	 1	

Cu	(1)	 4	 0.00000	 0.00000	 0.00000	 0.75	 1	

Unit	cell:	cubic	Fm-3m,	a	=	2.95783(11)Å,	V	=	25.8773(28)Å	3;	wt%	Rietveld:	24(12)	

	

Table	4.6	Lattice	parameters	and	the	final	structure	parameters	determined	for	Cu1Zn4	in	

Zn80Cu20	

Atom	 Site	 x	 y	 z	 Occ	 Biso	

Zn	(1)	 6	 0.33330	 0.66660	 0.25000	 0.2	 1	

Cu	(1)	 6	 0.33330	 0.66660	 0.25000	 0.8	 1	

Unit	cell:	hexagonal	P63/mmc,	a	=	2.7419842Å,	c	=	4.2912936Å,	V	=	27.94144Å	3;	wt%	Rietveld:	
100	
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Figure	 4.6	 Rietveld	 refinement	 patterns	 of	 Zn50Cu50;	Rexp	 =	 2.24,	 Rwp	 =	 4.63,	 Rp	 =	 3.15,	

Goodness	of	fit	S	=	Rwp	/	Rexp	=	2.06.	

	

	

Figure	 4.7	 Rietveld	 refinement	 patterns	 of	 Zn80Cu20;	Rexp	 =	 3.27,	 Rwp	 =	 8.42,	 Rp	 =	 5.15,	

Goodness	of	fit	S	=	Rwp	/	Rexp	=	2.58.	
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4.6.3	Ligament	size	distribution/	Histograms	

	

Figure	4.8.	SEM	micrographs	for	Zn50Cu50	dealloyed	in	various	HCl	electrolytic	solutions	and	

corresponding	histograms	showing	the	ligament	size	distribution	
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Figure	4.9.	 Ligament	 size	distributions	 corresponding	 to	Figure	4	 (SEM	micrographs	 for	

Zn80Cu20	dealloyed	in	various	electrolytic	solutions).	
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4.6.4	Structural	and	compositional	changes	during	dealloying	of	Zn50Cu50	

	

Figure	 4.10.	 SEM	 cross-sections	 together	 with	 EDX	 analysis	 (elemental	 map	 and	 spot	

analysis)	for	the	Zn50Cu50	alloy	before	and	after	dealloying.	Cu:Zn	ratios	for	spot	analysis	are	

listed	in	Table	4.10	
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4.6.5	Ethanol	dehydrogenation	

Table	4.7	Apparent	activation	energies	(Ea)	for	ethanol	dehydrogenation	on	np-Cu	from	the	

Arrhenius	plot	(measured	at	180	–	230	°C	under	steady-state	conditions)	under	different	

flow	rates	(7.5,	25	and	50	mL/min).	

Electrolyte	 Precursor	
Alloy	

Flow	Rate	
(ml/min)	

Apparent	Activation	Energy	Ea	
(kJ/mol)	

5M	HCl	 Zn80Cu20	 25	 72	±	2		
5M	HCl	 Zn50Cu50	 25	 78	±	2		
5M	H3PO4	 Zn80Cu20	 25	 68	±	2	
5M	H3PO4	 Zn80Cu20	 50	 69	±	2	
5M	H3PO4	 Zn80Cu20	 7.5	 57	±	2	
5M	HCl	 Zn80Cu20	 7.5	 55	±	3	
5M	HCl	 Zn50Cu50	 7.5	 57	±	2	
	

Table	4.8	Ethanol	conversion	of	np-Cu	prepared	from	Zn80Cu20	with	5M	H3PO4	etchant	at	

different	flow	rates	(7.5,	25	and	50	mL/min)	as	a	function	of	temperature.		

Zn80Cu20,	5M	H3PO4	Sample	

Temperature	
(°C)	

Conversion	at	
7.5	mL/min	
Flow	Rate	

Conversion	at	
25	mL/min	
Flow	Rate	

Conversion	at	
50	mL/min	
Flow	Rate	

250	 	 16.4	 13.5	

240	 	 11.3	 9.4	

230	 	 7.9	 6.7	

220	
10.9	 5.6	 4.8	

210	
8.1	 4.0	 3.4	

200	
6.0	 2.9	 2.4	



Chapter	4.	Multiscale	Morphology	of	Nanoporous	Copper	made	from	Intermetallic	Phases	

 117 

190	
4.4	 2.1	 1.7	

200	
	 3.0	 2.5	

210	
9.0	 4.3	 3.6	

220	
12.2	 6.1	 5.1	

230	 15.9	 8.4	 7.0	

240	
	 11.5	 9.7	

250	
	 15.5	 13.0	

	

Table	4.9	Mass-averaged	 conversion	at	250°C	and	50	mL/min	 flow	 rate	of	particle	 size-

selected	5M	HCl	etched	samples	and	a	mixed	particle	size	5M	H3PO4	etched	sample	tested	

twice	on	separate	occasions.	Particle	sizes	were	selected	by	sieving	with	106,	212,	and	425	

μm	sized	meshes.	Particles	larger	than	425	μm	were	disregarded.	

	

	

	

	

	

4.6.6	Cu/Zn	ratios	

Table	4.10	Atomic	ratios	for	Cu:Zn	acquired	by	EDX	spot	measurements	before	and	after	

dealloying	in	Zn50Cu50	cross-section	

Spot#	 Before:	Cu/Zn	(at.%)	 After:	Cu/Zn	(at.%)	
1	 43.72/56.28	 100/0	

Sample	 Particle	Sizes	
(μm)	

Mass-averaged	Conversion	
at	250°C	and	50	mL/min	
Flow	Rate	(%/mg)	

Zn80Cu20,	5M	HCl	 0	-	106	 0.417	

Zn80Cu20,	5M	HCl	 106	-	212	 0.411	

Zn80Cu20,	5M	HCl	 212	-	425	 0.380	

Zn80Cu20,	5M	H3PO4	 Mixed	 0.365,	0.403	(same	sample)	
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2	 42.95/57.05	 100/0	
3	 20.37/79.63	 100/0	
4	 43.42/56.58	 100/0	
5	 38.00/62.00	 96.67/3.33	
6	 52.02/47.98	 100/0	
7	 24.12/75.88	 96.42/3.58	
8	 46.79/53.21	 100/0	
9	 29.83/70.17	 97.22/2.78	
10	 22.96/77.04	 97.05/2.95	
11	 31.97/68.03	 97.55/2.45	
12	 41.67/58.33	 96.22/3.78	
13	 53.40/46.60	 96.95/3.05	
14	 42.73/57.27	 100/0	
15	 49.74/50.26	 96.91/3.09	
16	 47.55/52.45	 100/0	
17	 42.49/57.51	 100/0	
18	 41.60/58.40	 97.52/2.48	
19	 23.69/76.31	 95.14/4.86	
20	 46.59/53.41	 93.51/6.49	

	

4.6.7	Electron	backscatter	diffraction	

Table	 4.11	Crystallographic	 parameters	 for	 EBSD,	 detailed	 structure	 parameters	 can	 be	

found	in	Table	4.3-4.6	

	 Lattice	parameter		 Space	group	 Bravais	lattice	

Cu	 3.615	Å	 Fm-3m	(#225)	 face-centered	cubic	

Cu3Zn1	 3.6669	Å	 Fm-3m	(#225)	 face-centered	cubic	

Cu1Zn1	 2.950	Å	 Pm-3m	(#221)	 Simple	cubic	

Cu5Zn8	 8.878	Å	 I-43m	(#217)	 Complex	cubic	

Cu1Zn4	 2.7418	Å,	4.2939	Å	 P63/mmc	(#194)	 Simple	hexagonal	
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4.6.8	Effects	of	sample	geometry	and	concentration	of	etching	solution	

	

Figure	4.11.	Cross-sectional	SEM	of	Zn44Cu56	master	alloy.	

	

Figure	 4.12.	 (a)	 Influence	 of	 sample	 thickness	 on	 the	 dealloying	 time	 for	 dealloying	 of	

Zn44Cu56	in	5M	HCl;	(b)	Influence	of	the	electrolyte	concentration	on	the	dealloying	time	for	

dealloying	of	Zn44Cu56	with	a	sample	size	of	3x3x0.3mm3.	
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4.6.	9	Conversion	of	our	samples	compared	to	equilibrium	conversion	

Table	4.12	The	gas	phase	equilibrium	constant	was	calculated	from	thermodynamic	data	at	

500K	(227°C)	(Free	energy	values	from:	Haynes,	W.	M.;	Lide,	D.	R.,	Handbook	of	chemistry	

and	physics.	National	Institute	for	Standards	and	Technology,	CRC	Press,	New	York,	NY	2010.)	

To	make	the	closest	comparison,	the	equilibrium	conversion	calculated	at	500K	(227°C)	is	

compared	to	conversion	values	measured	at	503K	(230°C)	of	the	various	samples	tested.	
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Chapter	5.		

Selective	Non-Oxidative	Dehydrogenation	of	Ethanol	 to	

Acetaldehyde	and	Hydrogen	on	Highly	Dilute	NiCu	Alloys	

	

5.1	Abstract	

The	 non-oxidative	 dehydrogenation	 of	 ethanol	 to	 acetaldehyde	 has	 long	 been	

considered	as	an	important	method	to	produce	acetaldehyde	and	clean	hydrogen	gas.	

Although	 monometallic	 Cu	 nanoparticles	 have	 high	 activity	 in	 the	 non-oxidative	

dehydrogenation	of	ethanol,	they	quickly	deactivate	due	to	sintering	of	Cu.	Herein,	we	

show	that	adding	a	small	amount	of	Ni	(Ni0.01Cu	-	Ni0.001Cu)	 into	Cu	to	form	highly	

dilute	 NiCu	 alloys	 dramatically	 increases	 the	 catalytic	 activity	 and	 increases	 their	

long-term	 stability.	 The	 kinetic	 studies	 show	 that	 the	 apparent	 activation	 energy	

decreases	from	~70	kJ/mol	over	Cu	to	~45	kJ/mol	over	the	dilute	NiCu	alloys.	The	

improved	 performance	 is	 observed	 both	 for	 nanoparticles	 and	 nanoporous	 NiCu	

alloys.	The	improvement	in	the	long-term	stability	of	the	catalysts	is	attributed	to	the	

stabilization	 of	 Cu	 against	 sintering.	 Our	 characterization	 data	 show	 that	 Ni	 is	

atomically	dispersed	 in	Cu.	The	comparison	of	 the	 catalytic	performance	of	highly	

dilute	alloy	nanoparticles	with	nanoporous	materials	is	useful	to	guide	the	design	of	

novel	mesoporous	catalyst	architectures	for	selective	dehydrogenation	reactions.		
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This	paper	was	published	in	Applied	Catalysis	B:	Environmental	2017,	205,	541-550.	

	

5.2	Introduction	

Acetaldehyde	(CH3CHO)	is	an	important	commodity	chemical	and	is	widely	used	as	

the	starting	material	for	the	synthesis	of	a	large	number	of	industrial	chemicals	such	

as	 acetic	 acid,	 acetate	 esters,	 and	 pentaerythritol.1,	 2	 The	 selective	 non-oxidative	

dehydrogenation	 (DH)	 of	 ethanol	 to	 acetaldehyde	 and	 hydrogen	 is	 an	 important	

industrial	 reaction	 to	 produce	 acetaldehyde.3,	 4	 It	 is	 also	 an	 essential	 first	 step	 in	

ethanol	steam	reforming	and	ethanol	partial	oxidation	reactions.5,	6	Monometallic	Cu-

based	 catalysts	 are	 widely	 used	 for	 this	 reaction;	 however,	 quick	 deactivation	 of	

copper	takes	place,	attributed	to	copper	particle	sintering.4,	7	On	the	other	hand,	the	

oxidative	dehydrogenation	(ODH)	of	ethanol	to	acetaldehyde	and	water	is	the	oldest	

laboratory	 method	 to	 produce	 acetaldehyde.	 Commercially,	 ODH	 is	 typically	

catalyzed	by	copper,	silver,	and	their	oxides	or	alloys	with	air	 in	the	vapor	phase.1	

Similar	to	the	case	of	DH,	the	fast	deactivation	of	the	catalysts	remains	a	challenging	

problem.8,	 9	 Since	 DH	 also	 produces	 hydrogen,	 another	 valuable	 product,	 it	 is	

attractive	to	develop	new	catalysts	that	are	highly	active	and	selective,	with	improved	

catalyst	 stability	 during	 the	 ethanol	 dehydrogenation	 reaction.	 Naturally,	 the	 first	

consideration	is	the	development	of	Cu-based	alloys	possessing	these	properties.	

Although	supported	Cu	based	catalysts	have	been	extensively	studied	for	the	

ethanol	dehydrogenation	reaction,	there	is	still	disagreement	on	the	chemical	state	of	

the	active	Cu	species	during	the	reaction.	Several	groups	have	reported	that	Cu+	is	the	
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most	active	species,10-12	while	other	studies	find	that	high	dehydrogenation	activity	is	

associated	with	 the	presence	of	metallic	Cu.13,	 14	On	 the	other	hand,	 as	mentioned	

above,	the	catalytic	activity	of	Cu	has	been	found	to	decrease	rapidly	even	in	the	first	

hour	of	the	reaction,	where	the	deactivation	has	been	attributed	to	the	sintering	of	

metallic	Cu	at	the	high	dehydrogenation	temperature.7,	14	In	searching	for	a	promoter	

to	inhibit	the	sintering	of	Cu,	it	has	been	reported	that	the	incorporation	of	chromium	

oxide	 into	 Cu	 improves	 the	 catalyst	 stability.13,	 15,	 16	 However,	 the	 adverse	

environmental	 issues	 associated	 with	 the	 use	 of	 chromium	 have	 discouraged	 the	

application	 of	 this	 approach.	 The	 addition	 of	 alkali	 metal	 oxides	 has	 also	 been	

reported	 to	 improve	 the	 stability	 of	 Cu,	 although	 the	 effect	 is	 less	 significant	 than	

chromium	oxide.7		

Alternatively,	 the	 dehydrogenation	 of	 ethanol	 on	 Au	 NPs	 supported	 on	

reducible	oxides	has	also	been	explored.3,	17-19	Supported	Au	NPs	with	certain	particle	

sizes	have	been	demonstrated	to	have	high	activity	and	selectivity	for	the	reaction.3	

An	exception	is	Au/Al2O3,	where	the	dehydration	of	ethanol	to	ethylene	and	dimethyl	

ether	dominates	the	reaction.18	Recently,	Wang	et	al.	have	reported	that	isolated	Au	

species	 supported	 on	 nanoscale	 ZnZrOx	 composite	 oxides	 catalyze	 the	

dehydrogenation	of	ethanol	to	acetaldehyde	and	hydrogen	with	100%	selectivity	at	

low	 temperatures	 (~200	 °C),	 even	 in	 the	 presence	 of	 water,	 in	 a	 well-separated	

temperature	window	from	the	dehydration	and	steam	reforming	reactions	that	take	

place	on	the	support.17	The	presence	of	atomically	dispersed	Au	species	seems	to	play	

an	 essential	 role	 in	 the	 activation	 of	 ethanol	 and	 its	 subsequent	 dehydrogenation	

reaction.		
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In	recent	years,	development	of	catalysts	with	atomic	dispersions	of	an	active	

metal	 on	 various	 supports	 has	 attracted	 considerable	 attention.20	 In	 the	 case	 of	

bimetallic	catalysts,	various	highly	dispersed	alloys	or	even	single	atom	alloy	(SAA)	

catalysts	 containing	 atomically	 dispersed	 active	 species	 have	 been	 reported	 to	 be	

highly	 active	 and	 selective	 for	 many	 catalytic	 reactions.	 For	 example,	 atomically	

dispersed	 Au	 species	 supported	 on	 ZnZrOx	 oxides	 catalyze	 the	 ethanol	

dehydrogenation	reaction,	as	discussed	above.17	Isolated	Pt	and	Au	cations	stabilized	

by	-O	bonds	on	various	supports	supplying	vicinal	-OH	groups	have	been	found	to	be	

highly	 active	 for	 the	 water-gas	 shift	 reaction.21-24	 PdAu	 bimetallics	 have	 been	

reported	as	selective	hydrogenation	catalysts	in	both	gas-phase25-27	and	liquid-phase	

reactions.28,	29	These	studies	have	focused	on	bimetallic	nanoparticles	supported	on	

carbon,	 oxides	 or	 other	 supports.	 It	 has	 also	 reported	 that	 unsupported	 gold,	

prepared	in	nanoporous	form	from	AuAg	alloys	after	leaching	out	most	(~97%)	of	

the	silver,	 is	an	effective	catalyst	for	the	selective	oxidation	of	methanol,	and	other	

alcohols.30,	31	Since	unsupported	gold	 is	 inert,	 it	was	apparent	 that	 the	active	 sites	

must	 be	 at	 the	 interface	 of	 silver	 domains	 and	 gold.	 These	 sites	 also	 catalyze	 the	

oxidative	 self-coupling	 of	methanol	 to	methyl	 formate32	 and	 the	 cross	 coupling	 of	

methanol	with	higher	alcohols	or	aldehydes	to	form	esters.33	The	interaction	of	gold	

with	nickel	in	Au@NiOx	core-shell	particles	rather	than	silver	has	been	exploited	by	

Asahi	 Chemicals	 recently	 to	 selectively	 oxidize	 methacrolein	 with	 methanol	 to	

produce	methyl	methacrylate	(MMA)	in	industrial	volumes.34	

Similar	 to	gold,	 copper	 is	a	highly	 selective	hydrogenation	metal,	but	 it	has	

negligible	activity	for	the	hydrogenation	of	alkadienes	or	alkynes,	limited	by	a	large	
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activation	energy	barrier	for		dissociative	adsorption	of	hydrogen.35	However,	it	was	

recently	shown	that	adding	Pd	or	Pt	atoms	to	metallic	Cu	hosts	forming	PdCu	or	PtCu	

SAAs	is	a	good	strategy	to	produce	truly	bi-functional	catalysts,	whereby	the	Pd	or	Pt	

atom	dissociates	H2	and	spills	over	H	atoms	to	the	Cu	surface,	rendering	the	latter	

active	for	alkyne	and	alkadiene	hydrogenation	reactions.36-38	The	SAAs	have	superior	

selectivity	to	the	Pt	or	Pd	monometallics.	Excellent	selectivity	for	dehydrogenation	of	

methanol	has	also	been	demonstrated	on	PdCu	and	PtCu	SAAs,	the	Pd	or	Pt	atoms	

serve	as	exit	points	for	the	association	of	H	atoms	and	desorption	of	H2.39,	40		

In	the	present	study,	we	have	investigated	the	addition	of	Ni	in	Cu	as	a	novel	

catalyst	for	the	selective	dehydrogenation	of	ethanol	to	acetaldehyde	and	hydrogen.	

Ni-containing	Cu	nanoparticles	(NiCu	NPs)	and	nanoporous	Cu	(np-NiCu)	materials	

were	 prepared	with	 high	 dispersions	 of	Ni	 in	 Cu	 and	 found	 to	 be	 very	 active	 and	

selective	 for	 this	 reaction.	 The	 presence	 of	 highly	 dispersed	Ni	 in	 Cu	 dramatically	

decreases	the	apparent	activation	energy	 from	~70	kJ/mol	over	Cu	to	~45	kJ/mol	

over	NiCu	alloys.	Moreover,	as	an	additional	beneficial	effect,	Ni	efficiently	suppresses	

the	 coarsening	 of	 Cu	 nanostructures	 during	 the	 dehydrogenation	 reaction,	 thus	

increasing	the	long-term	stability	of	these	catalysts.		
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5.3	Methods	

5.3.1	Catalyst	preparation	

In	this	work,	several	types	of	highly	dilute	NiCu	alloys	were	prepared	as	supported	

nanoparticles	and	unsupported	nanoporous	alloys.	These	were	silica	supported	NiCu	

NPs,	unsupported	nanoporous	NiCu	prepared	through	a	sacrificial	support	method	

labeled	 np-NiCu	 (SSM),	 and	 nanoporous	 NiCu	 prepared	 through	 a	 dealloying	

technique	 labeled	 np-NiCu	 (DL).	 Silica	 supported	 NiCu	 NPs	 with	 various	 Ni	

concentrations	 were	 synthesized	 through	 a	 wet	 chemistry	 method	 followed	 by	 a	

modified	 electroless	 galvanic	 deposition	 method.	 In	 the	 first	 step,	 metallic	 Cu	

nanoparticles	 were	 prepared	 as	 colloids	 in	 solution	 as	 described	 in	 detail	 in	 our	

recent	 publications.38,	 40	 Briefly,	 under	 nitrogen	 protection,	 a	 0.1	 M	 solution	 of	

ascorbic	 acid	 was	 added	 to	 a	 mixed	 aqueous	 solution	 of	 Cu(NO3)2	 and	

polyvinylpyrrolidone	(PVP)	(200:1	molar	ratio	of	Cu	to	PVP),	followed	by	drop-wise	

addition	 of	 NaBH4	 (0.1	 M),	 upon	 which	 the	 solution	 turned	 to	 an	 opaque	 brown	

suspension.	 Fumed	 silica,	with	 a	 surface	 area	 of	 200	m2/g	 (as	 received),	was	 pre-

activated	by	heating	in	air	at	650	°C	for	12	h,	suspended	in	deionized	water	under	

constant	stirring,	and	added	drop-wise	to	the	colloidal	solution.	The	solution	was	kept	

under	nitrogen	protection	and	constant	stirring	for	30	min,	followed	by	filtering	and	

washing	with	deionized	water	several	times.	The	collected	solid	was	dried	in	vacuum	

for	12	h	and	calcined	in	air	to	350	oC	for	4	h.	The	product	was	subsequently	reduced	

in	pure	hydrogen	at	350	°C	for	3h	to	obtain	supported	metallic	Cu	NPs.	The	typical	Cu	
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loading	 is	 8wt%	 as	 determined	 by	 inductively	 coupled	 plasma	 (ICP)	 elemental	

analysis.	

In	our	previous	studies,	galvanic	replacement	(GR)	has	been	successfully	used	

to	prepare	PdCu	and	PtCu	single	atom	alloys.37,	38	However,	GR	is	not	an	applicable	

method	to	deposit	Ni	to	Cu	surface,	since	Ni	has	a	lower	reduction	potential	(Ni2+/Ni,	

E0	 =	 -0.257	 V)	 than	 Cu	 (Cu2+/Cu,	 E0	 =	 +0.340).41	 Therefore,	 a	 novel	 modified	

electroless	galvanic	deposition	method	was	developed	to	deposit	highly	dispersed	Ni	

to	the	Cu	NPs.	The	following	redox	reactions	show	the	principle	of	this	method:	

	

Ni2+	+	2e-	=	Ni,	E0	=	-0.257	V	 	 	 	 	 	 	 	 	 	 (1)	

Cu2O	+	H2O	+	2e-	=	2Cu	+	2OH-,	E0	=	-0.360	V																											 			 	 (2)		

	

Combination	of	(1)	and	(2)	gives:		

2Cu	+	2OH-	+	Ni2+	=	Cu2O	+	Ni	+	H2O,	ΔE0	=	+0.103	V											 	 	 (3)	

	

Reaction	 (3)	 is	 spontaneous;	 accordingly,	 Ni	 atoms	 are	 deposited	 on	 the	

surface	of	Cu2O,	which	is	formed	by	the	oxidation	of	the	Cu	metal	in	the	presence	of	

OH-	 (alkaline	 solution).	 The	 deposition	 was	 as	 follows:	 first,	 a	 certain	 amount	 of	

Ni(NO3)2.6H2O	was	completely	dissolved	in	deionized	water	under	nitrogen	bubbling	

and	continuous	stirring.	Then,	0.01M	NaOH	was	added	drop-wise	to	the	solution	to	
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reach	a	pH	value	of	10.83.	The	desired	amount	of	pre-reduced	silica-supported	Cu	

NPs	was	then	added	into	the	solution.	The	reaction	was	held	for	1	h	under	nitrogen	

protection	and	continuous	stirring.	The	typical	atomic	ratio	of	Ni	to	Cu	ranged	from	

1:100	 to	 1:1000.	 Subsequently,	 the	 suspension	 was	 filtered	 and	 washed	 with	

deionized	water	 several	 times,	 followed	 by	 vacuum	drying	 at	 70	 oC	 for	 12	 h.	 The	

obtained	solid	was	further	reduced	in	pure	hydrogen	at	400	°C	for	3h.	The	Ni	loading	

was	measured	by	ICP.		

We	 also	 prepared	 np-NiCu	 (SSM)	 catalysts	 through	 the	 sacrificial	 support	

method.42	 To	 do	 this,	 pre-reduced	 Cu/SiO2	 powder	was	 dispersed	 in	 an	 8M	 KOH	

solution	 under	 continuous	 stirring	 at	 room	 temperature.	 This	 leaching	 process	

continued	for	36	h	to	ensure	that	the	majority	of	the	silica	support	was	leached	away.	

In	this	process,	the	color	of	the	solution	changed	from	dark-brown	initially	to	red-

brown	at	the	end.	The	solid	was	filtered	and	washed	with	deionized	water	until	the	

pH	value	of	the	filtrate	was	neutral,	followed	by	vacuum	drying	at	70	oC	for	12	h.	The	

obtained	materials	were	then	reduced	in	pure	hydrogen	at	350	°C	for	3h	to	obtain	np-

Cu	 (SSM).	 	 Ni	 was	 introduced	 to	 the	 surface	 of	 np-Cu	 (SSM)	 using	 the	 galvanic	

deposition	method	discussed	 above.	After	Ni	 deposition,	 the	 solid	was	 reduced	 in	

pure	hydrogen	at	400	°C	for	3h	to	obtain	the	final	product	np-NiCu	(SSM).	The	atomic	

ratio	of	Ni	to	Cu	in	np-NiCu	(SSM)	catalysts	was	determined	by	ICP	measurements.				

Alternatively,	np-NiCu	(DL)	was	prepared	through	dealloying	of	Cu-Zn	alloys	

followed	by	a	liquid	salt	impregnation/freeze	drying	Ni	addition	process.	Firstly,	np-

Cu	(DL)	ingots	were	prepared	by	the	selective	etching	the	Zn	from	Cu50Zn50	bimetallic	
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alloy	disks	in	5M	hydrochloric	acid	for	36	h.	The	resulting	nanoporous	Cu	sample	was	

rinsed	with	deionized	water	and	dried	in	a	vacuum	oven,	labeled	as	np-Cu	(DL).	To	

prepare	np-NiCu	(DL),	part	of	np-Cu	(DL)	was	immersed	in	nickel(II)	nitrate	solution	

with	a	nickel	concentration	of	0.3M.	To	guarantee	full	penetration	of	solution	into	the	

pores	of	np-Cu	(DL),	vacuum	was	applied	for	2	h	to	remove	air	bubbles	trapped	inside	

the	core	of	np-Cu	(DL).	The	sample	was	then	kept	under	atmospheric	conditions	in	

solution	 overnight,	 followed	 by	 a	 freeze-drying	 precursor	 method,	 in	 which	 the	

sample	was	 immersed	 into	 liquid	nitrogen	 for	10	min	 and	 subsequently	 kept	 in	 a	

freeze-drying	 system	 at	 0.012	 mbar	 and	 -106	 °C	 (Labconco,	 FreeZone	 4.5	 Liter	

Benchtop	 Freeze	 Dry	 System)	 for	 2	 days.	 Freeze	 drying	 helps	 to	 keep	 the	

homogeneous	 distribution	 of	 Ni	 precursors	 while	 removing	 water,43	 therefore,	 it	

allows	a	high	dispersion	of	Ni	 in	Cu	after	drying.	 In	 the	 final	 step,	 the	sample	was	

reduced	in	hydrogen	(4%	H2	balanced	in	Ar)	at	500°C	for	1	h.	The	atomic	ratio	of	Ni	

to	Cu	in	the	np-NiCu	(DL)	material	was	determined	as	approximately	0.03:1	through	

ICP	measurements.	ICP	also	found	approximately	4%	Zn	residue	in	the	np-Cu	(DL)	

and	np-NiCu	(DL)	materials.				

	

5.3.2	Characterization	techniques	

X-ray	powder	diffraction	(XRD)	patterns	were	collected	on	a	PANalytical	X’Pert	Pro	

instrument	using	nickel-filtered	Cu	Kα	radiation	(λ	=	1.54056	Å).	The	measurements	

were	 taken	 at	 45	 kV	 and	40	mA	 in	 a	 continuous	mode.	Data	was	 collected	 for	 2θ	

between	25°	and	80°.	High-resolution	 transmission	electron	microscope	 (HRTEM)	
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images	of	highly	dilute	NiCu	alloys	were	obtained	with	a	JEOL	2100	TEM	system.	All	

samples	for	HRTEM	characterization	were	prepared	by	dropping	the	corresponding	

colloidal	solutions	onto	lacey	carbon	TEM	grids.	Scanning	electron	microscope	(SEM)	

images	were	taken	using	a	Zeiss	Supra	55VP	microscope.			

X-ray	photoelectron	spectroscopy	(XPS)	characterization	was	performed	with	

a	 PHI	 VersaProbe	 II	 system	 equipped	with	 a	monochromatic	 Al	 Kα	 source	 and	 a	

double	 focusing	hemispherical	 analyzer.	The	XPS	 system	 is	 also	 equipped	with	 an	

argon	 ion	 sputter	 gun	 for	 depth-profile	 analysis.	 XPS	 samples	 were	 prepared	 by	

loading	the	catalyst	powder	onto	a	Cu	foil.	XPS	data	were	analyzed	using	the	Casa	XPS	

software.	 Diffuse	 reflectance	 infrared	 Fourier	 transform	 spectroscopy	 (DRIFTS)	

measurements	 were	 performed	 on	 a	 Thermo	 Scientific	 Nicolet	 iS50	 FTIR	

Spectrometer	and	a	Praying	Mantis	high	temperature	reaction	chamber.	NiCu	alloys	

were	reduced	in	situ	with	10%	H2/He	at	a	flow	rate	of	10mL/min	of	at	350°C	for	1	h.	

CO	adsorption	on	the	NiCu	samples	was	performed	at	room	temperature.	Pure	CO	

was	introduced	into	the	DRIFTS	cell	at	a	flow	rate	of	10	mL/min.	This	was	followed	

by	a	He	purge	at	a	flow	rate	of	20	mL/min	to	remove	gas	phase	CO	in	the	cell	prior	to	

DRIFTS	measurements.			

The	ethanol	dehydrogenation	activity	of	 the	NiCu	alloys	was	evaluated	 in	a	

fixed-bed	flow	reactor	at	atmospheric	pressure.	Typically	100	mg	sample	was	loaded	

into	a	U-shaped	quartz	reactor	tube	between	two	layers	of	quartz	sand	and	packed	in	

between	two	quartz	wool	plugs.	The	reactor	was	heated	in	a	furnace	equipped	with	a	

temperature	controller.	The	temperature	of	the	catalyst	was	measured	with	a	K-type	
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thermocouple	reaching	the	top	of	the	catalyst	bed.	Prior	to	testing,	all	catalysts	were	

reduced	under	a	flow	of	H2	(10%	in	argon)	with	a	flow	rate	of	10	mL/min	at	350	°C	

for	 1	 h.	 The	 typical	 reaction	 gas	 composition	 was	 5.6	%	 ethanol	 balanced	 in	 He,	

through	 a	 bubbler	 system,	 using	 a	 flow	 rate	 of	 10	mL/min.	 The	 effluent	 gas	was	

monitored	online	by	a	residual	gas	analyzer	(SRS	RGA	200).	Ethanol,	acetaldehyde,	

ethyl	acetate,	H2,	CO,	CO2,	and	C2H4	were	monitored	by	m/z	=	31,	29,	61,	2,	28,	44,	and	

27,	respectively.	In	addition,	 in	the	case	of	acetaldehyde,	the	contribution	from	the	

ethanol	fragment	was	subtracted	from	the	original	m/z	=	29	signal	prior	to	further	

processing.			

Long-term	 ethanol	 dehydrogenation	 activity	 was	 tested	 in	 a	 quartz	 tube	

reactor	operated	at	atmospheric	pressure	and	housed	in	a	tubular	furnace.	Hydrogen	

treatment	was	performed	in	20%	H2	with	a	flow	rate	of	20	mL/min.	The	temperature	

was	 ramped	 to	 250	 °C	 for	 Cu	 catalysts	 and	 350	 °C	 for	 NiCu	 catalysts	 at	 a	 rate	 of	

10	°C/min	and	held	for	1	h.	The	sample	was	held	or	cooled	to	250°C	after	hydrogen	

treatment	and	then	exposed	to	reaction	conditions	of	5.6	%	ethanol	using	a	flow	rate	

of	7.5	mL/min.	To	provide	ethanol,	He	gas	was	flowed	through	a	bubbler	filled	with	

liquid	ethanol	held	at	room	temperature.	The	effluent	gas	was	continuously	analyzed	

by	 a	 GC-MS	 (Agilent	 5975C	 and	 Agilent	 7890A)	 equipped	 with	 HP-PLOT	 Q	 and	

CARBONPLOT	columns.	
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5.4	Results	and	Discussion	

Inspired	by	our	recent	 findings	of	methanol	dehydrogenation	on	PtCu	single	atom	

alloy	catalysts,40	we	prepared	highly	dilute	NiCu	alloy	catalysts	and	examined	their	

catalytic	 performance	 in	 the	 selective	 ethanol	 dehydrogenation	 reaction	 under	

realistic	reaction	conditions.	As	discussed	below,	Ni	is	atomically	dispersed	in	Cu	in	

the	selective	catalysts.	Our	work	demonstrates	that	such	Ni	species	play	a	key	role	in	

the	dehydrogenation	of	ethanol.				

XRD	patterns	of	silica	supported	Cu	NPs,	silica	supported	Ni0.01Cu	NPs	before	

reduction,	silica	supported	Ni0.01Cu	NPs	after	reduction,	and	silica	supported	Ni0.01Cu	

NPs	after	use	in	ethanol	dehydrogenation	at	250	°C	for	8	h	are	shown	in	Figure	5.1.	

The	XRD	pattern	of	Cu	NPs	is	dominated	by	diffraction	peaks	that	are	attributed	to	

the	 (111),	 (200)	 and	 (220)	 lattice	 planes	 of	 metallic	 Cu.44	 A	 rather	 broad	 peak	

centered	at	37°	can	be	attributed	to	the	(111)	diffraction	of	Cu2O.44	The	appearance	

of	a	small	Cu2O	diffraction	peak	is	due	to	the	formation	of	a	thin	Cu2O	surface	layer	

after	the	exposure	of	metallic	Cu	NPs	to	air.44,	45	For	Ni0.01Cu	before	reduction,	the	XRD	

pattern	clearly	shows	that	Cu2O	is	the	majority	phase,	which	is	expected	because	of	

the	oxidation	of	Cu	to	Cu2O	by	OH-	during	the	Ni	deposition	step.	After	reduction,	Cu2O	

was	reduced	and	metallic	Cu	peaks	are	dominant.	Moreover,	XRD	patterns	of	Ni0.01Cu	

NPs	after	reduction	show	no	observable	difference	compared	to	Cu	NPs,	as	expected	

if	Ni	is	atomically	dispersed,	and	mostly	on	the	near	surface	layer	of	Cu	(see	XPS	data	

below).	No	Ni	NPs	related	XRD	peaks	are	observed,	although	the	Ni	concentration	in	

Ni0.01Cu	NPs	is	probably	too	low	to	exclude	the	formation	of	Ni	NPs	based	on	the	XRD	
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data	alone.	Similarly,	the	XRD	patterns	of	Ni0.01Cu	after	the	reaction	were	preserved,	

and	no	separate	Ni	phases	were	formed,	at	least	not	detectable	by	XRD	at	these	small	

Ni	content.	In	all	samples,	the	estimated	average	crystallite	size	of	Cu	is	~14	nm,	as	

calculated	by	the	Scherrer	equation.					

																								 	

Figure	5.1	XRD	patterns	of	silica	supported	Cu	NPs	and	silica	supported	Ni0.01Cu	NPs	

before	reduction,	after	reduction,	and	after	the	ethanol	dehydrogenation	reaction	at	

250	°C	for	8	h.		

	

Figure	 5.2	 shows	 the	HRTEM	 images	 of	NiCu	 alloys.	 Figure	 5.2a	 shows	 the	

image	of	 silica	 supported	Ni0.01Cu	NPs.	 The	 lattice	 fringes	 	 of	Ni0.01Cu	NPs	 show	a	

spacing	of	0.2	nm,	in	good	agreement	with	the	(111)	lattice	planes	of	Cu.46	Moreover,	

the	 measured	 nanoparticle	 size	 is	 ~13-14	 nm,	 in	 good	 agreement	 with	 the	 XRD	
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analysis	of	Figure	5.1.	The	HRTEM	 images	 in	Fig	2b,	2c	 and	2d	 clearly	exhibit	 the	

crystalline	 nature	 of	 nanoporous	 materials,	 indicating	 that	 the	 nanoporous	 NiCu	

alloys	prepared	by	either	the	sacrificial	support	method	or	the	dealloying	method	are	

not	amorphous	but	are	well-crystallized.	Furthermore,	the	HRTEM	images	collected	

from	np-Ni0.01Cu	(SSM),	np-Cu	(DL),	and	np-Ni0.003Cu	(DL)	samples	all	show	the	(110)	

lattice	 fringes	of	metallic	Cu	 	(lattice	spacing	0.25	nm).47	Unfortunately,	due	to	the	

similar	atomic	number	of	Ni	and	Cu,	it	is	impossible	to	distinguish	Ni	from	Cu	through	

Z-contrast	imaging	in	scanning	TEM	measurements.48	Indeed,	Ni	species	cannot	be	

distinguished	by	TEM	in	the	highly	dilute	NiCu	alloys	of	Figure	5.2.		

	

Figure	5.2	a)	HRTEM	image	of	a	silica	supported	Ni0.01Cu	nanoparticle;	b)	HRTEM	

image	of	a	typical	region	of	the	np-Ni0.01Cu	(SSM)	catalyst;	c)	HRTEM	image	of	np-Cu	
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(DL);	 d)	 HRTEM	 image	 of	 np-Ni0.003Cu	 (DL).	 All	 samples	 were	 imaged	 in	 their	

prepared	form.			

	

SEM	 images	 of	 np-Ni0.01Cu	 (SSM)	 and	 np-Ni0.003Cu	 (DL),	 after	 reduction	 in	

hydrogen	(10%	balanced	in	Ar)	at	350	°C	for	1	h,	as	well	as	np-Cu	(DL)	after	reduction	

in	hydrogen	(10%	balanced	in	Ar)	at	250	°C	for	1	h,	are	shown	in	Figure	5.3.	They	

illustrate	the	porous	structure	of	these	nanoporous	materials.	Clearly,	 these	highly	

dilute	NiCu	alloys	prepared	by	 the	sacrificial	 support	method	or	by	dealloying	are	

porous	materials	with	well-crystallized	nanostructure.	The	average	 feature	 size	of	

np-Ni0.01Cu	(SSM)	is	395	±	99	nm,	whereas	for	np-Cu	(DL)	and	np-Ni0.003Cu	(DL)	they	

are	150	±	35	and	209	±	41	nm,	respectively.	The	average	feature	size	of	np-Ni0.003Cu	

is	 larger	than	that	of	np-Cu,	which	we	attribute	to	 the	additional	reduction	step	at	

500	°C	for	np-Ni0.003Cu	during	the	step	of	synthesis.	

	

Figure	5.3	a)	SEM	image	of	np-Ni0.01Cu	(SSM);	b)	SEM	image	of	np-Cu	(DL);	c)	SEM	

image	of	np-Ni0.003Cu	(DL).	np-Ni0.01Cu	(SSM)	and	np-Ni0.003Cu	(DL)	were	pre-reduced	

8	µm
1	μm

(a)

1	μm

(c)

1	μm
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in	hydrogen	(10%	balanced	in	Ar)	at	350	°C	for	1h	prior	to	SEM	imaging,	while	np-Cu	

(DL)	was	pre-reduced	at	250	°C	for	1h	prior	to	SEM	imaging.		

	

Table	5.1	lists	the	surface	areas	(per	gram	of	Cu)	of	silica	supported	Ni0.01Cu	

NPs,	np-Ni0.01Cu	(SSM),	and	np-Ni0.003Cu	(DL).	The	surface	area	of	silica	supported	

Ni0.01Cu	NPs	was	 calculated	 based	 on	 following	 equations,	 assuming	 the	 spherical	

shape	of	particles:	7,	49		

SCu(m2/g)=	6.73	x	1011	/	dCu(nm)																																																	(4)	

	where	SCu	is	the	specific	surface	area	of	Cu	(m2/g),	while	dCu	stands	for	the	average	

particle	size	of	Cu	(nm),	here	~14	nm	as	determined	from	XRD	and	TEM.	The	surface	

areas	 of	 np-Ni0.01Cu	 (SSM)	 and	 np-Ni0.003Cu	 (DL)	 were	 determined	 from	 BET	

measurements,	listed	in	Table	5.1.	The	silica	supported	nanoparticles,	Ni0.01Cu	NPs,	

have	the	largest	specific	copper	surface	area	among	these	catalysts.		

	

Table	5.1	Cu	surface	area	of	silica	supported	Ni0.01Cu	NPs,	np-Ni0.01Cu	(SSM),	and	np-

Ni0.003Cu	(DL).						

	

	

	

Samples	 Surface	area	of	Cu	(m2/g)	

Ni0.01Cu	NPs	 48	

np-Ni0.01Cu	(SSM)	 8.7	

np-Ni0.003Cu	(DL)	 2.7	
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Figures	5.4a	and	5.4b	show	the	photoemission	features	of	Ni	2p	and	Cu	2p	of	

np-Ni0.01Cu	 (SSM)	 before	 reduction,	 after	 reduction,	 and	 after	 the	 ethanol	

dehydrogenation	reaction	at	250	°C	for	8	h.	Table	5.2	lists	the	surface	atomic	ratio	of	

Ni/Cu	estimated	from	XPS.	The	surface	Ni/Cu	atomic	ratio	before	reduction	is	0.12	

and	 decreases	 to	 0.06	 after	 reduction,	 a	 value	 that	 persists	 after	 the	 ethanol	

dehydrogenation	reaction,	suggesting	that	after	reduction	in	hydrogen	atmosphere	

part	of	Ni	atoms	diffuse	to	the	subsurface,	and	remain	in	the	subsurface	during	the	

ethanol	dehydrogenation	reaction.	Furthermore,	Ni	2p	photoemission	spectra	also	

indicate	that	before	reduction	Ni2+	is	the	dominant	species.50,	51	It	has	been	reported	

that	highly	dispersed	metallic	Ni	 can	be	easily	oxidized	 to	NiO	under	atmospheric	

conditions.52,	53	Whilst	after	reduction,	the	peak	related	to	the	metallic	Ni	significantly	

grows.50,	51	The	remaining	of	Ni2+	after	reduction	is	possibly	due	to	the	fact	that	NiO	

was	not	fully	reduced	at	400	°C,	while	it	could	also	result	from	the	re-oxidation	of	Ni0	

after	 exposing	 the	 sample	 to	 air	 after	 the	 reduction.	 On	 the	 other	 hand,	 Cu	 2p	

photoemission	spectra	show	that	before	reduction	the	features	centered	at	940	and	

962	eV	are	present,	while	 they	disappear	after	 reduction	and	after	 reaction;	 these	

features	are	assigned	to	the	satellite	peaks	of	CuO.54	Clearly,	Cu2+	is	only	present	in	

np-Ni0.01Cu	(SSM)	before	reduction,	not	in	np-Ni0.01Cu	(SSM)	after	reduction	and	after	

reaction.	On	the	other	hand,	Cu2O	does	not	have	satellite	peaks	in	XPS,	and	also	the	

main	peak	of	Cu1+	is	overlapped	with	metallic	Cu.	Therefore,	XPS	data	in	Figure	5.4	

cannot	distinguish	Cu2O	from	metallic	Cu.	Furthermore,	we	also	tried	to	obtain	Ni	2p	

photoemission	 features	 of	 silica	 supported	 Ni0.01Cu	 NPs,	 however	 the	 low	 Ni	
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concentration	 in	 the	 supported	 catalyst	 does	 not	 yield	 a	measurable	 signal	 of	 Ni.	

Moreover,	we	also	 took	 the	Ni	2p	photoemission	spectra	of	np-Ni0.003Cu	 (DL)	 (not	

shown	here);	the	spectra	are	similar	to	np-Ni0.01Cu	(SSM),	and	the	surface	atomic	ratio	

of	Ni/Cu	is	shown	in	Table	5.2.	Similar	to	np-Ni0.01Cu	(SSM),	the	surface	Ni/Cu	ratio	

of	 np-Ni0.003Cu	 (DL)	 suggests	 that	 after	 reduction,	 part	 of	 Ni	 atoms	 diffuse	 to	 the	

subsurface,	and	remain	there	during	the	reaction.	

	

	Figure	5.4	The	photoemission	feature	of	Ni	2p	(a)	and	Cu	2p	(b)	of	np-Ni0.01Cu	(SSM)	

before	reduction,	after	reduction,	and	after	the	ethanol	dehydrogenation	reaction	at	

250	°C	 for	8	h.	Approximately	10	consecutive	scans	were	collected	 for	 the	sample	

before	 reaction,	 and	 approximately	 40	 consecutive	 scans	 were	 collected	 for	 the	

samples	after	reduction	and	after	reaction.			
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	Table	5.2	The	surface	atomic	ratio	of	Ni/Cu	of	np-Ni0.01Cu	(SSM)	and	np-Ni0.003Cu	

(DL)	under	various	conditions.			

																					

Using	 CO	 as	 a	 probe	molecule,	 DRIFTS	measurements	 were	 performed	 on	

silica	supported	Cu	NPs,	Figure	5.5a,	and	silica	supported	Ni0.01Cu	NPs,	Figure	5.5b,	at	

various	temperatures.	All	samples	were	reduced	in	situ	in	10%	H2	(balanced	in	Ar)	at	

350	°C	for	1h	prior	to	the	introduction	of	CO.	The	adsorption	of	CO	was	performed	at	

room	temperature	with	a	flow	rate	of	10	mL/min	followed	by	a	He	purge	at	a	flow	

rate	 of	 20	mL/min	 for	 10	min.	 Prior	 to	 acquiring	 the	DRIFTS	 data,	 samples	were	

heated	 to	 the	 desired	 temperature	 in	 He	 for	 10	 min	 and	 maintained	 at	 this	

temperature	during	the	data	acquisition.	CO-DRIFT	spectra	in	Fig	5a	show	a	single	

peak	centered	at	approximately	2128	cm-1,	which	may	be	attributed	to	either	the	Cu+-

CO	 carbonyl	 species	 or	 the	 atop	 binding	 of	 CO	 on	 Cu	 NPs.36,	 55	 With	 increasing	

temperatures,	 the	 peak	 area	 continuously	 decreases,	 indicating	 desorption	 of	 CO	

from	the	Cu	surface.	Clearly,	at	100	°C,	this	peak	disappears	completely,	suggesting	

that	all	the	CO	species	had	desorbed.		

Sample	conditions	
Surface	Ni/Cu	 ratio	 of	

np-Ni0.01Cu	(SSM)	

Surface	 Ni/Cu	 ratio	 of	

np-Ni0.003Cu	(DL)	

Before	reduction	 0.12	 0.035	

After	reduction	at	400	°C	 0.06	 0.013	

After	reaction	at	250	°C	 0.06	 0.013	
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Figure	5.5	CO-DRIFTS	spectra	of	silica	supported	Cu	NPs	(a),	and	silica	supported	

Ni0.01Cu	NPs	(b),	at	various	temperatures.	All	samples	were	reduced	in	situ	at	350	°C	

in	hydrogen	(10%	balanced	in	Ar)	for	1h.	The	CO	adsorption	was	performed	at	room	

temperature	with	a	flow	rate	of	10	mL/min	followed	by	a	He	purge	with	a	flow	rate	

of	20	mL/min	for	10	min	prior	to	DRIFTS	measurements.				

	

On	the	other	hand,	DRIFT	spectra	on	the	supported	Ni0.01Cu	NPs,	Fig	5b,	show	

an	additional	shoulder	at	2110	cm-1	besides	the	2128	cm-1	peak.	Similar	to	Figure	5.5a,	

the	2128	cm-1	peak	is	assigned	to	CO	binding	to	Cu	surface	atoms,	while	the	additional	

2110	cm-1	peak	must	be	related	to	the	presence	of	Ni	surface	atoms.	Indeed,	the	2110	

cm-1	peak	can	be	attributed	to	Ni(CO)x	sub-carbonyl	species	with	x	=	2	or	3.56	The	

formation	of	such	sub-carbonyl	species	indicates	a	high	dispersion	of	Ni	species.56,	57	

Furthermore,	 the	 linear	CO	absorption	band	on	Ni	NPs	 is	 reported	at	2055	cm-1,56	

which	 is	 completely	absent	 in	Figure	5.5b,	 indicating	 that	 the	presence	of	metallic	

nickel	nanoparticles	can	be	excluded.	Moreover,	the	adsorption	bands	related	to	CO	
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on	Ni2+/Ni1+	species	are	usually	reported	in	the	region	of	2190	to	2200	cm-1,58	which	

are	not	present	in	the	spectra	of	Ni0.01Cu	NPs.	Therefore,	the	DRIFTS	measurements	

suggest	the	presence	of	neutral	atomic	Ni	species	in	Ni0.01Cu	NPs.	In	addition,	the	Ni	

related	signal	at	2110	cm-1	is	relatively	strong	given	the	low	Ni	surface	concentration	

determined	 by	 XPS,	 thus	 indicating	 preferential	 CO	 adsorption	 at	 Ni	 sites.	 On	 the	

other	hand,	the	relatively	small	concentration	of	Ni	in	Ni0.001Cu	NPs	does	not	allow	us	

to	obtain	reasonable	Ni	sub-carbonyl	signal	at	2110	cm-1	in	DRIFTS	measurements;	

however,	it	is	expected	that	Ni	is	atomically	dispersed	in	Cu	in	the	case	of	Ni0.001Cu	

NPs.					

Interestingly,	Figure	5.5b	also	shows	that	although	the	peak	area	of	2128	cm-1	

feature	decreases	with	increasing	temperatures,	the	decreasing	rate	is	much	smaller	

than	the	rate	on	the	bare	Cu	NPs.	For	example,	at	100	°C,	Figure	5.5a	shows	that	all	

the	CO	species	were	desorbed	from	the	Cu	NPs,	whereas	Figure	5.5b	shows	that	even	

at	 130	 °C,	 the	 CO	 species	 adsorbed	 on	 Cu	 are	 still	 clearly	 present.	 Therefore,	

surprisingly,	addition	of	a	small	amount	of	Ni	to	Cu	can	strengthen	the	binding	of	CO	

on	the	Cu	surface.							
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	Figure	5.6	TPSR	of	ethanol	on	(a)	silica	supported	Ni0.001Cu	NPs,	(b)	silica	supported	

Ni0.01Cu	 NPs,	 and	 (c)	 silica	 supported	 Ni0.03Cu	 NPs.	 Reaction	 conditions:	 100mg	

catalyst,	6%	ethanol	balanced	in	He,	He	flow	rate	10mL/min.				

	

The	catalysis	tests	were	first	performed	over	silica	supported	NiCu	NPs	with	

different	Ni	concentrations.	Figure	5.6	shows	the	temperature-programmed	surface	

reaction	 (TPSR)	of	ethanol	 (6%	balanced	 in	He)	on	silica	 supported	Ni0.001Cu	NPs,	

Ni0.01Cu	NPs,	and	Ni0.03Cu	NPs	with	a	heating	rate	of	10	°C/min.	In	all	cases,	formation	

of	 hydrogen	 and	 acetaldehyde	 is	 clearly	 observed,	 indicating	 the	 occurrence	 of	

ethanol	dehydrogenation	reaction.		Because	our	mass	spectrometer	is	connected	to	

the	 reaction	 cell	 through	 a	 relatively	 long	 cold	 stainless	 steel	 tube,	 the	 signal	 of	

ethanol	is	delayed	compared	to	the	signals	of	other	gaseous	products.	Therefore,	the	

drop	of	ethanol	signal	is	out	of	the	temperature	windows	shown	in	Figure	5.6.	Note	

that,	the	expected	drop	in	the	ethanol	signal	is	observed	when	a	lower	heating	rate	is	

used.	However,	the	ratio	of	acetaldehyde	to	H2	is	1:1	when	no	CO	or	CO2	is	produced,	

and	mass	balance	calculations	in	all	cases	show	carbon	closure	close	to	100%.	For	
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Ni0.001Cu	NPs	and	Ni0.01Cu	NPs,	the	formation	of	CO	and	CO2	is	negligible	up	to	350	°C,	

indicating	 a	 nearly	 100%	 selectivity	 to	 acetaldehyde,	 which	 is	 similar	 to	 the	

observation	on	Cu	NPs	(not	shown	here).		

On	Ni0.03Cu	NPs,	formation	of	CO	is	observed	even	at	a	low	temperature,	thus	

indicating	 to	 the	 partial	 decomposition	 of	 ethanol	 to	 H2	 and	 CO	 along	 with	 the	

dehydrogenation	reaction.	It	has	been	reported	that	Ni	NPs	are	active	for	the	ethanol	

dehydrogenation	reaction	with	CO	and	H2	being	the	dominant	products,	particularly	

at	 temperatures	>300	 °C.59	Therefore,	 the	TPSR	data	 suggests	 that	 for	 the	 case	 of	

Ni0.03Cu	NPs,	the	formation	of	CO	is	 likely	resulting	from	the	presence	of	relatively	

large	Ni	 clusters,	 such	 as	 linear	 chains	of	Ni.	The	 formation	of	Pt	 linear	 chains	on	

Cu(111)	surface	has	been	observed	and	found	to	be	active	for	C-C	bond	scission.37	

Similar	 to	 Pt,	 the	 larger	 Ni	 ensembles	 within	 the	 Cu	matrix	 are	 likely	 capable	 of	

breaking	C–C	bonds	leading	to	the	formation	of	CO.	While	for	Ni0.001Cu	and	Ni0.01Cu	

NPs,	the	presence	of	large	Ni	clusters	seem	to	be	negligible,	in	other	words,	Ni	is	highly	

or	even	atomically	dispersed	in	Cu.	This	observation	is	consistent	with	the	DRIFTS	

data	discussed	above.	Furthermore,	ethanol	TPSR	measurements	on	np-Ni0.003Cu	(DL)	

and	np-Ni0.01Cu	(SSM)	catalysts	were	also	performed	(not	shown	here).	TPSR	data	

show	 that	 these	 nanoporous	 catalysts	 exhibit	 a	 similar	 selectivity	 as	 supported	

Ni0.001Cu	and	Ni0.01Cu	NPs,	i.e.	the	only	products	are	acetaldehyde	and	H2.					

Kinetic	studies	of	the	ethanol	dehydrogenation	reaction	on	various	NiCu	alloys	

were	 performed	 by	 measuring	 the	 reaction	 rate	 at	 various	 temperatures	 under	

steady-state	 conditions.	 In	 all	 measurements,	 the	 conversion	 of	 ethanol	 was	 kept	
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below	15%.	Figure	5.7	shows	an	Arrhenius-type	plot	of	the	H2	formation	rate	on	the	

silica	supported	monometallic	Cu	NPs,	Ni0.001Cu	NPs,	Ni0.01Cu	NPs,	np-Cu	(SSM),	np-

Ni0.01Cu	(SSM),	as	well	as	np-Ni0.003Cu	(DL).	The	H2	formation	rates	are	normalized	by	

the	Cu	surface	area	of	each	catalyst.	The	calculated	apparent	activation	energies	from	

the	Arrhenius-type	plots	in	Figure	5.7	are	shown	in	Table	5.3.	The	apparent	activation	

energy	determined	for	monometallic	Cu	NPs	is	70	±	5	kJ/mol	and	for	np-Cu	(SSM)	it	

is	 73	 ±	 6	 kJ/mol,	while	 for	 Ni0.001Cu	NPs,	 Ni0.01Cu	NPs,	 np-Ni0.003Cu	 (DL),	 and	 np-

Ni0.01Cu	(SSM)	it	is	49	±	4	kJ/mol,	47	±	2	kJ/mol,	53	±	5	kJ/mol,	and	45	±	4	kJ/mol,	

respectively.	Clearly,	adding	a	small	amount	of	Ni	to	Cu	significantly	decreases	the	

apparent	activation	energy	of	the	reaction,	or	in	other	words	improves	the	reactivity	

of	 Cu.	 On	 the	 other	 hand,	 np-Cu	 (SSM)	 has	 similar	 apparent	 activation	 energy	 as	

supported	Cu	NPs.	Furthermore,	the	apparent	activation	energy	of	np-Cu	(DL)	is	also	

70	±	3	kJ/mol	 (not	shown	here),	 indicating	similar	catalytic	activity	of	np-Cu	with	

supported	monometallic	Cu	NPs.	
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Figure	5.7	Arrhenius-type	plots	of	the	reaction	rate	normalized	by	the	surface	area	

of	Cu	over	monometallic	Cu	NPs	and	various	highly	dilute	NiCu	alloys	used	 in	 the	

selective	dehydrogenation	of	ethanol.	

	

Table	5.3	List	of	the	apparent	activation	energy	of	various	highly	dilute	NiCu	alloys	

determined	from	Figure	5.7.		
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Figure	5.8	shows	stability	tests	of	the	silica	supported	monometallic	Cu	NPs,	

Ni0.001Cu	NPs,	 and	Ni0.01Cu	NPs,	 and	 the	unsupported	np-Ni0.01Cu	 (SSM)	 in	ethanol	

dehydrogenation	 reaction	 at	 250	 °C	 (a);	 stability	 tests	 of	 the	 silica	 supported	

monometallic	 Cu	 NPs,	 and	 Ni0.01Cu	 NPs	 at	 300	 °C	 (b).	 Clearly,	 for	 the	 supported	

monometallic	Cu	NPs	a	quick	deactivation	is	observed	at	the	reaction	temperature	of	

250	°C	and	300	°C.	The	activity	decreases	approximately	25%	after	8	h	of	reaction	at	

250	°C,	while	it	decreases	approximately	50%	after	12	h	of	reaction	at	300	°C.	Note	

that	 no	 residual	 carbon	 was	 found	 in	 temperature	 programmed	 oxidation	 (TPO)	

measurements	on	the	used	Cu	catalysts,	indicating	that	carbon	deposition	is	not	the	

reason	for	the	deactivation.	Previous	studies	have	reported	that	sintering	of	Cu	causes	

the	observed	deactivation.1,	7,	14	Interestingly,	the	Ni-containing	supported	NiCu	NPs	

and	unsupported	np-NiCu	(SSM)	do	not	exhibit	significant	deactivation	after	8	h	in	

ethanol	dehydrogenation	reaction	at	250	°C.	Whereas,	after	12	h	reaction	at	300	°C,	

the	Ni0.01Cu	NP	 shows	 only	 a	 very	 small	 drop	 of	 activity.	 Since	 the	main	 cause	 of	

deactivation	of	Cu	catalysts	is	reported	to	be	sintering,	it	is	likely	that	adding	Ni	to	Cu	

can	 prevent	 the	 sintering	 of	 Cu	 at	 elevated	 temperatures.	 Furthermore,	 after	

normalized	by	the	copper	surface	area,	the	H2	formation	rates	on	NiCu	highly	dilute	

Ni0.01Cu	NPs	 47	±	2	

np-Ni0.003Cu	(DL)	 53	±	6	

np-Ni0.01Cu	(SSM)	 45	±	4	
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alloys	 are	 significantly	 higher	 than	 that	 on	 monometallic	 Cu,	 showing	 the	 higher	

reactivity	of	NiCu	alloy	catalysts	than	Cu,	which	is	 in	agreement	with	the	apparent	

activation	 energies	 obtained	 from	 Figure	 5.7.	 Interestingly,	 the	 areal	 activities	 of	

Ni0.001Cu	NPs	and	the	nanoporous	np-Ni0.01Cu	(SSM)	are	similar,	as	shown	in	Figure	

5.8a.	 In	 our	 previous	 studies,	 we	 found	 that	 the	 Cu	 NPs	 prepared	with	 the	 same	

protocol	are	 single	 crystal	NPs	with	a	 (111)	 surface,38	whereas,	np-Cu	based	NiCu	

alloys	have	other	crystal	orientations	presented,	for	example	(110).	Thus,	the	non-

oxidative	ethanol	dehydrogenation	reaction	over	NiCu	highly	dilute	alloys	appears	to	

be	surface-insensitive.	However,	since	the	surface	concentration	of	Ni	differs	among	

the	 samples,	 additional	mechanistic	work	 is	 needed	 to	 determine	 the	TOFs	 of	 the	

reaction	over	the	NiCu	catalysts.	

	 	 	 	 	 			

Figure	5.8	Stability	tests	of	silica	supported	monometallic	Cu	NPs,	silica	supported	

Ni0.001Cu	 NPs,	 silica	 supported	 Ni0.01Cu	 NPs,	 and	 np-Ni0.01Cu	 (SSM)	 in	 ethanol	

dehydrogenation	 reaction	 at	 250	 °C	 (a);	 stability	 tests	 of	 silica	 supported	

monometallic	Cu	NPs,	and	silica	supported	Ni0.01Cu	NPs	at	300	°C.	The	reaction	rates	

are	normalized	by	the	surface	area	of	Cu	in	each	catalyst.		
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Figure	5.9	shows	long-term	stability	tests	of	np-Cu	(DL)	and	np-Ni0.003Cu	(DL)	

in	 the	 ethanol	 dehydrogenation	 reaction	 at	 250	 °C	 for	 approximately	 43	 h.	 The	

ethanol	conversion	over	np-Cu	(DL)	drops	by	~	8%	after	the	reaction	for	43	h.	Clearly,	

the	stability	of	np-Cu	(DL)	is	much	better	than	the	supported	Cu	NPs	in	Figure	5.8.	

This	could	be	due	 to	 the	presence	of	Zn	 in	 the	nanoporous	Cu	sample,	which	may	

improve	 the	 stability	 of	 Cu	 by	 preventing	 its	 sintering;	 or	 it	 may	 be	 due	 to	 the	

nanoporous	 structure	 of	 np-Cu	 (DL),	 which	 may	 have	 better	 structural	 stability	

against	sintering.	On	the	other	hand,	the	ethanol	conversion	over	np-Ni0.003Cu	(DL)	

only	decreases	approximately	2%	after	the	reaction	for	43	h.	Clearly,	adding	Ni	to	np-

Cu	(DL)	can	further	improve	the	stability.	Furthermore,	although	the	same	amounts	

of	 np-Cu	 (DL)	 and	 np-Ni0.003Cu	 (DL)	 were	 used,	 as	 well	 as	 identical	 reaction	

parameters	were	employed	in	the	long-term	stability	tests,	the	ethanol	conversion	is	

much	higher	in	the	case	of	np-Ni0.003Cu	(DL),	indicating	that	adding	a	small	amount	of	

Ni	improves	the	activity	of	np-Cu	(DL),	similar	to	the	case	of	Cu	NPs.	
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Figure	 5.9	 Long-term	 stability	 tests	 of	 np-Cu	 (DL)	 and	 np-Ni0.003Cu	 (DL)	 in	 the	

ethanol	 dehydrogenation	 reaction	 at	 250	 °C	 for	 approximately	 43	 h.	 The	 same	

amount	of	catalysts	(30	mg)	was	used.		

	

Figure	 5.10	 shows	 SEM	 images	 of	 np-Cu	 (DL)	 before	 and	 after	 ethanol	

dehydrogenation	reaction	at	250	oC	for	46	h,	(a)	and	(b);	as	well	as	SEM	images	of	np-

Ni0.003Cu	(DL)	before	and	after	ethanol	dehydrogenation	reaction	at	250	oC	for	60	h,	

(c)	and	(d).	The	average	ligament	size	of	np-Cu	(DL)	before	reaction	is	165	±	35	nm,	

whereas	 after	 reaction	 it	 is	 335	±	84	nm.	Therefore,	 the	 ethanol	dehydrogenation	

reaction	leads	to	coarsening	of	np-Cu.	On	the	other	hand,	the	average	ligament	size	of	

np-Ni0.003Cu	(DL)	before	reaction	is	192	±	46	nm,	and	after	reaction	it	is	198	±	50	nm.	
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Clearly,	there	is	no	coarsening	of	np-NiCu	after	the	reaction,	which	is	consistent	with	

the	stability	tests	shown	in	Figure	5.9.						

	

Figure	5.10	a)	SEM	images	of	np-Cu	(DL)	before	reaction;	b)	np-Cu	(DL)	after	ethanol	

dehydrogenation	reaction	at	250	°C	for	60	h;	c)	np-Ni0.003Cu	(DL)	before	reaction;	d)	

np-Ni0.003Cu	(DL)	after	ethanol	dehydrogenation	reaction	at	250	°C	for	60	h.			

	

As	discussed	above,	these	novel	highly	dilute	NiCu	alloys	are	very	active	for	

the	non-oxidative	ethanol	dehydrogenation	reaction,	with	nearly	100%	selectivity	to	

acetaldehyde.	The	sample	characterizations	show	that	Ni	atoms	are	highly	dispersed	

in	Cu.	During	the	ethanol	dehydrogenation	reaction,	part	of	Ni	moves	into	in	the	sub-

surface	region.	Although	Cu	NPs	have	been	reported	to	be	active	for	this	reaction,	the	

quick	 deactivation	 of	 the	 catalyst	 remains	 an	 unresolved	 issue.	 As	 for	 supported	
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monometallic	Ni	catalysts,	a	worse	selectivity	 to	acetaldehyde	and	a	much	quicker	

deactivation	of	the	catalyst	has	been	reported.59	We	found	that	adding	a	small	amount	

of	Ni	to	Cu,	forming	atomically	dilute	NiCu	alloys,	significantly	improves	the	catalyst	

stability	 at	 250	 oC.	 Furthermore,	 adding	 a	 small	 amount	 of	 Ni	 to	 Cu	 can	 also	

dramatically	 enhance	 the	 activity	 of	 the	 catalysts.	 The	 apparent	 activation	 energy	

decreases	 from	 ~70	 kJ/mol	 over	 Cu	 to	 ~45	 kJ/mol	 over	 the	 NiCu	 alloys.	 Thus,	

addition	of	Ni	has	also	an	electronic	effect	on	Cu,	which	warrants	further	investigation.	

Of	note,	 the	obtained	apparent	activation	energy,	~70	kJ/mol	over	Cu/SiO2	

NPs	and	np-Cu	are	in	good	agreement	with	values	that	have	been	reported	on	non-

reducible	oxides	supported	Cu	NPs;11	whereas,	 for	Cu	NPs	supported	on	reducible	

oxides,	the	apparent	activation	energy	is	much	smaller.	Such	differences	could	result	

from	the	different	oxidation	state	of	Cu,	the	different	Cu	dispersion,	and	the	different	

metal-support	interaction.11,	60,	61	In	the	present	study,	by	comparison	of	the	apparent	

activation	energy	of	the	same	type	of	catalysts	with	and	without	Ni,	we	show	that	the	

presence	of	a	small	amount	of	Ni	in	Cu	can	also	significantly	change	the	reactivity	of	

the	catalyst.							

Bimetallic	NiCu	catalysts	have	been	found	to	be	active	for	the	ethanol	steam	

reforming	reaction.62,	63	The	reactivity	and	stability	of	bimetallic	NiCu	are	much	better	

than	 monometallic	 Cu	 catalysts.	 However,	 the	 presence	 of	 Ni	 islands	 causes	 the	

decomposition	 of	 ethanol,	 leading	 to	 the	 formation	 of	 CO,	 which	 is	 an	 undesired	

product.62,	63	A	similar	effect	of	Ni	may	be	expected	in	the	ethanol	dehydrogenation	

reaction.	 However,	 we	 found	 that	 highly	 dispersed	 Ni	 in	 Cu	 does	 not	 cause	 the	
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decomposition	 of	 ethanol	 to	 CO	 (except	 for	 higher	Ni	 concentrations	 like	 the	 one	

shown	in	Figure	5.6c.	At	the	compositions	employed	here,	Ni	may	be	in	the	form	of	

isolated	atoms	or	atomically	dispersed	nanoclusters.	Further	work	is	warranted	to	

discriminate	 between	 these	 structures,	 as	 they	were	 shown	 to	 play	 a	 key	 role	 in	

improving	both	the	activity	and	the	stability	of	Cu	 in	 the	ethanol	dehydrogenation	

reaction.			

	

5.5	Conclusions					

	In	this	work,	we	demonstrated	that	highly	dilute	NiCu	alloys	are	very	active	for	the	

non-oxidative	 dehydrogenation	 of	 ethanol	 to	 acetaldehyde	 and	 hydrogen	 under	

realistic	conditions	with	nearly	100%	selectivity.	Adding	a	small	amount	of	Ni	to	the	

Cu	 surface	 does	 not	 only	 significantly	 increase	 the	 reactivity	 of	 copper,	 but	 also	

greatly	improves	its	stability.	Our	data	show	that	the	presence	of	Ni	atoms	in	the	Cu	

surface	may	not	only	stabilize	the	morphology	of	Cu	catalysts	but	also	have	a	direct	

effect	on	the	reaction	mechanism.	This	work	opens	a	new	route	for	the	use	of	highly	

dilute	alloys	for	alcohol	dehydrogenation	reactions.	Furthermore,	the	comparison	of	

the	 catalytic	 performance	 of	 highly	 dilute	 alloy	NPs	with	 nanoporous	materials	 is	

useful	to	guide	the	design	of	the	novel	mesoporous	catalyst	architectures	for	selective	

dehydrogenation	or	oxidation	reactions.		
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Chapter	6.		

Surface	Compositional	Evolution	of	Nanoporous	NiCu	

	

6.1	Abstract	

In	this	investigation,	we	use	Ni-doped	nanoporous	Cu	to	demonstrate	activating	and	

deactivating	surface	compositional	changes	 the	system	undergoes	during	different	

pretreatments.	Although	Ni-doping	nanoporous	Cu	enhances	 the	activity,	 it	 lowers	

the	 stability	 of	 the	 catalyst	 compared	 to	 nanoporous	 Cu,	 which	 is	 stable	 for	 the	

reaction	 regardless	 of	 pretreatment.	 In	 situ	 and	 ex	 situ	 X-ray	 photoelectron	

spectroscopy	is	used	to	demonstrate	the	compositional	and	oxidation	states	changes	

that	 occur	 towards	 stable	 catalytic	 activity	 or	 deactivation	 for	 selective	 ethanol	

dehydrogenation.	 XPS	 and	 characterization	 measurements	 identify	 metallic	 Ni,	

created	 by	 hydrogen	 treatment,	 as	 the	 deactivating	 agent	 promoting	 carbon	

deposition.	Oxidation	induces	Ni2+	at	the	surface,	which	does	not	deposit	carbon,	and	

thus	 leads	 to	 a	 functioning	 catalyst.	Due	 to	 the	 chosen	 reaction	 conditions,	Ni2+	 is	

kinetically	 trapped	 at	 the	 surface	 in	 a	 metastable	 state	 demonstrating	 a	 classic	

example	of	stunted	kinetics	overruling	thermodynamics.		

	

This	paper	is	under	preparation	for	publication.	
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6.2	Introduction	

Ethanol	 dehydrogenation	 is	 a	 resourceful,	 attractive	 reaction	 producing	

acetaldehyde,	 an	 important	 industrial	 chemical,	 and	 hydrogen,	 a	 clean	 fuel.	

Acetaldehyde	 is	widely	 found	 in	 nature	 and	produced	on	 the	 industrial	 scale	 as	 a	

starting	material	for	acetic	acid,	acetate	esters,	pentaerythritol,	pyridine,	and	other	

pyridine	 based	 compounds1-2.	 Although	 ethanol	 dehydrogenation	 is	 an	 attractive	

process,	 it	 is	not	currently	economically	viable	due	to	the	lack	of	a	robust	catalyst.	

Currently,	 acetaldehyde	 is	 mainly	 produced	 via	 the	 Wacker	 process	 using	 a	

homogenous	palladium-copper	chloride	catalyst	in	the	oxidation	of	ethylene	or	by	the	

oxidative	dehydrogenation	of	ethanol	over	silver	catalysts	at	high	 temperatures1-2.	

However,	 these	 methods	 have	 drawbacks,	 as	 they	 require	 high	 temperatures,	

corrosive	catalysts,	or	separation	from	by-products,	a	substantial	energy	consumer.	

Therefore,	there	is	a	significant	need	to	develop	a	working	catalyst	 for	the	ethanol	

dehydrogenation	reaction	to	take	full	advantage	of	the	valuable	H2	by-product.		

	 Cu-based	 catalysts	 were	 widely	 studied	 for	 ethanol	 and	 alcohol	

dehydrogenation	reactions3-9	due	to	their	high	selectivity	for	dehydrogenating	the	C-

O	bond	without	cleaving	the	C-C	bond,	although	their	active	site	remains	disputed.	

Some	studies	report	metallic	Cu	to	be	the	most	active	species10-12,	whereas	others	cite	

Cu+	or	a	mixture	of	Cu0/Cu+	as	 the	most	active	species	 for	 the	dehydrogenation	of	

ethanol13-16	 as	 well	 as	 for	 cyclohexanol9.	 Recently,	 non-oxidative	 methanol	 and	

ethanol	dehydrogenation	was	shown	to	occur	at	step	and	kink	sites	on	Cu	(111)	and	

Cu	(110)	single	crystals17	providing	an	explanation	for	the	long-lasting	observed	low	

conversions	on	Cu	single	crystals18-21.		
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	 Cu	 catalysts	 generally	 deactivate	 in	 ethanol22-23	 and	 methanol5-6	

dehydrogenation	conditions	due	to	sintering.	To	improve	the	stability	of	Cu	catalysts,	

the	 addition	 of	 chromium7,	 12,	 magnesium9,	 aluminum3,	 8-9,	 and	 alkali	 metals23	 as	

promoters	 have	 been	 investigated	 among	 others24.	 Metal	 alloys	 demonstrate	

excellent	activity,	selectivity,	and	stability	compared	to	their	individual	components	

for	 many	 reactions.	 Bimetallic	 catalysts	 with	 more	 noble	 components	 have	 been	

extensively	 studied	 for	ethanol	 steam	reforming	and	oxidation	reactions	 including	

Au-Cu25-27,	Co-Cu28-29,	Co-Ni28,	30-31,	Cu-Ni32-37,	Ni-Zn38-40,	Pd-Zn41,	Pt-Cu42,	Pt-Ni42-44,	

and	 Pt-Ru42,	 45.	 However,	 their	 use	 for	 non-oxidative	 selective	 alcohol	

dehydrogenation	reactions	has	been	limited	to	Ag-Cu46,	Au-Cu26,	and	Pd-Zn47-49.		

	 Dilute	 metal	 alloys,	 where	 a	 minority	 component	 drives	 the	 reaction	 on	 a	

majority	 host	 component,	 have	 also	 displayed	 remarkable	 cases	 of	 improved	

performance	 compared	 to	 their	 monometallic	 counterparts.	 Nanoporous	 Au,	 for	

example,	 is	a	dilute	Ag-Au	alloy	with	~3%	Ag	that	can	catalyze	numerous	complex	

oxygen-assisted	 coupling	 reactions	with	 high	 reactivity,	 selectivity,	 and	 long-term	

stability50-52.	 On	 their	 own,	 Au	 is	 inert	 for	 these	 reactions	 and	 Ag	 promotes	

combustion	of	the	alcohol	reactants.	Additional	studies	demonstrated	that	a	mixed	

Ag-Au	 oxide	 is	 key	 to	 the	 high	 performance	 of	 nanoporous	 Au	 by	 facilitating	 O2	

dissociation53.			

	 Further	dilution	of	bimetallic	catalysts	still	results	in	highly	active	catalysts.	

Studies	of	Pd-Cu	and	Pt-Cu	single	atom	alloys	demonstrated	that	these	catalysts	are	

capable	 of	 dissociating	 H2	 and	 catalyzing	 alkyne	 and	 alkadiene	 hydrogenation	

reactions	 with	 higher	 activity	 and	 selectivity	 compared	 to	 their	 Cu	 and	 Pd/Pt	
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counterparts,	 respectively54-55.	 Single	atom	alloys	have	atomically	dispersed	active	

species,	Pd	or	Pt,	supported	on	a	host	metal,	Cu,	which	is	in	the	form	of	a	single	crystal	

or	nanoparticle.	Pt-Cu	single	atom	alloys	are	also	capable	of	associating	H	atoms	and	

assisting	in	dehydrogenation	reactions	of	methanol56	and	formic	acid57.		

	 Recently,	 dilute	 Ni-Cu	 alloys	 in	 the	 form	 of	 nanoparticles	 and	 nanoporous	

materials	 were	 shown	 to	 be	 active	 and	 selective	 for	 ethanol	 dehydrogenation	 to	

acetaldehyde	and	hydrogen58.	The	 study	 found	 that	 small	 amounts	of	nickel	 in	Cu	

based	 materials,	 regardless	 of	 form,	 lower	 the	 activation	 barrier	 for	 the	 ethanol	

dehydrogenation	 reaction	 and	 thus,	 have	 higher	 activity	 while	 maintaining	 high	

selectivity	for	acetaldehyde	and	hydrogen.	Ni-Cu	alloys	were	widely	studied	for	the	

oxidative	steam	reforming	of	ethanol32-37.	Overall,	 these	studies	demonstrated	that	

Cu	 rich	 alloys	 preferentially	 dehydrogenate	 ethanol	 to	 acetaldehyde,	 whereas	 Ni	

promotes	C-C	bond	scission	reactions	to	H2,	CO2,	CO,	and	CH433,	36-37.	The	amount	of	

coke	deposition	also	decreased	with	NiCu	catalysts	compared	to	pure	Ni	catalysts32,	

35.	

	 In	 this	 investigation,	 O2	 pretreatment	 is	 used	 to	 create	 an	 active	 and	

metastable	nanoporous	NiCu	material	for	the	ethanol	dehydrogenation	reaction	by	

the	creation	of	Ni2+	species.	H2	pretreatment	of	the	same	material	led	to	deactivation	

of	the	catalyst	attributed	to	metallic	Ni.	The	catalyst	is	compared	to	its	non-Ni	doped	

counterpart	 to	 elucidate	 the	 role	 of	 Ni	 in	 the	 catalyst.	 Ambient-pressure	 X-ray	

photoelectron	spectroscopy	(AP-XPS)	is	used	to	study	npNiCu	with	various	reactive	

environments	with	the	goal	of	correlating	composition	and	oxidation	states	changes	

to	 catalytic	 activity	 of	 the	 ethanol	 dehydrogenation	 reaction.	 To	 study	 long-term	
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changes	 of	 the	 catalyst,	 ex	 situ	 XPS	 was	 also	 used	 after	 various	 treatments	 to	

demonstrate	the	deactivating	effect	of	Ni0	by	carbon	deposition	and	the	enhancing	

effect	of	Ni2+	on	the	catalyst	activity.	

	

6.3	Methods	

6.3.1	Catalyst	Preparation	

Nanoporous	Cu	(npCu)	samples	were	first	prepared	by	selectively	etching	Zn	from	a	

Zn80Cu20	alloy	ingot	in	5	M	hydrochloric	acid	for	36	hours	at	room	temperature.	After	

etching,	the	sample	was	rinsed	with	deionized	water	and	dried	in	a	vacuum	oven.	To	

dope	the	npCu	ingot	with	Ni,	the	ingot	was	placed	in	a	0.3	M	nickel	(II)	nitrate	solution.	

The	sample	was	placed	under	vacuum	for	2	h	in	order	to	ensure	full	penetration	of	

the	pores	with	solution.	The	ingot	was	then	immersed	in	liquid	nitrogen	for	10	min	

and	 then	 placed	 in	 a	 freeze-drying	 system	 at	 0.012	mbar	 and	 -106	 °C	 (Labconco,	

FreeZone	4.51	Benchtop	Freeze	Dry	System)	for	2	days.	Finally,	the	resulting	npNiCu	

ingot	was	reduced	in	4%	H2	in	Ar	at	1	atm	for	1	h	at	500	°C.	This	reduction	step	is	

considered	part	of	the	synthesis	procedure	and	is	not	considered	a	“pretreatment”	as	

discussed	later.	

Crushed	 samples,	 revealing	 the	 cross	 section	 of	 the	 ingot,	 had	 Ni	 and	 Zn	

concentrations	 of	 ~3	 at%	 and	 ~5	 at%,	 respectively,	 as	 determined	 by	 energy-

dispersive	spectroscopy	analysis	(EDS)	with	ligament	sizes	of	200	±	50	nm	(Figure	

6.1).	 Ingot	 surfaces	 had	 ~10	 at%	 Ni	 and	 ~6	 at%	 Zn	 by	 EDS	 analysis	 with	 a	

characteristic	depth	~2	𝜇m,	revealing	an	inhomogeneous	distribution	of	Ni,	a	result	

of	the	freeze-drying	impregnation	technique.	Prepared	npNiCu	ingots	were	used	as	is	
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for	 ambient-pressure	 X-ray	 photoelectron	 spectroscopy	 (AP-XPS)	 studies.	 For	 all	

other	techniques,	npNiCu	or	npCu	ingots	were	crushed	into	a	powder	for	testing	or	

characterization.	

	

	

Figure	6.1	Scanning	electron	microscopy	(SEM)	image	of	as	prepared	npNiCu.	

	

6.3.2	Catalytic	Activity	

Catalyst	 samples	 were	 tested	 in	 a	 quartz	 reactor	 tube	 reactor	 housed	 in	 a	

temperature-controlled	furnace	operated	at	atmospheric	pressure.	Ultrahigh-purity	

gases	were	supplied	to	the	reactor	by	mass-flow	controllers.	Hydrogen	treatment	was	

performed	by	flowing	10%	hydrogen	at	20	mL/min	at	room	temperature,	followed	

by	ramping	 the	 temperature	 to	350	°C	at	10	°C/min	and	holding	 for	1	hr.	Oxygen	

treatments	were	performed	at	250	°C	using	20%	O2/He	at	a	flow	rate	of	50	mL/min	

for	1	hr.	Ethanol	dehydrogenation	reaction	was	performed	using	6%	ethanol/He	with	

a	50	mL/min	total	flow	at	250	°C	by	flowing	a	He	stream	through	a	bubbler	filled	with	

ethanol	at	room	temperature.	The	effluent	gas	was	monitored	by	an	online	GC-MS	
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(Agilent	 5975C	 and	Agilent	 7890A)	 equipped	with	HP-PLOT	Q	 and	 CARBONPLOT	

columns.	 The	 effluent	 gas	was	 also	monitored	 by	 an	 online	 residual	 gas	 analyzer	

(Hiden	HAL	3F	RGA).	Ethanol,	acetaldehyde,	water,	and	H2	were	monitored	by	m/z	=	

31,	43	and	29,	18,	and	2,	respectively.		

	

6.3.3	Ex	situ	Characterization	Techniques	

Scanning	electron	microscopy	(SEM)	was	performed	using	a	Zeiss	Supra55VP	field-

emission	SEM	equipped	with	an	energy-dispersive	X-ray	spectroscopy	(EDS)	detector	

at	 the	 Center	 for	 Nanoscale	 Systems	 (CNS)	 at	 Harvard	 University.	 Scanning	 and	

transmission	 electron	microscopy	 (STEM	 and	TEM)	 along	with	 EDS	mapping	was	

performed	using	an	aberration-corrected	JEOL	ARM	200F	STEM	at	CNS	as	well	as	a	

FEI	 Talos	 F200X	 at	 the	 CFN	 at	 BNL.	 To	 prepare	TEM	and	 STEM	 samples,	 powder	

samples	were	dispersed	in	deionized	water	and	drop-casted	onto	lacey	C/Au	mesh	

grids	 from	 Ted	 Pella.	 Ex	 situ	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 was	 also	

performed	at	CNS	using	a	Thermo	Scientific	K-Alpha	XPS	with	a	monochromatic	Al	

Ka	source.	XPS	samples	of	the	crushed	ingots	to	expose	their	interior	were	prepared	

by	 loading	 the	 catalyst	 particles	 onto	 carbon	 tape.	 Temperature-programmed	

oxidation	(TPO)	experiments	were	conducted	using	20%	O2/He	and	a	temperature	

ramp	 of	 10	 °C/min	 from	 room	 temperature	 to	 430	 °C.	 The	 effluent	 gases	 were	

monitored	using	a	 residual	gas	analyzer	 (SRS	RGA	200).	Raman	spectroscopy	was	

performed	 in	 a	 Horiba	 LabRam	 Evolution	 microscope	 using	 a	 633	 nm	 excitation	

wavelength.	
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6.3.4	Environmental	Transmission	Electron	Microscopy	(E-TEM)	

Environmental-TEM	(E-TEM)	 studies	were	 conducted	at	 the	Center	 for	Functional	

Nanomaterials	 (CFN)	 at	 Brookhaven	National	 Laboratory	 (BNL)	 using	 a	 FEI	 Titan	

aberration-corrected	TEM	operating	at	300	kV	equipped	with	an	electron	energy	loss	

spectrometer	 (EELS).	 The	 instrument	 has	 a	 base	 pressure	 of	 3-4	 ·	 10-7	 Torr.	 As	

prepared	npNiCu	powder	was	dispersed	in	deionized	water	and	drop-casted	onto	a	

DENS	 Solutions	 sample	 holder.	 After	 drying,	 the	 holder	 was	 inserted	 in	 the	

microscope.	 Gases	 and	 vapors	 were	 introduced	 into	 the	 microscope	 using	 a	 gas-

handling	 manifold	 equipped	 with	 dosing	 valves.	 Gases	 were	 introduced	 into	 the	

sample	 stage	 area	 with	 the	 beam	 blanked.	 The	 sample	 was	 then	 heated	 to	 the	

specified	temperatures	and	held	for	the	treatment	duration.	After	cooling,	the	gases	

were	 evacuated	 to	 vacuum	pressure	 for	 imaging	 and	 EELS	 analysis.	 EELS	 spectra	

were	analyzed	using	TEM	Imaging	and	Analysis	(TIA)	software.	

	

6.3.5	Ambient-Pressure	XPS	(AP-XPS)		

Ambient-pressure	 X-ray	 photoelectron	 spectroscopy	 (AP-XPS)	 experiments	 were	

conducted	 at	 Beamline	 23-ID-2	 at	 the	 National	 Synchrotron	 Light	 Source	 II	 at	

Brookhaven	National	Laboratory.	Because	the	freeze-drying	synthesis	step	results	in	

a	Ni	and	Zn	enriched	ingot	surface	and	samples	are	crushed	for	reactivity	testing,	both	

the	surface	and	the	cross	section	of	an	ingot	sample	were	studied.	To	do	this,		

a	npNiCu	ingot	with	dimensions,	12	mm	x	3	mm	x	1	mm	(length	x	width	x	height),	was	

halved	 into	 two	 pieces	 with	 lengths	 of	 6	 mm	 each.	 One	 of	 these	 pieces	 was	 cut	

lengthwise	to	expose	the	cross	section	and	loaded	with	the	cross	section	facing	out	
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(left,	Figure	6.13).	The	other	was	loaded	as	is	to	expose	the	outer	surface	of	the	ingot	

(right,	Figure	6.13).	Both	pieces	were	held	onto	a	tantalum	back-plate	with	tantalum	

foil	that	was	spot	welded	on	each	side	to	keep	in	place.	The	whole	contraption	was	

then	 loaded	on	platinum	button	heater	 and	mounted	within	 the	AP-XPS	 chamber.	

Both	an	as	prepared	ingot	and	a	previously	treated	ingot	in	the	flow	reactor	(10%	H2,	

1	atm,	1	h,	350	°C)	were	used	for	the	AP-XPS	studies.		

To	ensure	that	the	same	depth	was	probed	for	each	element	and	similar	gas-

phase	attenuation,	the	X-ray	photon	energy	was	varied	such	that	the	kinetic	energy	

of	all	photoelectrons	was	200	eV.	After	every	photon-energy	change,	the	mirrors	were	

adjusted	to	optimize	the	XPS	counts.	With	each	metal	2p	or	survey	spectrum	that	was	

collected	in	each	condition,	a	corresponding	Fermi	edge	spectrum	was	collected	and	

used	to	calibrate	the	energy	of	the	respective	spectrum.	The	sample	was	first	analyzed	

in	ultra-high	 vacuum	 (UHV)	 at	 room	 temperature	 (RT)	 (condition	0).	 Then	 it	was	

exposed	to	0.2	Torr	ethanol	for	6	h	at	250	°C	(condition	1),	after	which	it	was	exposed	

to	1	Torr	O2	at	250	°C	for	1	h	(condition	2).	The	sample	was	exposed	to	each	of	these	

conditions	and	analyzed	in	vacuum	after	the	reactant	gas	was	completely	pumped	out	

of	the	chamber	to	limit	beam	effects.	In	the	final	condition,	the	spectra	were	taken	

while	the	sample	was	in	0.2	Torr	ethanol	after	being	exposed	to	the	ethanol	for	1	h	at	

250	 °C	 (condition	 3).	 During	 reactant	 exposures,	 the	 beam	was	 blocked	 between	

spectra	collection	to	limit	beam	damage.	
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6.3.6	XPS	Spectral	Analysis	

Both	 ex	 situ	 and	 in	 situ	 XPS	 spectra	 were	 analyzed	 using	 Casa	 XPS	 software.	 All	

spectra	 were	 de-convoluted	 using	 Voigt	 line-shapes	 after	 subtracting	 a	 Shirley	

background.	Peak	fitting	using	Gaussian-Lorentzian	peaks	was	not	appropriate	for	Ni	

2p	spectra	as	the	Ni	2p	spectrum	of	each	Ni	species	exhibits	complicated	line-shapes	

with	characteristic	satellites.	Instead,	Ni	2p	spectra	were	analyzed	using	least	square	

fitting	based	on	a	linear	combination	of	area	normalized	reference	2p3/2	spectra	of	

Ni0,	Ni2+,	and	Ni(OH)2	to	extract	the	percentage	of	each	specie	present	(Figure	6.14).	

Because	 the	 Cu	 2p	 spectra	 exhibited	 pure	 Cu2+	 or	 Cu0/Cu+1,	 which	 are	

indistinguishable	by	XPS,	no	 further	 fitting	was	conducted.	Efforts	 to	 fit	 the	Zn	2p	

spectra	 were	 not	 made	 as	 the	 Zn	metal	 and	 oxide	 components	 overlap	 and	 thus	

quantification	is	difficult	for	mixed	systems.	Therefore,	the	LMM	Auger	parameter,	as	

generally	agreed	in	the	literature59,	was	used	to	qualitatively	demonstrate	changes	in	

the	 Zn/Zn2+	 ratio	 under	 different	 conditions.	 The	 Zn	 LMM	 Auger	 spectra	 were	

extrapolated	from	the	survey	spectra	collected	with	a	photon	energy	of	1221	eV.	Due	

to	the	large	step	size	in	the	survey	spectra,	no	fitting	was	performed.	

	 Atomic	ratios	were	calculated	using	the	peak	area	(PA)	and	ionization	cross-

section	(ICS)	of	each	element	and	the	photon	flux	(PF)	at	the	corresponding	photon	

energy	using	the	following	formula60:	

	

	

	

RatioA B =
PA(A)
PA(B)

×
ICS(B)
ICS(A)

×
PF@Ehv,B

PF@Ehv,A
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6.3.7	Near-Edge	X-ray	Absorption	Fine	Structure	(NEXAFS)	

NEXAFS	spectra	were	acquired	using	the	XPS	analyzer	in	partial	electron	yield	(PEY)	

mode.	For	Cu	L-edge	spectra	and	Ni	L-edge	spectra,	the	kinetic	energies	of	the	emitted	

photoelectrons	were	selected	to	be	320	eV	and	240	eV,	respectively,	such	that	no	XPS	

peaks	appear	at	this	kinetic	energy	within	the	energy	range	scanned,	which	would	

otherwise	 produce	 false	 NEXAFS	 peaks.	 Because	 most	 of	 the	 spectra	 showed	

prominent	Cu0	characteristics,	the	energy	calibration	was	conducted	by	aligning	the	

Cu0	 peaks	 and	 corresponding	 satellites	 to	 reported	 literature	 values.	 To	 extract	

Cu0/Cu1+	ratios,	least	square	fitting	was	performed	based	on	the	linear	combination	

of	Cu0	and	Cu1+	area	normalized	reference	spectra	of	the	L3	region.		

	

6.3.8	Density	Functional	Theory	(DFT)	

DFT	 calculations	 were	 performed	 with	 the	 VASP	 code61-62,	 the	 PBE	 exchange-

correlation	 functional63,	 and	 the	 projector-augmented	 wave	 method64-65.	 The	

Tkatchenko-Scheffler	 method66	 was	 used	 for	 dispersion	 corrections.	 A	 400	 eV	

planewave	cutoff	was	used	 in	all	 cases.	A	Cu	(110)	surface	was	used	 to	model	 the	

reduced	catalyst	surface	and	CuO	(111)	was	used	to	model	the	oxidized	surface.	For	

Cu	(110),	the	surface	was	modelled	using	a	3x2	surface	cell,	and	the	Brillouin	zone	

was	sampled	with	a	7x7x1	k-point	mesh.	For	CuO	(111),	a	2x2	surface	cell	was	used,	

with	a	4x4x1	k-point	mesh.	U	values	were	taken	from	previous	work67	(4	eV	for	Cu,	6	

eV	for	Ni),	as	was	the	antiferromagnetic	structure68.	Spin	polarization	was	employed	

in	all	calculations.	An	 isolated	Ni	atom	was	placed	 in	each	unit	cell.	Energies	were	

calculated	with	 the	Ni	atom	 in	each	of	 the	 first	 three	 layers	of	 the	Cu	surface	as	a	
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function	of	hydrogen	and	oxygen	coverage	to	see	which	layer	had	the	lowest	energy	

at	each	coverage.	The	energies	are	referenced	to	Ni	 in	the	4th	 layer	per	unit	cell	 to	

reflect	Ni	in	the	bulk.	

	

6.4	Results	and	Discussion	

6.4.1	Reactivity	of	npCu	for	Ethanol	Dehydrogenation	Reaction	

Exposure	 of	 hydrogen-treated	 nanoporous	 Cu	 (npCu)	 to	 a	 reactant	 stream	 of	 6%	

ethanol	under	non-oxidative	ethanol	dehydrogenation	conditions	 results	 in	 stable,	

anhydrous	 production	 of	 acetaldehyde	 for	 40	 h	 (black,	 Figure	 6.2a).	 The	 catalyst	

reaches	 its	 peak	 activity	 around	 the	 15th	 h	 of	 reaction	 with	 an	 average	 rate	 of	

production	of	7.6	´	10-6	mol	s-1	g-1.	Acetaldehyde	is	produced	with	100%	selectivity	

over	the	period	of	time	tested.	The	catalyst	loses	a	negligible	amount	of	activity	over	

the	 40	 h	 reaction	 period.	 Even	 up	 to	 60	 h	 of	 reaction,	 the	 loss	 in	 activity	 is	 still	

negligible.	

	

Figure	6.2	Activity	of	a)	npCu	and	b)	npNicu	catalysts	for	ethanol	dehydrogenation	

as	 a	 function	 of	 time	 on	 stream	 after	 hydrogen	 (black)	 and	 oxygen	 (red)	
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pretreatments.	 npCu	 displays	 stable	 production	 over	 time	 regardless	 of	

pretreatment,	 whereas	 npNiCu	 deactivates	 after	 H2	 and	 is	 more	 stable	 after	 O2	

treatment.	After	the	O2-treated	npNiCu	is	exposed	to	reaction	for	40	h,	it	is	H2	treated	

again	and	returned	to	reaction,	where	it	deactivates	(blue).	Reaction	conditions:	250	

°C,	 50	mL	min-1,	 6	 vol.%	ethanol.	H2	pretreatment:	 350	 °C,	 20	mL	min-1,	 10	 vol.%	

hydrogen.	O2	pretreatment:	250	°C,	50	mL	min-1,	20	vol.%	oxygen.	

	

Pretreating	the	catalyst	with	H2	followed	by	O2	increases	its	initial	activity	for	

acetaldehyde	production.	After	npCu	is	hydrogen	and	oxygen	treated	(denoted	O2-

treated),	 its	 activity	 immediately	 spikes	 when	 returned	 to	 reaction	 conditions,	

exhibiting	an	acetaldehyde	production	rate	that	is	approximately	2.5	times	the	peak	

activity	of	the	H2-treated	npCu	(red,	Figure	6.2a).	The	majority	of	the	initial	activation	

declines	within	the	first	two	hours,	attributed	to	the	reduction	of	Cu	oxides22.	After	

the	short	enhancement	in	activity,	the	O2-treated	npCu	is	15%	more	active	than	its	

H2-treated	counterpart,	a	slight	increase	compared	to	the	5%	error	margin	(Figure	

6.2a).	A	previous	study	on	a	Cu/SiO2	catalyst	suggested	that	an	oxidation	treatment	

re-dispersed	 Cu	 leading	 to	 increased	 activity	 for	 isopropyl	 alcohol	

dehydrogenation69.	This	suggests	that	the	modest	increase	may	stem	from	having	a	

higher	surface	area	when	the	Cu	is	re-dispersed	by	the	oxidation	treatment.	The	O2-

treated	npCu	is	also	100%	selective	to	acetaldehyde	and	after	the	activity	stabilizes	

around	the	15th	h,	the	activity	loss	is	also	negligible	over	the	40	h	period	and	even	up	

to	 60	 h	 on	 stream.	 Studies	 showed	 that	 oxidation-reduction	 cycling	 of	 CuZn	
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nanoparticles	 is	structurally	and	compositionally	reversible	suggesting	 that	 the	Zn	

component	does	not	contribute	to	the	increased	activity70.	

	 Previous	 studies	 of	 alcohol	 dehydrogenation	 reactions	 on	 Cu	 materials	

observed	deactivation	using	temperatures	of	160	–	300	°C	5,	22-23,	69,	whereas	the	npCu	

catalyst	used	in	this	study	is	stable	at	250	°C.	The	difference	observed	may	be	due	to	

the	nanoporous	morphology58	or	the	Zn	component24,	either	of	which	may	provide	

better	 structural	 stability	 against	 sintering	 at	 this	 temperature.	With	 the	 use	 of	 a	

higher	temperature,	300	°C,	deactivation	is	also	observed	on	npCu.	Thus,	the	reaction	

temperature	was	carefully	chosen	at	250	°C	to	minimize	deactivation	of	Cu	to	better	

assess	the	use	of	Ni	to	increase	the	reactivity	and	decouple	the	simultaneous	effects.		

	

6.4.2	Reactivity	of	npNiCu	for	Ethanol	Dehydrogenation	Reaction 

While	 Ni	 doping	 the	 npCu	 catalyst	 increases	 the	 initial	 activity,	 it	 degrades	 the	

longevity	of	the	catalyst.	When	nanoporous	NiCu	(npNiCu)	is	reduced	and	exposed	to	

reaction	conditions,	the	initial	rate	of	acetaldehyde	production	is	twice	the	peak	rate	

of	production	of	npCu	(black,	Figure	6.2b).	However,	the	activity	quickly	declines	with	

the	catalyst	losing	95%	of	its	initial	activity	in	40	h	of	reaction,	whereas	npCu	is	still	

active	 at	 this	 point.	 The	 selectivity	 of	 the	 reduced	 npNiCu	 catalyst	 is	 99.2%	 to	

acetaldehyde	with	by-products	being	CO	and	CH4	during	the	reaction	period,	whereas	

the	npCu	catalyst	does	not	produce	CO	or	CH4	(Figure	6.15).	The	production	of	CO	and	

CH4	 indicates	 ethanol	 or	 acetaldehyde	 are	 decomposing71.	 However,	 more	 CO	 is	

produced	than	CH4.	This	may	indicate	that	methane	is	also	decomposing	to	C	and	H2	

or	that	carbon	on	the	surface	 is	being	hydrogenated	by	hydrogen	produced	by	the	
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reaction	to	CH471-72.	The	decomposition	reactions	involving	C-C	bond	scission	suggest	

coke	formation	may	be	occurring38,	71-72.	

Unlike	the	npCu	system,	the	npNiCu	catalyst	exhibits	a	significant	change	after	

oxygen	treatment	resulting	in	an	active	and	more	stable	catalyst	(red,	Figure	6.2b).	

npNiCu	also	exhibits	a	spike	in	activity	when	returned	to	reaction	conditions	after	the	

additional	 oxidation	 pretreatment	 (red,	 Figure	 6.2b).	 The	 initial	 activity	 is	 almost	

twice	the	initial	activity	of	the	H2-treated	npNiCu.	After	15	h	of	reaction,	in	which	the	

rise	 in	 activity	 attributed	 to	 the	 oxygen	 pretreatment	 has	 declined,	 the	 catalyst	

exhibits	a	similar	reaction	rate	as	initially	exhibited	by	the	H2-treated	npNiCu	catalyst.	

However,	unlike	the	H2-treated	npNiCu	catalyst	that	quickly	deactivated,	the	oxidized	

npNiCu	catalyst	is	relatively	stable	for	the	period	of	time	tested	with	99.0%	selectivity	

to	acetaldehyde.	By	the	40th	hour,	the	O2-treated	catalyst	only	lost	15%	of	its	activity	

since	the	15th	h,	whereas	its	H2-treated	counterpart	lost	95%	of	its	activity.		

Because	this	behavior	was	only	observed	in	the	Ni-doped	system,	the	source	

of	 the	 enhanced	 activity	must	 be	 due	 to	 the	 Ni	 dopant	 and	 not,	 for	 example,	 the	

presence	of	Zn.	Regardless	of	H2	or	O2	treatment,	npNiCu	is	initially	more	active	for	

the	reaction	than	npCu.	This	is	due	to	the	Ni	doping	as	both	catalysts	contain	the	same	

amount	of	residual	Zn	from	the	synthesis.	Additionally,	previous	studies	on	npCu	and	

npNiCu	 catalysts	 demonstrated	 that	 the	 residual	 Zn	 content	 does	 not	 affect	 the	

activation	 energy	 for	 the	 reaction	 compared	 to	 non-Zn	 containing	 Cu	 and	 NiCu	

catalysts58,	 73.	 The	 addition	 of	 Ni	 in	 Cu-based	 materials	 did	 however	 lower	 the	

activation	energy	for	the	ethanol	dehydrogenation	reaction	by	facilitating	cleavage	of	

the	C-H	bond,	the	rate-determining	step	in	the	reaction	mechanism,	leading	to	higher	
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activity58,	 74.	 Furthermore,	 the	 difference	 between	 this	 investigation	 and	 previous	

work	 is	 the	 use	 of	 a	 higher	 flow	 rate	 for	 the	 reaction,	 which	 accelerates	 the	

deactivation	mechanism58.	

The	difference	in	stability	is	also	linked	to	the	Ni	dopant	and	the	pretreatment	

as	npCu	is	stable	for	the	reaction	regardless	of	pretreatment.	Clearly,	H2	treatment	

induces	a	change	in	the	npNiCu	catalyst	that	leads	to	deactivation	in	reaction,	whereas	

O2	treatment	induces	a	change	to	a	more	stable	and	active	form	of	the	catalyst.	To	

further	illustrate	the	adverse	effect	of	hydrogen,	after	40	h	of	being	active	and	stable	

in	 reaction,	 the	 O2-treated	 npNiCu	 was	 hydrogen	 treated	 again	 and	 returned	 to	

reaction	where	it	deactivated	over	time	(blue,	Figure	6.2b).	The	activity	immediately	

following	the	H2	treatment	exhibited	a	high	reaction	rate,	though	it	was	short-lived,	

likely	 due	 to	 cleaning	 of	 the	 surface	 by	 hydrogen75,	 as	 the	 GC-MS	 chromatograph	

showed	a	large	signal	for	CO	and	CH4	during	hydrogen	treatment.	With	subsequent	

time	on	stream,	the	catalyst	quickly	deactivated,	losing	95%	of	its	initial	activity	by	

the	40th	h,	same	as	the	H2-treated	npNiCu.	Because	the	second	hydrogen	treatment	

caused	an	otherwise	active	sample	to	deactivate,	it	supports	the	notion	that	hydrogen	

treatment	induces	a	change	in	the	material	that	deactivates	over	time	in	reaction.	

These	 findings	 demonstrate	 an	 important	 principle:	 that	 different	

pretreatments	 can	 be	 used	 to	manipulate	 the	 activity	 of	 a	 catalyst.	 Hydrogen	 can	

deactivate	 the	 npNiCu	 catalyst	 for	 ethanol	 dehydrogenation,	 whereas	 oxygen	 can	

activate	 the	 catalyst.	However,	 it	 is	 important	 to	note	 that	 it	 is	 not	 inherently	 the	

hydrogen	 treatment	 that	 deactivates	 the	 catalyst	 as	 it	 is	 initially	 active	 after	 the	

pretreatment.	 Rather,	 it	 is	 the	 evolution	 of	 the	 H2-treated	 catalyst	 in	 reaction	
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conditions	 that	 leads	 to	 deactivation.	 In	 addition,	 the	 O2-treated	 catalyst	 is	 not	

perfectly	 stable	 in	 reaction	 conditions.	 It	 exhibits	 a	 slow	 deactivation	 in	 reaction	

suggesting	this	“active”	form	is	metastable	that	retains	the	activity	for	a	longer	period	

of	time	than	the	H2-treated	catalyst.	Thus,	the	different	pretreatments	initiate	distinct	

structural	or	surface	compositional	changes	in	the	catalyst	that	evolve	differently	in	

reaction.	 To	 understand	 the	 changes	 the	 catalyst	 undergoes	 with	 the	 different	

reactive	environments	and	the	role	of	Ni,	in	situ	and	ex	situ	XPS	were	conducted	to	

correlate	changes	in	the	surface	composition	to	the	reactivity.	

	

6.4.3	Compositional	and	Chemical	State	Changes	of	the	npNiCu	Surface		

Ambient-pressure	XPS	(AP-XPS)	was	performed	to	monitor	changes	 in	 the	surface	

composition	 and	 chemical	 states	 with	 different	 pretreatments.	 Because	 of	 the	

enrichment	of	Ni	and	Zn	at	the	surface	of	the	ingot,	both	the	ingot	surface	and	cross	

section	 were	 studied	 by	 AP-XPS.	 Reactivity	 studies	 are	 generally	 conducted	 on	

crushed	 samples	 with	 the	 cross	 sections	 exposed,	 revealing	 the	 most	 prevalent	

surface.	No	differences	in	activity	are	observed	between	when	an	ingot	is	used	instead	

indicating	the	reaction	is	relatively	insensitive	to	catalyst	architecture	and	that	there	

is	no	mass-transport	limitation.	AP-XPS	studies	of	the	ingot	and	cross	section	reveal	

similar	trends	with	various	exposures	thus,	mostly	the	cross	section	is	discussed	as	it	

is	the	most	prevalent	surface	in	the	reactivity	studies,	though	quantification	of	both	

are	available	in	Table	6.1.	
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Analysis	of	As	Prepared	npNiCu	

Initial	 XPS	 analysis	 of	 the	 as	 prepared	 npNiCu	 sample	 under	 UHV	 and	 room	

temperature	(RT)	revealed	that	the	surface	of	the	cross	section	consisted	of	91.4%	Cu,	

3.0%	Ni,	and	5.6%	Zn	(Table	6.1),	reflecting	the	bulk	composition	as	determined	by	

EDS	(see	experimental).	In	the	Cu	2p	spectrum	of	the	as	prepared	sample	(0,	Figure	

6.3a),	the	2p3/2	peak	is	centered	around	932.6	eV	which	corresponds	to	Cu0	or	Cu1+,	

as	 they	overlap	and	cannot	be	distinguished.	The	other	Cu	oxidation	state,	Cu2+,	 is	

centered	around	933.6	eV.	The	weak	satellite	feature	centered	around	945	eV	also	

indicates	that	Cu1+	is	present.	Partial	electron	yield	(PEY)-NEXAFS	spectra	of	the	Cu	

L-edge	indicates	that	a	mixture	of	Cu0,	Cu1+,	and	Cu2+	species	is	present	at	the	surface	

(0,	Figure	6.4a).	The	small	peak	at	~932	eV	indicates	Cu2+	and	the	satellite	features	

around	938	and	941	eV	indicate	Cu0	species	are	present.	From	the	ratio	of	the	2p3/2	

peak	 centered	 at	 933.5	 to	 the	 satellite	 features,	 in	 addition	 to	 the	 line-shape	 and	

sharpness,	it	can	be	inferred	that	there	is	a	mixture	of	Cu1+	and	Cu0	species.		

	

	

	



Chapter	6.	Surface	Compositional	Evolution	of	Nanoporous	NiCu	

	 178	

	

Figure	6.3	AP-XPS	of	as	prepared	npNiCu	in	(0)	UHV	at	RT	and	(1)	after	H2	treatment	

(1h,	350	 °C,	1	Torr)	 showing	 the	 complete	 reduction	of	Cu	and	Ni	 and	 the	partial	

reduction	of	Zn.	Spectra	displayed	are	a)	Cu	2p,	b)	Ni	2p,	c)	Zn	2p,	and	d)	Zn	LMM	

Auger	parameter.	Initial	analysis	(0)	of	the	as	prepared	sample	reveals	a	mixture	of	

metallic	and	oxidized	Cu,	Ni,	and	Zn	species.	
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Figure	6.4	NEXAFS	analysis	of	as	prepared	npNiCu	in	(0)	UHV	at	RT	and	(1)	after	H2	

treatment	(1h,	350	°C,	1	Torr)	showing	the	complete	reduction	of	(a)	Cu	and	(b)	Ni.	

Initial	 analysis	 (0)	 of	 the	 as	 prepared	 sample	 reveals	 a	 mixture	 of	 metallic	 and	

oxidized	Cu	and	Ni	species.	

	

A	Cu	2p	spectrum	was	also	taken	with	a	higher	photon	energy	(1600	eV)	to	

provide	a	depth	profile	of	the	surface	and	exhibits	a	mixture	of	Cu	species	as	well.	The	

spectrum	displays	a	satellite	feature	~945	eV	and	a	shoulder	feature	in	the	Cu	2p3/2	

peak	at	higher	binding	energy,	 an	 indicator	of	Cu2+	 (0,	 Figure	6.16a).	The	probing	

depth	of	this	depth	profile	is	1.2	nm,	whereas	NEXAFS	and	XPS	are	0.8	nm	and	0.6	nm,	

respectively.	 Thus,	 XPS	 and	 NEXAFS	 are	 more	 surface	 sensitive,	 while	 the	 depth	

profile	XPS	provides	information	about	the	near-surface	region.	

Ni	XPS	of	the	as	prepared	sample	taken	at	RT	in	UHV	show	that	Ni	oxide	 is	

initially	 at	 the	 surface.	 The	Ni	 2p	 spectrum	 shows	mostly	NiO	 and	Ni(OH)2	 at	 the	
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surface	 from	 the	 broad	 peak	 centered	 around	 855	 eV	 (1,	 Figure	 6.3b).	 The	 depth	

profile	XPS	spectrum	shows	a	mixture	of	oxidized	and	metallic	species	as	there	is	a	

shoulder	at	lower	energy	in	the	2p3/2	peak,	a	contribution	of	metallic	Ni	species	(0,	

Figure	6.16b).		

Unfortunately,	the	oxidation	state	of	the	Zn	cannot	be	inferred	or	quantified	

from	 its	 XPS	 spectrum59	 (0,	 Figure	 6.3c).	 Using	 the	 Zn	 LMM	 Auger	 parameter,	

extracted	from	the	survey	spectrum,	a	mixture	of	Zn2+	and	Zn0	can	be	identified	(0,	

Figure	6.3d).	The	main	peak	located	at	a	kinetic	energy	of	986.6	eV	suggests	a	majority	

of	 oxidized	 Zn,	while	 the	 shoulder	 feature	 located	 at	 a	 kinetic	 energy	 of	 989.6	 eV	

indicates	 some	 metallic	 Zn	 is	 also	 present.	 The	 Auger	 feature	 provides	 deeper	

information	 compared	 to	 XPS	 due	 to	 the	 difference	 in	 probing	 depth.	 Due	 to	 air	

exposure,	the	oxide	is	likely	at	the	surface	and	the	metallic	component	is	located	more	

in	the	sub-surface	region.	

Due	to	the	noise	level	in	the	Ni	NEXAFS,	it	is	difficult	to	use	the	spectrum	to	

identify	the	Ni	oxidation	state.	However,	the	XPS	spectrum	already	shows	oxidized	Ni	

at	the	surface.	The	two	techniques	probe	a	similar	depth	for	Ni	thus,	either	one	may	

be	used	to	identify	the	Ni	oxidation	state.	In	conclusion,	the	as	prepared	surface	and	

sub-surface	regions	consist	of	a	mixture	of	metallic	and	oxidized	Cu,	Ni,	and	Zn	species.	

	

H2	Treatment	

To	 understand	 the	 effect	 of	 hydrogen	 treatment	 on	 the	 catalyst,	 the	 as	 prepared	

npNiCu	 ingot	was	hydrogen	 treated	 in	situ	and	studied	by	AP-XPS	and	NEXAFS	 to	

show	that	both	Cu	and	Ni	are	fully	reduced	by	the	treatment	(Figures	6.3	and	6.4).		
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After	in	situ	hydrogen	treatment	at	350	°C	with	1	Torr	H2,	Cu	is	completely	reduced	

to	Cu0	in	the	surface	and	sub-surface	as	satellite	features	of	oxidized	Cu	species	can	

no	 longer	 be	 observed	 in	 the	 XPS	 spectra	 (1,	 Figures	 6.3a	 and	 6.16).	 Cu	 NEXAFS	

analysis	also	confirms	that	only	metallic	Cu	is	present	(1,	Figure	6.4a),	as	the	ratio	of	

satellite	peaks	to	the	main	2p3/2	peak	has	reduced	and	agree	with	reference	spectra.	

The	sharp	main	2p3/2	and	2p1/2	peaks	also	became	less	sharp	reflecting	the	reduction	

of	Cu1+	species	to	Cu0.	The	peak	~932	eV	has	also	disappeared	indicating	reduction	of	

Cu2+	species.		

After	 hydrogen	 treatment,	 Ni	 in	 the	 surface	 and	 sub-surface	 is	 completely	

reduced.	The	2p	spectra	reveal	a	sharp	2p3/2	peak	centered	around	a	lower	binding	

energy	of	852.6	eV	than	Ni2+.	In	addition,	with	the	broad	satellite	feature	around	855	

eV,	the	spectra	reflect	perfect	metallic	Ni	spectra	both	in	the	surface	(1,	Figure	6.3b)	

and	 in	 sub-surface	 (1,	 Figure	 6.16b).	 After	 hydrogen	 treatment,	 NEXAFS	 analysis	

reflects	pure	Ni0,	in	agreement	with	the	XPS	spectra.	The	2p3/2	and	2p1/2	peaks	have	

tails	that	progressively	increase	compared	to	the	background	region	before	850	eV,	a	

clear	 indicator	of	Ni0	 (1,	Figure	6.4b).	 In	a	Ni2+	NEXAFS	spectrum,	 the	background	

level	 throughout	 the	whole	 spectrum	would	be	 flat	 and	 the	2p3/2	 and	2p1/2	 peaks	

would	also	exhibit	peak-splitting.	Neither	of	these	features	are	evident	in	the	NEXAFS,	

suggesting	full	Ni0	at	the	surface	in	agreement	with	the	XPS.	

Upon	reduction,	Zn	is	partially	reduced.	The	Zn	2p3/2	peak	broadens	and	splits	

indicating	a	second	Zn	specie	is	present	(1,	Figure	6.3c).	The	second	Zn	2p3/2	feature	

appears	at	higher	binding	energy,	possibly	 indicating	more	reduced	Zn.	The	Auger	

parameter	confirms	that	more	Zn0	is	present	at	the	surface	as	the	Zn0	peak	located	at	
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kinetic	energy	of	989.6	eV	increases	(1,	Figure	6.3d).	A	contribution	from	oxidized	Zn	

located	 around	 a	 kinetic	 energy	 986.6	 eV	 is	 still	 present.	 This	 suggests	 that	 Zn	 is	

partially	reduced	as	it	had	a	majority	of	oxidized	species	in	the	as	prepared	surface,	

that	is	now	mostly	metallic	species.		

Thus,	we	can	conclude	that	hydrogen	treatment	at	350	°C	for	1	h	at	1	Torr	

completely	reduces	Cu	and	Ni	at	 the	surface	and	sub-surface	regions	and	partially	

reduces	Zn	at	the	surface.	It	is	important	to	note	the	difference	in	pressures	between	

the	AP-XPS	 and	 flow	 reactor.	 In	 the	AP-XPS,	 1	 Torr	 of	 hydrogen	was	 sufficient	 to	

reduce	both	metals	therefore,	when	the	catalyst	is	reduced	using	the	flow	reactor	at	

a	 higher	 pressure	 of	 76	 Torr	 (10%	H2	 at	 760	 Torr)	 and	 subsequently	 exposed	 to	

reaction,	 the	exposed	surface	 that	 conducts	 the	 reaction	 is	metallic	Cu	and	Ni	and	

partially	reduced	Zn.	As	seen	in	the	reactivity	data	in	Figure	6.2b,	this	reduced	surface	

results	in	deactivation	of	the	npNiCu	catalyst,	whereas	the	reduced	npCu	catalyst	is	

active	and	stable	for	a	prolonged	period	of	time.	Therefore,	it	can	be	concluded	that	

metallic	Ni	plays	a	role	in	the	deactivation	mechanism.	

	

Analysis	of	H2-pretreated	npNiCu	

In	 the	 following	 AP-XPS	 experiments,	 a	 npNiCu	 catalyst	 was	 studied	 that	 was	

pretreated	with	H2	in	the	flow	reactor	prior	to	being	introduced	into	the	XPS	analysis	

chamber	as	complete	reduction	in	situ	was	not	expected	and	to	eliminate	pressure	

effects.	Initial	XPS	analysis	under	UHV	and	RT	revealed	that	H2	treated	cross	section	

consisted	of	~75%	Cu,	~7%	Ni,	and	~18%	Zn	(Figure	6.5	and	Table	6.1).	Compared	

to	the	as	prepared	sample,	the	H2	pretreated	surface	was	Ni	and	Zn	enriched	on	the	
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surface.	Quantification	of	the	as	prepared	sample	after	in	situ	hydrogen	treatment	is	

not	used	as	a	lower	quantity	of	Zn	(7%)	was	brought	to	the	surface	attributed	to	the	

lower	H2	pressure	used	in	the	AP-XPS	(1	Torr)	than	in	the	flow	reactor	(76	Torr).	This	

observation	is	consistent	with	studies	of	Cu/ZnO	nanoparticles	which	demonstrated	

that	Zn	coverage	of	the	surface	increases	with	increasing	H2	partial	pressure	using	a	

constant	temperature	and	pretreatment	duration76-77.		

	 Although	surface	segregation	of	Ni	by	CO	is	well-documented	in	Cu-Ni	systems,	

segregation	by	H2	is	limited78-79.	To	understand	the	enrichment	of	Ni	at	the	surface,	

density	 functional	 theory	 (DFT)	 calculations	 were	 performed	 that	 support	 the	

observation	 that	 Ni	 does	 indeed	 prefer	 being	 at	 the	 surface	 in	 a	 hydrogen-rich	

environment	 (Figure	 6.17a).	 With	 0	 to	 0.5	 monolayers	 (ML)	 of	 hydrogen	 on	 the	

surface,	the	lowest	energy	configuration	is	of	Ni	in	the	second	layer.	With	0.5	to	1	ML,	

Ni	prefers	 to	be	 in	 the	 first	 layer	 (Figure	6.17a).	Qualitatively,	 the	DFT	calculation	

supports	the	observation	of	Ni	segregating	to	the	surface	as	the	1	ML	H-coverage	best	

reflects	the	high	pressure	and	hour	long	H2	exposure	in	the	flow	reactor.	
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Figure	 6.5	 AP-XPS	 analysis	 of	 ex	 situ	H2	 treated	 npNiCu	 in	 (0)	 ultrahigh	 vacuum	

(UHV)	 at	 room	 temperature	 (RT),	 and	 after	 sequential	 exposures	 of	 (1)	 ethanol	
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(EtOH)	(6h,	250	°C,	0.2	Torr),	(2)	O2	(1hr,	250	°C,	1	Torr),	and	in	ethanol	after	(3)	

ethanol	(1h,	250	°C,	0.2	Torr).	Spectra	were	taken	of	a)	Cu	2p,	b)	Ni	2p,	c)	Zn	2p,	and	

d)	 the	 Zn	 LMM	 Auger	 parameters	 were	 extrapolated	 from	 survey	 spectra.	 Initial	

analysis	(0)	of	the	as	loaded	H2	pretreated	sample	reveals	a	mixture	of	metallic	and	

oxidized	 Cu,	 Ni,	 and	 Zn	 species.	 After	 ethanol	 (1),	 Cu	 is	 reduced	 to	 Cu1+/Cu0	

(indistinguishable	 by	 XPS),	 Ni	 is	 fully	 reduced,	 and	 Zn	 is	 partially	 reduced.	 After	

oxidation	(2),	Cu	is	completely	oxidized	to	Cu2+,	whereas	no	Ni	or	Zn	remain	at	the	

surface.	After	ethanol	exposure	again	(3),	Cu	is	reduced	to	Cu1+/Cu0,	Ni	reappears	as	

Ni0/NiO/Ni(OH)2,	and	Zn	reappears	as	Zn2+/Zn0.		

	

Even	though	the	H2-treated	sample	had	been	stored	in	air	for	a	few	days	before	

the	measurements,	the	Cu	2p	XPS	spectrum	(0,	Figure	6.5a)	showed	no	sign	of	Cu2+	

(933.5	eV).	However,	the	weak	satellite	feature	between	940	and	950	eV	suggests	the	

existence	of	a	small	amount	Cu2O.	Quantification	of	the	oxide	is	difficult	due	to	the	

strong	resemblance	between	Cu	and	Cu1+	XPS	spectra.	The	NEXAFS	spectrum	of	the	

Cu	L-edge	suggests	almost	100%	Cu0	was	present	at	the	surface	(0,	Figure	6.6a).	The	

disagreement	may	 arise	 from	 the	 difference	 in	 the	 probing	 depth,	 though	 it	 may	

suggest	the	presence	of	a	very	thin	surface	oxide.		

Ni	2p	spectrum	of	the	as	loaded	sample	exhibited	features	related	to	multiple	

Ni	components,	including	metallic	Ni	and	oxidized	Ni	species	(0,	Figure	6.5b).	Because	

the	XPS	signatures	of	all	the	potential	Ni	species	exhibit	complicated	line-shapes	with	

prominent	satellite	features,	conventional	peak	deconvolution	is	not	possible.	Instead,	

a	least	square	fitting	based	on	a	linear	combination	of	reference	spectra	(Figure	6.14)	
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of	 standard	Ni	 species	 including	Ni0,	NiO,	 and	Ni(OH)2	was	performed	 revealing	 a	

mixture	 of	 ~10%	 Ni0,	 54%	 NiO,	 and	 36%	 Ni(OH)2	 (Table	 6.2).	 Similar	 to	 the	 Cu	

NEXAFS	and	XPS,	 the	Ni	L-edge	NEXAFS	of	 the	surface	also	shows	mostly	metallic	

components,	although	it	 is	difficult	to	distinguish	small	contributions	of	Ni2+	in	the	

spectrum	due	to	the	noisiness	(0,	Figure	6.6c).	The	differences	in	the	NEXAFS	and	XPS	

spectra	 of	 Cu	 and	 Ni	 may	 also	 indicate	 that	 only	 a	 surface	 oxide	 exists	 from	 the	

exposure	to	air	after	hydrogen	treatment	that	does	not	penetrate	to	the	sub-surface	

region.	

	 The	broad	Zn	2p	peak	centered	around	a	binding	energy	of	1021	eV	(0,	Figure	

6.5c)	is	not	sufficient	for	reliable	identification	and	quantification	of	the	oxidized	and	

metallic	 Zn.	 The	 Zn	 LMM	Auger	 spectrum	 (0,	 Figure	 6.5d)	 indicates	 a	majority	 of	

oxidized	Zn	components	from	the	main	peak	located	at	a	kinetic	energy	of	986.6	eV.	

The	shoulder	feature	located	at	a	kinetic	energy	of	989.6	eV	corresponds	to	metallic	

Zn,	suggesting	mostly	ZnO	is	present	at	the	surface	with	a	small	amount	of	metallic	

Zn.	

To	 summarize	 the	 effect	 of	 hydrogen,	 in	 situ	 reduction	 revealed	 complete	

reduction	of	Cu	and	Ni	at	the	surface	and	sub-surface	regions	and	partial	reduction	of	

Zn	at	the	surface.	Therefore,	the	surface	oxide	composed	of	Cu,	Ni,	and	Zn	present	on	

the	as	loaded	H2-pretreated	sample	is	due	to	air	exposure.	The	sub-surface	region	was	

still	 composed	 of	 metallic	 Cu	 and	 Ni	 and	 a	 mixture	 of	 metallic	 and	 oxidized	 Zn,	

consistent	with	the	in	situ	reduction.	Hydrogen	treatment	also	brought	Zn	and	Ni	to	

the	surface	compared	to	the	as	prepared	sample.	
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Figure	6.6	NEXAFS	analysis	of	H2	pretreated	npNiCu	in	(0)	0.2	Torr	ethanol	at	RT,	(1)	

after	ethanol	exposure	(6	h,	250	°C,	0.2	Torr),	and	(3)	after	O2	(1hr,	250	°C,	1	Torr)	

and	taken	in	ethanol	after	ethanol	exposure	(1h,	250	°C,	0.2	Torr).	Cu	L-edge	spectra	

of	the	a)	ingot	surface	and	b)	cross	section	were	taken	and	c)	Ni	L-edge	spectra	of	the	

surface.	Initial	analysis	(0)	of	the	as	loaded	H2	pretreated	sample	reveals	metallic	Cu	

on	the	surface	and	a	mixture	of	Ni2+	and	Ni0.	After	ethanol	(1),	metallic	Cu	is	on	the	

surface	and	cross	section,	and	metallic	Ni	is	also	at	the	surface.	After	oxidation	and	

reaction	(3),	the	ingot	surface	is	a	mixture	of	Cu1+	(Cu2O)	and	Cu0	and	Ni2+	(NiO),	and	

the	Cu	on	the	cross	section	is	completely	Cu1+.	

	

Reaction	After	H2	Treatment	

After	 initial	analysis	of	 the	 loaded	sample,	 the	npNiCu	catalyst	was	exposed	 to	0.2	

Torr	 ethanol	 and	 heated	 to	 250	 °C	 to	 simulate	 non-oxidative	 ethanol	

dehydrogenation	 reaction	 conditions	 used	 in	 the	 flow	 reactor	 to	 measure	 the	

reactivity	of	the	catalyst.	During	this	time,	the	sample	performance	was	monitored	
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using	a	mass	spectrometer	in	the	AP-XPS	chamber	with	the	inlet	aimed	at	the	sample	

to	demonstrate	that	the	catalyst	was	active	(Figure	6.8).	Illustrated	in	Figure	6.8a,	as	

the	 temperature	 is	 increased	 and	 reaches	 250	 °C,	 hydrogen	 (mass	 2)	 and	

acetaldehyde	(masses	29	and	43)	production	peaks	and	begins	to	decline	in	the	half	

hour	monitored	during	which	steady	production	is	not	yet	reached.	Correspondingly,	

the	amount	of	ethanol	(mass	31)	plummets	as	the	reaction	takes	off.	No	water	(mass	

18)	production	 is	observed.	After	 sustaining	 the	 sample	 in	 reaction	 conditions	 for	

about	 6	 hours	 during	 which	 steady	 production	 of	 products	 was	 achieved,	 the	

temperature	 is	 gradually	 decreased	 (Figure	 6.8b).	 Acetaldehyde	 and	 hydrogen	

production	 decrease,	 while	 ethanol	 increases.	 Though	 the	 water	 signal	 seems	 to	

decline,	this	is	likely	due	to	the	overall	pressure	in	the	chamber	decreasing	with	no	

reaction	 as	 flow	 reactor	 studies	 monitored	 by	 MS	 are	 consistent	 with	 the	 dry	

production	of	acetaldehyde	and	hydrogen.	The	MS	data	demonstrate	the	hydrogen	

production	along	with	the	acetaldehyde	that	is	not	detected	by	the	GC-MS.	
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Figure	6.8	Operando	mass	spectrometry	(MS)	during	AP-XPS	measurements	of	the	

H2	pretreated	npNiCu	ingot	as	the	temperature	is	increased	and	decreased	in	0.2	Torr	

ethanol	showing	the	production	of	acetaldehyde	and	the	hydrogen	co-product	(not	

detected	by	GC-MS).	The	sample	was	held	in	0.2	Torr	ethanol	at	250	°C	for	6	h	before	

decreasing	the	temperature.		

	

	XPS	spectra	were	collected	after	reaction	took	place	for	6	h	and	the	gas-phase	

ethanol	 was	 evacuated	 from	 the	 chamber	 and	 the	 catalyst	 cooled	 to	 room	

temperature	 to	 ensure	 high	 resolution	 spectra	 (1,	 Figure	 6.5).	 After	 reaction,	 the	

surface	composition	of	Ni	decreased	to	2%	and	Zn	increased	to	24%	(Table	6.1).	DFT	

calculations	 were	 performed	 with	 0	 to	 0.3	 ML	 of	 methoxy	 coverage	 of	 Cu	 (110)	

(Figure	6.17b).	Methoxy	was	used	 instead	of	ethoxy	 for	ease	of	calculations	as	 the	

formation	 of	 either	 is	 the	 first	 step	 in	 the	 reaction	 mechanism	 of	 ethanol	 and	

methanol	dehydrogenation	reactions.	The	results	reveal	that	Ni	prefers	to	be	in	the	

third	layer	of	the	Cu	(110)	structure	regardless	of	methoxy	coverage	(Figure	6.17b),	
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supporting	the	migration	of	Ni	from	the	surface	to	the	bulk	observed	in	the	XPS	after	

ethanol	exposure.		

Cu	 and	 Ni	 2p	 spectra	 almost	 exclusively	 showed	 metallic	 components	 (1,	

Figures	6.5a	and	6.5b).	NEXAFS	spectra	of	Cu	on	the	ingot	surface	and	cross	section	

confer	that	only	metallic	Cu	species	are	present	at	the	sample	surface	(1,	Figures	6.6a	

and	 6.6b).	 Analysis	 of	 the	 Ni	 NEXAFS	 spectrum	 of	 the	 surface	 illustrates	 a	 clear	

metallic	Ni	component	(1,	Figure	6.6c).	The	readily	reduced	nickel	species	reflect	the	

existence	 of	 a	 surface	 oxide	 as	 nickel	 oxide	 would	 otherwise	 not	 be	 reduced	 by	

ethanol	at	such	a	low	temperature80-82.	Due	to	the	small	amount	of	Ni	dopant	in	the	

cross	section,	NEXAFS	spectra	of	the	cross	section	yielded	peaks	that	were	too	small	

for	 identification	of	the	Ni0	or	Ni2+	species	and	thus	are	not	 included.	The	Zn	LMM	

Auger	spectrum	exhibited	an	increased	Zn0	feature	located	around	a	kinetic	energy	

of	990	eV,	 indicating	oxidized	Zn	species	on	 the	 surface	were	partially	 reduced	 to	

metallic	Zn	during	 the	reaction	or	 that	metallic	Zn	species	migrated	to	 the	surface	

from	the	bulk	as	the	amount	of	Zn	at	the	surface	also	increased	(1,	Figure	6.5d).	
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Figure	6.8	C	1s	XPS	spectra	of	the	H2	pretreated	npNiCu	a)	ingot	surface	and	b)	cross	

section	analyzed	 in	(0)	UHV	at	RT	and	(1)	after	ethanol	exposure	(6	h,	250	°C,	0.2	

Torr)	showing	an	increase	in	C	content	at	the	surface.	

	

After	6	h	in	reaction	conditions,	the	C	1s	XPS	spectra	of	the	ingot	surface	and	

cross	section	showed	an	increase	in	carbon	at	the	surface	compared	to	the	as	loaded	

sample	(Figure	6.8).	Initial	analysis	of	the	as	loaded	H2	pretreated	sample	in	UHV	and	

RT	revealed	some	adventitious	carbon	at	the	surface	to	expected	from	air	exposure.	

The	C	to	total	metal	(Cu+Ni+Zn)	percentage	was	120.7	at%	on	the	surface	and	34.6	

at%	 on	 the	 cross	 section	 (Table	 6.3).	 This	 percentage	 reveals	 that	 there	 is	

approximately	a	1:1	ratio	of	C	to	metal	atoms	on	the	ingot	surface	and	1:3	C	to	metal	

atoms	on	the	cross	section.	The	primary	C	specie	at	the	surface	is	C-C	(sp3	hybridized	

C)	located	at	a	binding	energy	of	284.8	eV.	After	reaction,	the	C	content	on	the	surface	

increased	as	the	intensity	of	the	C-C	peak	increased.	The	C	to	total	metal	percentage	
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increased	to	988.7	at%	on	the	ingot	surface	and	270.9	at%	on	the	cross	section,	ratios	

of	 approximately	10:1	 and	3:1	C	 to	metal	 atoms	on	 the	 surface	 and	 cross	 section,	

respectively	(Table	6.3).	This	reflects	a	10-fold	and	9-fold	increase	of	C	on	the	surface	

and	cross	section,	respectively,	after	ethanol	exposure.	Carbon	deposition	by	the	X-

ray	beam	was	 found	 to	be	 insignificant	 thus	 the	 increase	 in	C	must	 be	due	 to	 the	

reaction.	The	~10-fold	increase	of	C	at	the	surface	after	 just	6	h	of	reaction	agrees	

with	the	reactivity	studies	that	carbon	deposition	is	occurring	(Figures	6.2b	and	6.15).	

	

O2	Treatment	

After	6	h	of	ethanol	exposure,	the	catalyst	was	exposed	to	1	Torr	of	O2	at	250	°C	for	1	

h	to	mimic	the	oxygen	pretreatment	used	for	the	reactivity	measurements.	After	the	

oxidation	treatment,	Cu	is	completely	oxidized	as	the	Cu	2p	XPS	spectrum	exclusively	

exhibits	 Cu2+	 features	 (2,	 Figure	 6.5a),	 whereas	 Ni	 and	 Zn	 were	 below	 the	 XPS	

detection	limit	on	the	surface	and	in	the	surface,	given	the	flat	lines	in	their	spectra	

(2,	Figures	6.5b	and	6.5c),	either	segregating	into	the	bulk	or	being	fully	covered	by	

the	 newly	 formed	 CuO.	 Supporting	 the	 latter,	 the	 phenomenon	 of	 copper	 oxide	

overgrowing	nickel	in	CuNi	alloys	has	been	previously	observed	by	XPS	studies83-84	

and	X-ray	diffraction	(XRD)	combined	with	infrared	spectroscopy85	even	with	the	use	

of	 30-40%	 Ni	 containing	 alloys.	 These	 detailed	 studies	 not	 only	 documented	 the	

overgrowth	 of	 copper	 oxide,	 but	 they	 also	 revealed	 the	 mechanism	 by	 which	

oxidation	 proceeds	 at	 low	 and	 high	 temperatures	 including	 250	 °C,	 the	 oxidation	

temperature	used	in	this	study.		
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To	summarize,	nickel	oxide	is	 initially	formed	from	the	exposure	of	oxygen,	

after	which,	cupric	oxide	(Cu2O)	forms	and	overgrows	the	nickel	oxide,	 initiating	a	

duplex	structure.	With	additional	time,	cuprous	oxide	(CuO)	develops	from	the	cupric	

oxide	and	results	in	a	more	pronounced	duplex	structure,	with	an	outer-rich	cuprous	

oxide	layer	and	an	inner-rich	nickel	oxide	layer83,	85-86.	One	study	observed	complete	

overgrowth	of	 the	 initially	 formed	nickel	oxide	by	CuO	 in	a	Cu60Ni40	alloy	after	30	

minutes	 in	 0.4	 Torr	 O2	 at	 250	 °C83.	 The	 duplex	 structure	 was	 observed	 even	 at	

oxidation	temperatures	below	200	°C83,	85-86.	Therefore,	it	is	not	surprising	that	with	

~11%	Ni	on	the	ingot	surface	and	~2%	Ni	in	the	cross	section,	that	a	copper	oxide	

overlayer	 was	 observed	 after	 exposure	 to	 1	 Torr	 O2	 (a	 higher	 pressure	 than	 the	

studies)	for	1	h	at	250	°C.	Similarly,	in	situ	TEM	and	XPS	studies	demonstrated	that	

oxidation	of	CuZn	alloy	nanoparticles	leads	to	encapsulation	of	zinc	oxide	by	copper	

oxide,	attributed	to	the	volume	expansion	of	copper	oxide70.		
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Figure	6.9	E-TEM	analysis	of	npNiCu	demonstrate	the	growth	of	a	Cu	oxide	overlayer	

covering	Ni	nanoparticles	at	the	surface	of	a	npNiCu	ligament.	In	situ	HAADF-STEM	

images	of	the	same	area	a)	before	and	b)	after	oxidation	(1	h,	250	°C,	1	Torr)	illustrate	

the	nanoparticles	and	the	overlayer.	c)	EELS	analysis	of	 the	areas	 indicated	by	the	

arrows	identify	the	Ni	nanoparticles	(i	and	ii)	and	the	edge	of	the	ligament	as	metallic	

Cu	 (iii).	 After	 oxidation,	 the	 copper	 oxide	 overlayer	 (iv)	 covers	 the	 nanoparticles,	

which	is	more	metallic	towards	the	bulk	(v).	

	

To	demonstrate	the	Cu	oxide	overlayer,	environmental	transmission	electron	

microscopy	 (E-TEM)	was	used	 to	analyze	selected	regions	before	and	after	 in	 situ	

oxidation.	After	loading	an	as	prepared	npNiCu	sample,	the	sample	was	reduced	in	

situ	 (1	h,	 350	 °C,	 1	Torr)	 and	exposed	 to	 ethanol	 (17	h,	 250	 °C,	 0.2	Torr),	 similar	
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conditions	 as	AP-XPS.	 STEM	 imaging	of	 the	 edge	of	 a	npNiCu	 ligament	 after	 these	

treatments	depicts	a	region	with	two	nanoparticles	in	a	ridge	(Figure	6.9a).	Electron	

energy	 loss	 spectroscopy	 (EELS)	 analysis	 identified	 the	 two	 particles	 as	 Ni	

nanoparticles87	(i	and	ii,	Figure	6.9c).	The	Ni	particles	were	present	in	the	as	prepared	

sample	 and	 after	 the	 treatments.	 By	 contrast,	 Ni	 is	 not	 detected	 in	 the	 ligament	

structure	outside	of	these	particles,	only	Cu	is	detected	(iii,	Figure	6.9c).	Based	on	the	

peak	shape	of	the	Cu	L2,	3	edge,	the	Cu	is	determined	to	be	metallic	Cu87.	Unfortunately,	

due	to	the	overlap	of	the	Cu	and	Zn	L2,	3	edges,	EELS	could	not	be	used	to	detect	the	

presence	of	Zn.		

	 After	oxidation	using	the	same	conditions	as	the	AP-XPS	(1	h,	250	°C,	1	Torr	

O2),	the	same	region	was	imaged	and	nanoparticles	could	no	longer	be	observed	in	

the	 ridge	 (Figure	 6.9b).	 The	 ridge	 was	 now	 filled-in	 and	 where	 a	 smooth	 edge	

appeared	before,	it	was	now	roughened	and	uneven,	although	the	general	curves	of	

the	area	were	preserved.	An	EELS	line-scan	was	conducted	down	the	area	where	the	

particles	were	previously	 located.	Ni	was	not	detected	 in	 the	region	(iv	 -	v,	Figure	

6.9c).	EELS	analysis	 showed	 the	presence	of	 copper	oxide,	 identified	by	 the	 sharp	

peak	(iv,	Figure	6.9),	and	more	metallic	copper	further	from	the	edge	(v,	Figure	6.9c).	

This	limited	ETEM/EELS	data	set	is	consistent	with	the	measured	AP-XPS	data	that	

copper	oxide	covers	the	surface	and	Ni	is	no	longer	detectable.	

The	 migration	 of	 Ni	 away	 from	 the	 surface	 after	 oxidation	 was	 initially	 a	

surprising	due	 to	 its	high	affinity	 for	oxygen	and	previous	 studies	 that	 showed	Ni	

migrates	to	the	surface	in	an	oxidative	environment88-90.	Our	data	showed	otherwise,	

displaying	complete	overgrowth	of	Ni	by	CuO	at	 the	surface	 (Figures	6.5	and	6.9).	
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Other	 studies	 have	 also	 shown	 copper	 oxide	 segregation	 at	 the	 surface91-92,	 in	

addition	 to	 the	 studies	 on	 the	 duplex	 structure	 discussed	 previously83-85.	 To	

understand	the	discrepancy	among	the	literature,	DFT	studies	were	conducted	of	Ni	

in	bulk	Cu	with	varying	oxygen	coverages	of	the	surface	(Figure	6.17c).	The	studies	

demonstrate	that	in	the	presence	of	a	small	amount	of	oxygen,	0	to	0.3	ML	of	O,	Ni	

prefers	to	be	in	the	second	or	third	atomic	layer.	With	more	oxygen,	0.3	-	1	ML	of	O	

coverage,	Ni	prefers	to	be	in	the	first	 layer	of	bulk	Cu.	With	much	more	O	present,	

where	Cu	is	modeled	as	a	complete	oxide,	CuO	(111),	Ni	prefers	to	be	in	the	second	

layer	(Figure	6.17c).	

The	 DFT	 study	 qualitatively	 elucidates	 the	 conflicting	 observations	 in	 the	

literature.	Indeed,	studies	done	with	pressures	lower	than	10-4	Torr,	where	less	O2	is	

adsorbed,	observed	segregation	of	NiO	at	the	surface	of	the	CuNi	alloy88-90.	Studies	

using	above	10-4	Torr	to	atmospheric	pressures,	including	this	investigation,	where	

the	amount	of	O	atoms	adsorbed	is	higher,	observed	CuO	segregation	at	the	surface83-

85,	91-92.	One	study	demonstrated	that	with	increasing	O	coverage,	10	to	104	ML,	the	

NiO	segregation	at	the	surface	progressively	decreased	until	the	surface	had	less	Ni	

than	 the	bulk	 concentration	 essentially	 observing	 copper	 oxide	 segregation	 at	 the	

surface	 (>	 10	 ML	 O	 adsorbed)88.	 Although	 different	 temperatures	 and	 exposure	

lengths	 were	 used	 in	 the	 studies	 cited,	 the	 segregation	 at	 the	 surface	 was	 most	

sensitive	to	the	pressure	used.	The	O	coverage	and	DFT	studies	reflect	an	underlying	

principle	 in	oxidation	studies	that	extends	to	any	other	alloy	system.	That	 it	 is	 the	

amount	of	O	atoms	adsorbed	on	the	surface	that	determines	whether	one	component	
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segregates	 to	 the	surface	or	not	upon	oxidation.	Pressure	 is	simple	one	parameter	

used	to	regulate	the	O	coverage	at	the	surface.		

	

Reaction	After	O2	Treatment	

After	oxidation,	the	npNiCu	was	once	again	exposed	to	0.2	Torr	of	ethanol	and	heated	

to	250	°C	for	1	h	after	which	XPS	spectra	were	acquired	under	reaction	conditions.	

CuO	 features	were	 no	 longer	 present	 in	 the	 Cu	 2p	XPS	 spectrum	 (3,	 Figure	 6.5a).	

NEXAFS	of	the	Cu	L-edge	shows	the	characteristic	resonance	of	metallic	Cu,	however,	

the	main	L3	peak	at	~933	eV	is	more	intense	than	expected	for	pure	metallic	species	

suggesting	the	presence	of	Cu2O	(Figure	6.6a).	A	least	square	fit	based	on	the	linear	

combination	of	standard	Cu0	and	Cu+1	NEXAFS	spectra	reveals	29%	Cu1+	on	the	ingot	

surface	with	the	rest	being	Cu0.	On	the	cross	section,	however,	NEXAFS	analysis	of	the	

Cu	L-edge	shows	100%	Cu2+	(Figure	6.6b).		

This	difference	between	the	ingot	surface	and	cross	section	demonstrates	two	

things.	First,	the	presence	of	Ni	facilitates	the	reduction	of	Cu.	Not	only	do	Cu-Ni	alloys	

reduce	more	easily	than	their	monometallic	counterparts93-94,	but	their	reducibility	

increases	with	 increasing	nickel	 content93.	 Because	 the	 ingot	 surface	had	more	Ni	

than	the	cross	section	(Table	6.1),	it	helped	facilitate	the	reduction	of	Cu	resulting	in	

the	ingot	surface	being	predominantly	Cu0	whereas	the	cross	section	is	solely	Cu1+.	

Second,	 the	 stepwise	 reduction	 of	 Cu2+	 to	 Cu1+	 then	 Cu0,	 previously	 reported	 in	

hydrogen	limited	conditons95-96.	In	non-limited	conditions,	Cu2+	directly	transforms	

to	Cu0.	On	the	cross	section,	all	the	Cu2+	reduced	to	Cu1+,	which	would	then	reduce	to	

Cu0,	 showing	 the	 clear	 stepwise	 reduction	 and	 indicating	 a	 hydrogen	 limited	
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environment.	On	the	ingot	surface,	the	stepwise	reduction	either	occurs	faster	due	to	

the	higher	Ni	content	as	mostly	Cu0	is	observed	or	Ni	facilitates	the	direct	reduction	

of	 Cu2+	 to	 Cu0	 and	 the	 29%	 Cu1+	 is	 from	 an	 underlying	 cupric	 oxide.	 Based	 on	

reduction	kinetics	studies	of	copper	oxides,	Cu2+	will	completely	transform	to	metallic	

Cu	in	reaction	conditons95.	

Other	 than	 the	 partial	 reduction	 of	 surface	 Cu,	 after	 1	 h	 of	 reaction,	 small	

amounts	of	Ni	and	Zn	(~5%	each)	reappear	on	the	ingot	surface	(Figures	6.5b	and	

6.5c,	Table	6.1).	No	spectrum	was	collected	for	Ni	on	the	cross	section,	however,	1%	

Zn	was	present	after	1	h.	Given	the	parallel	trends	thus	far,	Ni	likely	returns	to	the	

surface	 of	 the	 cross	 section	 as	 well.	 Least	 square	 fitting	 of	 the	 Ni	 2p	 spectrum	

indicated	a	mixture	of	metallic	Ni	(19%),	NiO	(36%),	and	Ni(OH)2	(45%)	(Figure	6.5b	

and	Table	6.2),	whereas	the	Ni	NEXAFS	spectrum	reveals	only	nickel	oxide	is	present	

suggesting	that	the	small	portion	of	reduced	Ni	species	is	only	at	the	surface.	The	Zn	

LMM	Auger	spectrum	illustrated	again	the	coexistence	of	both	metallic	and	oxidized	

Zn	species	(3,	Figure	6.5d).		

The	enhanced	activity	observed	in	the	first	hour	of	reaction	after	oxidation	for	

both	of	the	npCu	and	npNiCu	catalysts	(Figure	6.18)	coincides	with	the	reduction	of	

Cu2+	to	Cu1+/Cu0	species	in	ethanol,	given	it	was	the	only	species	initially	present	at	

the	 surface.	 Monitoring	 the	 ethanol	 dehydrogenation	 activity	 after	 oxidation	 of	

npNiCu	 by	 MS	 also	 reveals	 the	 reduction	 of	 oxide	 species	 and	 enhanced	 activity	

(Figure	 6.18).	 As	 the	 temperature	 is	 increased	 from	 30°C	 to	 250	 °C,	 the	 onset	 of	

reaction	can	be	seen	by	the	production	of	hydrogen	(mass	2)	and	acetaldehyde	(mass	

29	 and	 43)	 alongside	 the	 consumption	 of	 ethanol	 (mass	 31).	 The	 reaction	 peaks	
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within	the	first	hour,	after	which	the	amount	of	hydrogen	and	acetaldehyde	produced	

slowly	declines.	The	data	also	demonstrates	a	clear,	transient	formation	of	water	in	

the	first	half	hour	(Figure	6.18)	indicating	the	reduction	of	oxide	species.		

Because	 both	 catalysts	 display	 the	 enhanced	 activity,	 the	 source	 of	 the	

enhanced	activity	in	the	first	hour	must	be	due	to	the	reduction	of	Cu2+	species	in	the	

overlayer.	 Previous	 studies	 demonstrated	 that	 an	 increased	 formation	 of	 H2	 and	

acetaldehyde	coincides	with	the	reduction	of	Cu2+	species	by	the	correlation	of	time-

resolved	X-ray	absorption	spectroscopy	(XAS),	MS,	and	Raman	techniques16.	These	

studies	also	illustrated	that	the	formation	of	H2	and	acetaldehyde	further	decreased	

during	the	reduction	of	the	Cu1+	species	to	Cu0.	Other	studies	also	showed	that	Cu1+	

species	 are	 more	 active	 than	 fully	 reduced	 Cu0	 for	 the	 ethanol	 dehydrogenation	

reaction13-15.	Thus,	since	the	NEXAFS	shows	Cu1+/Cu0	after	1	h	in	reaction,	the	gradual	

decline	in	activity	after	the	1st	hour	may	correspond	to	the	reduction	of	Cu1+	species	

to	Cu0,	which	is	more	difficult	to	reduce95.	Because	the	slow	reduction	of	Cu1+	would	

produce	very	small	amounts	of	water,	our	mass	spectrometer	would	not	be	able	to	

detect	it.	Although	Cu0	is	still	active	for	ethanol	dehydrogenation	to	acetaldehyde,	our	

study	 agrees	 with	 these	 previous	 studies	 that	 Cu2+/Cu1+	 species	 are	more	 active,	

though	short-lived,	for	the	reaction.	
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Figure	6.10	AP-XPS	analysis	of	O2	exposed	npNiCu	after	(4)	4.5	h	and	(5)	6.5	h	of	

ethanol	exposure	(250	°C,	0.2	Torr)	revealing	Cu0/Cu1+	at	the	surface,	a	mixture	of	

Ni0,	NiO,	and	Ni(OH)2,	and	a	broad	Zn	2p	peak	that	cannot	be	identified.	

	

After	an	extended	period	of	reaction	of	up	to	6.5	h,	the	XPS	spectra	of	Cu	2p,	Ni	

2p,	 and	 Zn	 2p	were	 collected	 in	 situ	 using	 1221	 eV	 photon	 energy	 for	 all	 spectra	

(Figure	6.10).	Therefore,	the	kinetic	energies	of	the	electrons	measured	were	slightly	

different	for	Cu	and	Ni,	288	and	368	eV,	respectively,	than	the	200	eV	kinetic	energies	

used	for	the	spectra	in	Figures	6.3	and	6.5,	corresponding	to	inelastic	mean	free	paths	

of	0.7	nm	and	0.8	nm,	respectively.	Since	each	element	was	probed	with	a	different	

depth	profile,	quantification	was	not	performed.		

Qualitatively,	the	Cu	and	Zn	2p	spectra	remained	largely	unchanged	compared	

to	the	spectra	taken	1	h	after	oxidation-reaction	(Figures	6.10a	and	6.10c).	The	most	

significant	difference	 is	 the	oxidation	state	of	Ni	as	 it	now	has	a	clear	contribution	

from	Ni0	indicated	by	the	sharp	peak	at	~852	eV	(Figure	6.10b).	Least	square	fitting	
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of	the	Ni	2p	spectrum	reveals	a	mixture	of	Ni0	(41%),	NiO	(21%),	and	Ni(OH)2	(38%)	

after	4.5	h	of	reaction	(Table	6.2).	After	6.5	h,	Ni	gets	more	reduced	as	there	is	47%	

Ni0,	15%	NiO,	and	38%	Ni(OH)2	(Table	6.2).	Although	Ni	gets	more	reduced	in	ethanol	

as	time	progresses,	the	observation	that	Ni	is	not	fully	reduced	is	consistent	with	the	

literature	 that	 Ni	 oxide	 cannot	 be	 completely	 reduced	 at	 250	 °C	 with	 ethanol	 or	

hydrogen	 on	 this	 timescale80-82,	 97.	 Because	 the	 reaction	 cannot	 be	 followed	 even	

longer	using	AP-XPS	to	see	how	the	Ni	oxidation	state	evolves	after	40	h	in	reaction,	

ex	situ	XPS	was	performed	at	each	step	to	track	the	long-term	changes.	

	

6.4.4	Long-term	Compositional	and	Chemical	State	Changes	

Ex	 situ	 XPS	 was	 conducted	 with	 crushed	 samples	 that	 expose	 the	 interior	 of	 the	

prepared	ingots	(Figure	6.11).	Because	the	probing	depths	between	the	AP-XPS	and	

ex	situ	XPS	vary	greatly,	 the	 two	data	sets	cannot	be	compared.	However,	 the	 two	

techniques	are	complementary	and	depict	a	complete	picture	of	the	catalyst,	as	the	

AP-XPS	reveals	surface	sensitive	information	while	the	ex	situ	XPS	provides	surface	

and	sub-surface	information.	Treatments	for	ex	situ	XPS	analysis	were	conducted	in	

two	pathways.	 In	 the	 first	 pathway	 shown	 in	 Figure	 6.11,	 a	 fresh	 sample	 (0)	was	

hydrogen	 treated	 (1),	 analyzed,	 then	 returned	 to	 the	 flow	 reactor	 and	 exposed	 to	

reaction	until	the	sample	deactivated	(2a).	In	the	second	pathway	shown	in	Figure	

6.11,	a	fresh	sample	was	hydrogen	and	oxygen	treated	(2b),	analyzed,	then	returned	

to	be	exposed	to	reaction	for	one	hour	(3b).	After	analysis,	the	sample	was	returned	

to	reaction	again	for	another	40	h	until	the	reaction	was	stopped	so	that	the	sample	

could	be	analyzed	(4b).	This	sample	was	then	returned,	the	activity	was	recovered	
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and	 the	 sample	was	hydrogen	 treated	and	 returned	 to	 reaction	 for	40	h,	where	 it	

deactivated.	XPS	was	conducted	after	this	deactivation.		

	

	

Figure	6.11	Ex	situ	XPS	of	(0)	as	prepared	npNiCu	and	after	(1)	hydrogen	treatment	

(350	°C,	1	h,	10%	H2,	20	mL/min),	(2a)	ethanol	reaction	until	deactivation	(250	°C,	40	

h,	6%	ethanol,	50	mL/min),	(2b)	oxygen	treatment	(250	°C,	1	h,	20%	O2,	50	mL/min),	

(3b)	ethanol	reaction	(250	°C,	1	h,	6%	ethanol,	50	mL/min),	 (4b)	ethanol	reaction	

(250	°C,	40	h,	6%	ethanol,	50	mL/min),	and	(5b)	hydrogen	treatment	(350	°C,	1	h,	

10%	 H2,	 20	 mL/min)	 and	 ethanol	 reaction	 until	 deactivation	 (250	 °C,	 40	 h,	 6%	

ethanol,	50	mL/min).	Cu	 is	present	as	Cu0/Cu1+	after	every	 treatment	except	after	

oxidation	where	it	is	Cu2+.	Ni	is	mostly	Ni2+	(NiO/Ni(OH)2)	in	the	as	prepared	and	after	

the	 O2-ethanol	 exposures.	 Ni	 is	 mostly	 Ni0	 after	 H2	 and	 H2-ethanol	 and	 is	 hardly	
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present	immediately	after	oxidation.	The	oxidation	state	of	Zn	is	difficult	to	infer	from	

its	XPS	spectra;	however,	it	migrates	to	the	bulk	after	oxidation.	

	

Following	the	first	pathway,	the	as	prepared	sample	contained	1.5%	Ni	and	

6.0%	Zn	at	the	surface.	After	H2,	there	was	an	increase	to	10.2%	Zn	and	4.0%	Ni	(Table	

6.4).	Cu	seems	to	be	reduced	as	no	satellite	peak	for	Cu2+	is	present	though	it	is	not	

possible	 to	distinguish	 the	metallic	Cu0	peak	 from	the	Cu1+	peak	 (1,	Figure	6.11a).	

Although	Ni	exhibits	some	NiO/Ni(OH)2	features	centered	around	855	eV,	it	also	has	

a	large	metallic	component	at	852.5	eV	(1,	Figure	6.11b).	The	metallic	component	is	

readily	seen	when	the	spectrum	is	fit	with	three	components	corresponding	to	Ni0,	

Ni2+,	and	the	2p3/2	satellite	(Figure	6.19).	Because	in	situ	reduction	with	1	Torr	H2	at	

350	°C	for	1	h	reduces	the	Ni,	it	can	be	safely	assumed	that	Ni	is	reduced	at	the	higher	

pressure	 of	 the	 flow	 reactor	with	 10%	H2	 at	 1	 atm	 (760	 Torr)	 at	 350	 °C	 for	 1	 h.	

Furthermore,	because	the	AP-XPS	depth	profile	probes	essentially	the	same	depth	as	

the	lab-source	XPS,	1.1	nm	and	1.1	nm,	respectively,	the	oxide	component	in	the	XPS	

spectrum	cannot	be	due	to	unreduced	Ni	in	the	sub-surface	region	as	in	situ	reduction	

proved	that	both	the	surface	and	the	sub-surface	regions	completely	reduce	at	1	Torr	

H2	(Figure	6.16b).	Therefore,	the	Ni2+	features	in	the	XPS	spectrum	must	be	from	the	

re-oxidation	of	Ni0	after	exposure	to	air	as	metallic	Ni	can	easily	oxidize	to	Ni2+	under	

atmospheric	conditions98-99.		

	 After	exposure	to	ethanol	for	40	h,	where	the	catalyst	deactivates,	the	spectral	

features	are	mostly	unchanged.	Cu	and	Ni	are	still	mostly	metallic.	The	Ni	XPS	exhibits	

some	oxide	features	with	similar	intensities	as	after	H2	treatment,	attributed	to	the	
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air	exposure	(1,	Figure	6.11b).	The	surface	composition	is	also	relatively	unchanged	

with	5%	Ni	and	8.2%	Zn	(Table	6.4).	Because	the	same	spot	is	not	analyzed	by	XPS	

after	 each	 treatment	 as	 the	 sample	 is	 crushed	 and	 different	 particle	 pieces	 are	

analyzed	each	time,	small	variations	in	the	composition	may	not	reflect	changes	due	

to	the	treatment.	

Starting	the	second	pathway,	after	reduction	and	oxidation,	most	of	the	nickel	

and	zinc	are	gone	from	the	surface	analogous	to	what	was	observed	in	AP-XPS	(2b,	

Figures	6.11b	and	6.11c).	A	small	amount	of	nickel	and	zinc	(~2%	each)	are	observed	

by	ex	situ	XPS	after	oxidation	(Table	6.4),	whereas	in	AP-XPS	they	were	completely	

removed	from	the	surface	(Table	6.1).	This	difference	can	be	related	to	difference	in	

probing	depth	between	the	two	techniques,	as	the	ex	situ	XPS	probes	deeper	than	the	

AP-XPS,	1.1nm	for	Ni	and	1.0	nm	for	Zn,	almost	twice	the	probing	depth	of	the	AP-XPS.	

This	difference	reflects	 the	depth	at	which	 the	Ni	and	Zn	are	buried	or	 in	another	

sense,	the	thickness	of	the	copper	oxide.	Copper	is	completely	oxidized	(2b,	Figure	

6.11),	exhibiting	a	strong	Cu2+	satellite,	akin	to	the	AP-XPS,	demonstrating	that	copper	

oxide	covers	most	of	the	surface	after	oxidation.	The	small	amount	of	nickel	left	is	also	

completely	oxidized	to	Ni2+	(Figure	6.19).	The	correspondence	between	the	 in	situ	

and	ex	situ	O2-treated	samples	demonstrate	that	the	surface	structure	is	stable.	

After	exposure	to	ethanol	again,	Ni	and	Zn	return	to	the	surface.	 In	AP-XPS,	

after	1	h	of	0.2	Torr	ethanol	at	250	°C,	less	Ni	and	Zn	return	to	the	surface	than	was	

previously	present	before	oxidation.	In	ex	situ	XPS,	after	1	h	of	6%	ethanol	with	a	total	

pressure	of	1	atm	(760	Torr)	at	250	°C,	more	Ni	(10.5%)	and	Zn	(21.2%)	returned	to	

the	 surface	 than	 was	 there	 before	 oxidation	 (after	 reduction)	 (Table	 6.4).	 The	
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difference	in	probing	depth	reflects	that	there	is	an	enrichment	of	Ni	and	Zn	in	the	

sub-surface	region	as	the	copper	oxide	layer	subsides.	Due	to	the	disappearance	of	

the	Cu2+	satellite,	Cu	is	reduced	to	metallic	Cu0	or	a	mixture	of	Cu0	and	Cu1+	(3b,	Figure	

6.11).	Ni,	on	the	other	hand,	is	present	almost	completely	as	an	oxide/hydroxide	with	

a	very	small	contribution	by	Ni0	indicated	by	the	slight	shoulder	at	~852.5	eV.	As	seen	

previously	with	 the	 hydrogen	 treatment,	 although	Ni	 partially	 oxidizes	 due	 to	 air	

exposure,	the	greater	amount	of	oxidized	Ni	seen	after	O2	and	reaction	is	not	due	to	

air	exposure.	Even	after	40	h	of	reaction	(4b,	Figure	6.11),	Ni	is	still	mostly	oxidized	

with	growing	contribution	from	Ni0	(Figure	6.19).	After	40	h	of	reaction,	some	change	

is	 observed	 in	 the	 composition,	with	 some	Ni	 going	 into	 the	bulk	 (10.5%)	and	Zn	

coming	to	the	surface	(21.2%)	(Table	6.4).	

After	 the	active	catalyst	 is	hydrogen	 treated	and	returned	 to	 reaction,	after	

which	 it	 deactivated	 (Figure	6.2b),	 the	 surface	 exhibits	 a	 large	 change	 (5b,	 Figure	

6.11).	Though	some	Ni	has	gone	into	the	bulk	(7.8%),	there	is	now	half	the	amount	of	

Zn	at	the	surface	(12.2%)	(Table	6.4).	Interestingly,	the	quantification	and	oxidation	

states	 are	 similar	 to	 that	 of	 the	 hydrogen	 (1)	 and	 ethanol	 reaction	 exposed	 (2a)	

surfaces	which	also	deactivated	 in	a	similar	manner.	Additionally,	 the	Ni	spectrum	

also	reflects	a	mostly	metallic	component	as	the	hydrogen	treatment	is	expected	to	

reduce	Ni.		

Regardless	of	when	the	sample	was	hydrogen	treated,	the	hydrogen	treatment	

induces	a	change	in	the	material	that	leads	to	deactivation.	An	oxidation	treatment,	

on	the	other	hand,	 leads	to	more	stable	activity	over	the	same	period	of	 time.	The	

surface	composition	after	both	deactivations	(2a	and	5b)	reflects	moderate	amounts	
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of	Ni	(5-8%)	and	Zn	(8-12%),	whereas	the	active	surface	(3b	and	4b)	has	more	Ni	(10-

14%)	and	Zn	(18-21%)	(Table	6.4).	The	hydrogen	treated	sample	also	has	a	similar	

composition	to	the	deactivated	samples,	though	it	is	initially	active	and	deactivates	

over	40	hours.	This	indicates	that	it	is	not	inherently	the	surface	composition	after	

reduction	 that	 causes	 inactivity,	 but	 rather	 how	 the	 hydrogen-treated	 surface	

interacts	and	evolves	in	reaction.	One		

A	key	difference	between	the	active	and	deactivating	surface	is	the	presence	

of	Ni2+	and	Ni0,	respectively.	Metallic	Ni	is	well-known	to	deposit	carbon	on	catalysts	

in	 ethanol-based	 reactions.	 The	 production	 of	 CO	 and	 CH4	 as	 by-products	 during	

reaction	 (Figures	 6.2b	 and	 6.15)	 and	 the	 increase	 of	 carbon	 at	 the	 surface	 as	

determined	 by	 XPS	 (Figure	 6.8)	 hints	 that	 carbon	 deposition	 is	 occurring.	 After	

oxidation,	CO	and	CH4	are	still	produced	as	by-products	due	to	the	gradual	reduction	

of	 Ni2+	 to	 Ni0	 and	 the	 higher	 quantity	 of	 Ni	 present	 near	 the	 surface.	 Further	

characterization	was	conducted	on	the	catalysts	to	confirm	if	carbon	deposition	was	

the	taking	place.	

	

6.4.5	Characterization	of	Carbon	Species	

After	 40	 h	 of	 reaction,	 the	 H2-treated	 and	 O2-treated	 npNiCu	 catalysts	 were	

characterized	 by	 temperature-programmed	 oxidation	 (TPO)	 which	 indicated	 the	

presence	of	coke	in	the	H2-treated	catalyst	which	had	deactivated	catalyst.	The	TPO	

profiles	of	the	used	catalysts	both	show	the	evolution	of	CO2	(Figure	6.12a).	The	TPO	

of	the	H2-treated,	deactivated	catalyst	has	one	broad,	asymmetric	peak	at	~290	°C.	

The	 TPO	 of	 the	 O2-treated,	 active	 catalyst	 has	 two	 symmetric	 peaks	 at	 ~180	 and	
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~300	°C	indicating	different	types	of	carbon	are	present	(Figure	6.12a).	These	peaks	

at	 low	 temperatures	 (<	 450	 °C)	 correspond	 to	 amorphous	 coke,	 monoatomic	 or	

polymeric	 in	 nature72,	 100.	 The	 presence	 of	 one	 peak	 in	 the	 deactivated	 sample	

compared	to	two	in	the	active	one	may	indicate	a	transformation	of	one	type	of	carbon	

to	another	during	deactivation.	Peaks	above	450	°C	would	correspond	to	graphitic-

type	coke,	including	carbon	filaments72,	100.	Unfortunately,	our	furnace	could	not	go	

to	higher	temperatures	to	check	for	graphitic-type	carbon.	However,	previous	studies	

of	 Ni	 and	 Co	 catalysts	 have	 demonstrated	 that	 encapsulating	 coke,	 which	 is	

monoatomic	and	polymeric,	blocks	metal	active	sites	and	leads	to	deactivation	of	the	

catalysts,	whereas	 carbon	 filaments	did	not	deactivate	 the	 catalyst72,	 101.	Thus,	 the	

presence	of	amorphous	coke	does	not	rule	it	out	as	a	source	of	deactivation.			

	

	

Figure	6.12	TPO	profiles	displaying	emitted	a)	CO2	and	b)	H2O	of	deactivated	(red)	

and	active	(dark	blue)	npNiCu	showing	the	evolution	of	H2O	only	from	the	deactivated	

catalyst,	an	indicator	of	coking,	and	the	evolution	of	CO2	from	both	catalysts.	The	TPO	

was	conducted	on	H2-treated	(red)	and	O2-treated	(dark	blue)	npNiCu	after	40	h	of	
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reaction	where	the	H2-treated	catalyst	had	deactivated	and	the	O2-treated	was	still	

active.	Temperature	was	ramped	from	25	to	430	°C	(10	°C/min).	

	

Comparison	of	the	intensities	of	the	peaks	at	290	and	300	°C	shows	that	the	

deactivated	catalyst	has	more	carbon	on	its	surface.	The	difference	in	temperature	

between	 the	 two	peaks	 is	 likely	within	experimental	error.	The	difference	 in	peak	

shape	 at	 the	 same	 temperature	 also	 indicates	 a	 change	 in	 reaction	 order	 in	 the	

oxidation	of	coke.	An	asymmetric	peak,	observed	in	the	H2-treated	catalyst,	indicates	

the	reaction	order	is	less	than	1,	whereas	as	the	symmetric	peak,	observed	in	the	O2-

treated	catalyst,	indicates	the	reaction	order	is	1102.	To	summarize	from	the	literature,	

when	there	is	a	small	amount	of	carbon	at	the	surface	such	as	a	monolayer	or	small	

particles	(<	2nm),	a	reaction	order	of	1	is	observed,	because	the	exposed	carbon	is	

directly	related	to	the	amount	of	carbon	being	oxidized102.	When	larger	coke	particles	

are	present,	the	amount	of	carbon	exposed	decreases	as	carbon	is	oxidized	leading	to	

a	reaction	order	that	is	less	than	1.	Thus,	both	the	intensity	and	the	peak	shape	of	the	

emitted	CO2	TPO	profiles	indicate	that	the	deactivated	H2	pretreated	npNiCu	has	more	

coke	on	its	surface	than	the	O2	pretreated	npNiCu	that	is	still	active	for	the	reaction.	

	 Analysis	of	the	emitted	H2O	during	the	TPO	demonstrates	that	the	H2-treated,	

deactivated	catalyst	has	a	different	type	coke	on	its	surface.	Coke	that	is	polymerized	

hydrocarbons	consists	of	carbon	and	hydrogen	as	its	composition	is	CHn,	where	n	=	

0.2	 to	 1.5103-104.	 Thus,	 the	 evolution	 of	 water	 during	 oxidation	 of	 coke	 is	 to	 be	

expected103-106.	 In	the	TPO	profiles	of	the	used	H2-treated	and	O2-treated	catalysts,	

only	the	deactivated	H2-treated	npNiCu	emitted	H2O	(Figure	6.12b).	This	difference	
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indicates	that	a	polymeric	type	coke	covers	the	deactivated	catalyst,	in	addition	to	its	

intensity	and	peak	shape.	Although	the	active	catalyst	also	had	carbon	on	its	surface,	

it	is	likely	a	different	type	that	does	not	contain	H	and	evolve	H2O	during	oxidation	as	

its	intensity	and	peak	shape	also	indicated	less	carbon	was	present.		

	 Raman	 spectroscopy	 of	 the	 used	 catalysts	 also	 shows	 that	 the	 deactivated	

npNiCu	has	more	coke	on	its	surface	(Figure	6.20).	The	Raman	spectrum	of	the	H2	

treated	npNiCu	reveals	a	minor	amount	of	carbon	on	the	surface,	likely	corresponding	

to	amorphous	carbon	from	air	exposure.	The	spectra	of	the	O2-treated	and	H2-treated	

catalysts	after	reaction	show	an	increased	amount	of	carbon	on	the	surface	compared	

to	 the	H2-treated	 spectrum,	with	 even	more	 carbon	on	 the	deactivated	H2-treated	

catalyst	than	the	active	O2-treated	catalyst.	A	similar	intensity	as	the	deactivated	H2-

treated	catalyst	was	observed	on	the	deactivated	npNiCu	that	had	been	H2	treated	

after	being	active	in	reaction	for	40	h	(5b	in	Figure	6.11).	Deconvolution	of	the	spectra	

reveal	 four	 bands:	 ~1570	 cm-1,	 G	 band,	 characteristic	 of	 sp2	 hybridized	 carbon;	

~1430	cm-1,	D3	band,	attributed	to	amorphous	carbon	including	adsorbed	molecules,	

molecular	fragments,	and	ring	structures;	and	~1330	cm-1,	D	band,	characteristic	of	

disordered	 aromatic	 structures;	 and	 1245	 cm-1,	 corresponding	 to	 aliphatic	 C-H	

bonds71,	107-108.	Both	the	active	and	deactivated	catalysts	exhibit	contributions	from	

numerous	types	of	carbon	species,	reflecting	amorphous	carbon,	in	agreement	with	

the	TPO.	Amorphous	carbon	can	be	a	mixture	of	sp3,	sp2,	and	sp1	sites,	and	may	or	

may	 not	 be	 hydrogenated.	 The	 deactivated	 H2	 pretreated	 catalyst	 has	 a	 stronger	

contribution	 from	 the	 G	 band,	 which	 indicates	 a	 higher	 concentration	 of	 sp2	

hybridized	carbon	on	the	surface.	In	combination	with	the	TPO	data,	this	supports	the	
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presence	 of	 more	 polymeric	 chains	 or	 aromatic	 structures	 that	 contain	 or	 trap	

hydrogen.		

Characterization	 of	 the	 active	 and	 deactivated	 catalysts	 revealed	 that	 both	

catalysts	had	amorphous	carbon	on	the	surface.	The	deactivated	catalyst	had	more	

carbon	on	its	surface	than	the	active	catalyst	as	determined	from	the	intensities	of	the	

Raman	 spectra	 and	 TPO	 profiles.	 The	 TPO	 peak	 shapes	 also	 indicated	 that	 the	

deactivated	 catalyst	 had	 larger	 amounts	 of	 coking	 than	 the	 active	 catalyst.	 The	

evolution	of	water	 in	 the	TPO	profile	and	 increase	of	sp2	hybridized	carbon	 in	 the	

Raman	spectra	indicate	the	presence	of	polymeric	carbon,	which	may	be	leading	to	

the	deactivation	of	the	catalyst,	as	it	was	not	present	in	the	active	catalyst.		

	

6.4.6	Ni	Oxidation	State	and	Deactivation	

Characterization	of	 the	carbon	species	revealed	 that	carbon	deposition	was	

occurring	 on	 the	 npNiCu	 catalyst	 and	 likely	 leading	 to	 the	 deactivation	 of	 the	H2-

treated	catalyst.	After	H2	treatment,	the	surface	being	exposed	to	reaction	and	thus,	

depositing	carbon,	consists	of	metallic	Cu	and	Ni	and	partially	reduced	Zn.	Of	the	three	

components,	 metallic	 Ni	 is	 well-documented	 to	 be	 a	 culprit	 of	 carbon	 deposition	

deactivating	monometallic	Ni	catalysts	as	well	as	multi-component	Ni	catalysts	 for	

various	reactions	as	metallic	Ni	 forms	Ni-carbide	which	is	the	precursor	to	carbon	

deposition34-35,	38-40,	109.	Unlike	Ni,	Cu	is	not	capable	of	 forming	a	carbide	precursor	

and	depositing	carbon.	The	reactivity	studies	support	this	notion	that	neither	Cu	nor	

Zn/ZnO	nor	their	combination	with	Cu	are	responsible	for	the	carbon	deposition	as	

npCu	 produces	 acetaldehyde	 with	 100%	 selectivity	 regardless	 of	 pretreatment	
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(Figures	6.2a	and	6.15).	The	combination	of	Ni	and	Zn,	on	the	other	hand,	has	been	

documented	 to	 deactivate	 in	 ethanol	 steam	 reforming	 due	 to	 the	 formation	 a	

Ni3ZnC0.7	carbide39-40.	Whether	Ni	acts	on	its	own	or	with	Zn	as	its	accomplice,	the	

reactivity	and	characterization	studies	all	indicate	that	the	npNiCu	is	guilty	of	carbon	

deposition.		

Although	the	O2-treated	npNiCu	catalysts	exhibits	an	increase	of	carbon	at	its	

surface,	 it	 was	 not	 characterized	 to	 be	 polymeric	 like	 the	 deactivated	 H2-treated	

catalyst.	 The	 main	 difference	 between	 the	 two	 catalysts	 leading	 to	 the	 observed	

difference	in	activity	is	the	presence	of	metallic	or	oxidized	Ni.	Hydrogen	treatment,	

whether	it	 is	conducted	before	the	first	reaction	exposure	or	after	the	catalyst	had	

been	active	in	reaction,	reduces	the	Ni	and	leads	to	deactivation.	As	alluded	to	before,	

it	is	not	inherently	the	hydrogen-treated	surface	that	is	inactive	for	the	reaction.	It	is	

the	interaction	of	this	surface	with	the	reactants	that	leads	to	deactivation.	Hence,	the	

metallic	Ni	at	the	surface	decomposes	the	reactants	and	products,	depositing	carbon	

and	deactivating	the	catalyst,	which	also	takes	20	-	30	h	because	of	the	small	amount	

of	Ni	at	the	surface.		

	 This	mechanism	could	explain	the	gradual	decline	in	activity	of	the	O2-treated	

catalyst.	As	the	Ni2+	at	the	surface	is	reduced	by	the	reaction,	the	metallic	Ni	species	

decompose	 the	 reactants	 and	 products,	 observed	 by	 the	 evolution	 of	 CO	 and	 CH4	

during	the	reaction.	Carbon	species	build-up	on	surface,	blocking	certain	metal	sites	

and	 reducing	 the	 activity,	 supported	 by	 the	 TPO	 and	 Raman	 studies	 showing	 an	

increase	of	carbon	on	the	surface.	One	study	showed	that	carbon	deposition	by	Ni	is	

not	significant	until	80%	of	NiO	 is	 reduced110.	 Indeed,	when	an	O2-treated	npNiCu	
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catalyst	is	left	on	stream	for	longer	periods	of	time,	the	catalyst	rapidly	deactivates	

after	70	h	on	stream	in	a	similar	manner	as	the	two	H2-treated	deactivated	catalysts.	

Deactivation	 by	 carbon	 deposition	 would	 indicate	 that	 the	 Ni2+	 at	 the	 surface	

stabilizes	the	activity	by	preventing	significant	carbon	deposition	until	Ni2+	is	greatly	

reduced.	

Alternatively,	Ni2+	may	contribute	to	the	stability	and	activity	of	the	catalyst	

by	either	stabilizing	the	active	structure	or	promoting	the	ethanol	dehydrogenation	

activity.	Ni2+	has	been	cited	to	promote	ethanol	dehydrogenation	to	acetaldehyde39,	

111,	in	which	case	the	deactivation	would	still	be	related	to	the	reduction	of	Ni2+,	but	

due	to	the	loss	of	active	species,	not	carbon	deposition.	Furthermore,	water	has	been	

identified	 as	 co-catalyst	 in	 the	 dehydrogenation	 of	 methanol56.	 Because	 the	 Ni2+	

identified	 by	 XPS	 has	 a	 contribution	 of	 Ni(OH)2,	 the	 hydroxyl	 species	 may	 also	

contribute	to	enhancing	the	activity	until	the	oxidized	species	have	been	completely	

reduced.	Likely,	a	combination	of	all	the	mechanisms	discussed	is	involved.	

Regardless	 of	 mechanism,	 the	 reduction	 of	 Ni2+	 is	 involved,	 revealing	 the	

enhancing	role	of	Ni2+	and	the	deactivating	role	of	Ni0	in	the	npNiCu	catalyst.	The	key	

to	 keeping	Ni2+	 at	 the	 surface	 is	 the	 low	 reaction	 temperature	 used	 resulting	 in	 a	

metastable	material.	At	 this	 low	temperature,	 the	kinetics	of	 reducing	 the	Ni2+	are	

very	slow,	even	though	it	is	thermodynamically	favorable.	Thus,	the	Ni2+	is	trapped	

for	 a	 time-being	 until	 its	 reduction	 leads	 to	 deactivation.	 Deactivation	 by	 carbon	

deposition	 is	 supported	by	 our	 studies,	 though	 the	 contribution	of	 the	Ni2+	 to	 the	

activity	and	structure	cannot	excluded.	
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6.5	Conclusions	

Nanoporous	Cu,	with	residual	Zn,	was	shown	to	be	catalytically	active	and	stable	for	

ethanol	dehydrogenation	reaction	regardless	of	H2	or	O2	pretreatment.	O2-treating	

led	to	a	slight	increase	in	the	long-term	activity,	attributed	to	re-dispersion	of	Cu.	Ni-

doping	nanoporous	Cu	to	yield	nanoporous	NiCu	initially	led	to	higher	activity	for	the	

reaction,	 as	Ni	 facilitates	C-H	bond	 cleavage	 in	 the	 reaction	mechanism.	However,	

over	 ~30	 h	 on	 stream	 H2-treated	 npNiCu	 completely	 deactivated.	 It’s	 O2-treated	

counterpart	was	more	stable,	losing	only	15%	of	its	activity	in	the	same	time	period,	

while	maintaining	higher	activity	than	the	npCu.		

	 Hydrogen	treatment	completely	reduced	Cu	and	Ni	and	partially	reduced	the	

residual	Zn	and	brought	Ni	and	Zn	to	the	surface.	Subsequent,	exposure	to	ethanol	

brought	more	Zn	to	the	surface,	while	Ni	segregated	to	the	bulk.	Exposure	for	30	to	

40	h	in	ethanol,	led	to	the	deactivation	of	the	catalyst.	Ethanol	exposure	was	shown	

to	increase	the	C	at	the	surface	by	in	situ	XPS	as	was	expected	by	the	production	of	

by-products,	indicating	decomposition	of	reactants	or	products.	The	deactivated	H2-

treated	catalyst	had	a	large	increase	of	carbon	at	its	surface,	that	was	characterized	

to	be	polymeric	in	nature,	due	to	the	hydrogen	content	of	the	coke.	The	source	of	the	

deposition	is	attributed	to	metallic	Ni	species.	

Oxidation	treatment,	on	the	other	hand,	completely	oxidized	Cu	and	led	to	a	

Cu	oxide	overlayer	covering	up	the	Ni	and	Zn	at	the	surface.	The	growth	of	an	Cu	oxide	

overlayer	in	NiCu	alloys	was	shown	to	be	dependent	on	the	coverage	of	O	atoms	on	

the	surface.	Ethanol	exposure	of	the	oxidized	surface	brought	Ni	and	Zn	back	to	the	

surface,	while	reducing	the	Cu,	which	was	shown	to	be	a	stepwise	reduction:	Cu2+à	
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Cu1+à	Cu0.	Ni	at	the	surface	was	oxidized	after	ethanol	exposure	and	kept	its	oxidized	

state	even	after	40	h	in	reaction	conditions,	when	it	was	still	active.	Characterization	

of	the	catalyst	after	40	h	revealed	an	increase	in	carbon	at	its	surface,	though	less	than	

the	deactivated	H2-treated	catalyst.		

Hydrogen	 treatment	 of	 the	 active	 catalyst	 also	 led	 to	 deactivation	 of	 the	

catalyst,	demonstrating	how	different	pretreatments	could	be	used	to	manipulate	the	

activity	of	the	catalyst.	The	key	to	the	active	surface,	induced	by	oxygen	pretreatment,	

is	the	presence	of	Ni2+.	Ni2+	in	the	form	of	NiO	or	Ni(OH)2	prevents	significant	coking	

and	may	also	participate	in	the	reaction	mechanism	enhancing	the	activity,	until	it	is	

reduced	 by	 reaction	 or	 hydrogen	 treatment	 when	 it	 deactivates	 again.	 Thus,	 the	

activated	 surface	 is	metastable,	 being	 thermodynamically	 favorable	 to	 reduce	 the	

Ni2+,	but	kinetically	trapped	due	to	the	low	reaction	temperature.	This	allowed	the	

use	 of	 Ni2+	 to	 enhance	 the	 activity,	 while	 preventing	 deactivation	 of	 the	 Cu	

component.	With	further	stabilization	of	the	Ni2+,	an	active	and	stable	catalyst	for	the	

ethanol	 dehydrogenation	 reaction	 could	 be	 created	 for	 industrial	 purposes.	 These	

findings	can	be	expanded	 to	other	alloy	materials	and	present	an	 interesting,	new	

principle	for	the	design	of	catalytic	materials:	the	exploitation	of	kinetics	to	overrule	

thermodynamics	and	preserve	the	active	species	on	the	catalyst	surface.	
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6.6	Supporting	Information	

	

Figure	6.13	AP-XPS	ingot	cross	section	(left)	and	surface	(right)	samples	on	tantalum	

back-plate	with	tantalum	foils	running	across	the	top	and	bottom	to	keep	samples	in	

place	

	

	

Figure	6.14	Ni	reference	spectra	used	to	fit	measured	spectra	
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Figure	6.15	Chromatographs	of	npCu	in	reaction	after	a)	hydrogen	and	b)	oxygen	

showing	 no	 CO	 or	 CH4	 production.	 Typical	 chromatographs	 of	 npNiCu	 in	 reaction	

after	a)	hydrogen	and	b)	oxygen	showing	CO	and	CH4	production.	
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Table	6.1	Quantification	of	AP-XPS	
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Figure	6.16	Depth	profile	of	as	prepared	npNiCu	taken	with	a	higher	X-ray	photon	

energy	such	that	the	kinetic	energy	of	photoelectrons	were	667	eV	and	647	eV	for	Cu	

and	Ni,	 respectively.	AP-XPS	spectra	were	taken	 in	(0)	UHV	at	RT	and	(1)	after	H2	

treatment	(1h,	350°C,	1	torr)	showing	the	complete	reduction	of	(a)	Cu	and	(b)	Ni.	
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Figure	6.17	Density	Functional	Theory	(DFT)	calculations	of	Ni	in	the	first	to	third	

layer	of	Cu	with	varying	coverages	of	a)	hydrogen,	b)	methoxy,	and	c)	oxygen.	

	

Table	6.2	Quantification	of	Ni	oxidation	states	
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Table	6.3	Quantification	of	C	1s	XPS	spectra	

	

	

Figure	6.18	Product	evolution	during	ethanol	dehydrogenation	reaction	on	npNiCu	

immediately	after	O2	treatment	using	the	flow	reactor	monitored	by	an	RGA	as	the	
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temperature	 is	 being	 ramped	 to	 250	 °C	 from	 RT	 in	 6%	 ethanol	 at	 50	 mL	 min-1,	

revealing	the	production	of	acetaldehyde	and	hydrogen	(not	detected	by	GC-MS)	and	

the	transient	production	of	H2O	corresponding	to	reduction	of	copper	oxide	at	 the	

surface.		

	

Table	6.4	Quantification	of	ex	situ	XPS	
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Figure	6.19	Fitting	of	select	Ni	ex	situ	XPS	spectra	to	show	Ni0	and	Ni2+	components	
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Figure	6.20	Raman	spectra	(800-2000	cm-1	region)	of	H2-treated	npNiCu	(black),	O2-

treated	 npNiCu	 after	 40	 h	 reaction	 (dark	 blue),	 and	H2-treated	 npNiCu	 after	 40	 h	

reaction	(red).	
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Structural	Evolution	of	Nanoporous	NiCu	

	

7.1	Introduction	

Nanoporous	 copper	 (npCu)	 is	 bimetallic	 alloy	 with	 small	 amounts	 of	 Zn	 that	 is	 active,	

selective,	 and	 stable	 for	 the	 ethanol	 dehydrogenation	 reaction.	 Nickel	 doping	 npCu	 to	

produce	nanoporous	nickel-copper	(npNiCu)	improves	the	activity	for	the	reaction,	though	

it	reduces	the	stability	of	the	catalyst	during	ethanol	dehydrogenation	reaction.	By	using	an	

O2	pretreatment	instead	of	a	H2	pretreatment,	the	reduced	stability	of	the	npNiCu	catalyst	

can	be	overcome	(Chapter	6).	X-ray	photoelectron	spectroscopy	(XPS)	studies	demonstrated	

that	Ni2+	was	a	key	component	in	sustaining	activity,	whereas	Ni0	was	the	culprit	for	carbon	

deposition	and	subsequent	deactivation.		

	 In	this	investigation,	we	demonstrate	the	structural	changes	npNiCu	undergoes	that	

lead	 to	 its	 deactivation	 (due	 to	 hydrogen	 pretreatment	 and	 subsequent	 reaction)	 or	 its	

improved	activity	(due	to	oxygen	pretreatment	and	subsequent	reduction	by	ethanol).	While	

XPS	provided	the	overall	surface	composition	and	oxidation	states	of	the	metal	species	on	

the	 surface,	 as	 it	 is	 an	averaging	 technique,	more	 local	 techniques	are	needed	 to	provide	

insight	into	the	local	structures	and	compositions.	Several	imaging	and	related	spectroscopic	

tools	were	used	in	this	report	to	investigate	the	catalyst	morphology	and	surface	structures	

and	how	they	may	 influence	the	activities	observed.	Both	 in	situ	and	ex	situ	experiments	

were	performed	under	similar	conditions	of	pressure,	gas	composition,	and	temperature	as	
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the	XPS	studies	in	Chapter	6	to	directly	correlate	surface	composition	and	structure	to	the	

catalytic	activity.	

	 We	show	that	H2	treatment	creates	dense,	metallic	Ni	nanoparticles	that	deactivate	

the	 catalyst	 through	 carbon	 deposition,	 whereas	 O2	 treatment	 and	 subsequent	 reaction	

creates	numerous	NiO	crystals	at	the	surface	that	stabilize	the	catalytic	activity	and	endure	

at	 the	 surface	 in	 a	metastable	 state.	The	 stability	of	 this	 species	 is	 strongly	 linked	 to	 the	

reaction	 conditions	which	 slow	 the	 reduction	 kinetics	 of	 NiO,	 preventing	 the	 creation	 of	

metallic	 Ni	 and	 deactivating	 the	 catalyst.	 Purposeful	 reduction	 of	 the	 active	 O2-treated	

catalyst,	 leads	 to	 deactivation	 through	 the	 aforementioned	 mechanism.	 This	 work	

demonstrates	 how	 the	 catalyst	 behavior	 can	 be	 manipulated	 using	 carefully	 chosen	

pretreatments	 and	 reaction	 conditions.	 In	 addition,	 this	 investigation	 demonstrates	 how	

catalyst	activation	is	a	critical	step	in	the	development	of	sustainable	catalytic	processes.	

	

This	chapter	is	to	be	adapted	for	publication.	

	

7.2	Methods	

7.2.1	Ex	situ	Characterization	Techniques	 	

All	 ex	 situ	 electron	 microscopy	 studies	 were	 conducted	 on	 npCu	 and	 npNiCu	 powder	

catalysts.	See	Chapter	6	(Section	6.3.1)	for	catalyst	synthesis	details	and	Chapter	2	for	more	

microscopy	 details.	 To	 summarize,	 scanning	 electron	 microscopy	 (SEM)	 was	 performed	

using	 a	 Zeiss	 Supra55VP	 field-emission	 SEM	 equipped	 with	 an	 energy-dispersive	 X-ray	

spectroscopy	 (EDS)	 detector	 at	 the	 Center	 for	 Nanoscale	 Systems	 (CNS)	 at	 Harvard	

University.	Scanning	and	transmission	electron	microscopy	(STEM	and	TEM)	along	with	EDS	
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mapping	was	performed	using	an	aberration-corrected	JEOL	ARM	200F	STEM	at	CNS	as	well	

as	a	FEI	Talos	F200X.	To	prepare	TEM	and	STEM	samples,	powder	samples	were	dispersed	

in	deionized	water	and	drop-casted	onto	lacey	C/Au	mesh	grids	from	Ted	Pella.		

	

7.2.2	Environmental	Transmission	Electron	Microscopy	(E-TEM)	

Environmental-TEM	 (E-TEM)	 studies	 were	 conducted	 at	 the	 Center	 for	 Functional	

Nanomaterials	 (CFN)	 at	 Brookhaven	 National	 Laboratory	 (BNL)	 using	 a	 FEI	 Titan	

aberration-corrected	 TEM	 operating	 at	 300	 kV	 equipped	 with	 an	 electron	 energy	 loss	

spectrometer	(EELS).	The	 instrument	has	a	base	pressure	of	3-4	 ·	10-7	Torr.	As	prepared	

npNiCu	powder	was	dispersed	in	deionized	water	and	drop-casted	onto	a	DENS	Solutions	

sample	holder.	After	drying,	the	holder	was	inserted	in	the	microscope.	Gases	and	vapors	

were	introduced	into	the	microscope	using	a	gas-handling	manifold	equipped	with	dosing	

valves.	Gases	were	introduced	into	the	sample	stage	area	with	the	beam	blanked.	The	sample	

was	then	heated	to	the	specified	temperatures	and	held	for	the	treatment	duration.	After	

cooling,	the	gases	were	evacuated	to	vacuum	pressure	for	imaging	and	EELS	analysis.	EELS	

spectra	were	analyzed	using	TEM	Imaging	and	Analysis	(TIA)	software.	

	

7.2.3	Surface	Area	Approximation	

Due	 to	 the	 low	mass	 of	 catalyst	 yielded	 by	 the	 synthesis	 and	 used	 for	 catalytic	 testing,	

Brunauer-Emmett-Teller	 (BET)	 surface	 area	measurements	 could	not	 be	 conducted	 after	

each	 treatment.	 One	 BET	 measurement	 was	 conducted	 using	 N2	 adsorption	 on	 an	 as	

prepared	 npCu	 sample	 to	 yield	 a	 surface	 area	 of	 2.7	 m2/g.	 For	 npCu	 after	 a	 specified	

treatment,	 the	 ligament	 size	 was	 used	 to	 estimate	 the	 surface	 area	 of	 the	 nanoporous	
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structure	following	the	published	procedure1.	The	as	prepared	npCu	sample	was	used	as	a	

reference	to	determine	the	dimensionless	constant	of	the	porous	structure.	To	account	for	

any	spherical	nanoparticles	at	the	surface,	the	surface	area	per	gram	was	calculated	using	

the	radius	of	the	particle.	The	total	surface	area	of	the	nanoporous	structure	and	particles	

was	then	calculated	by	taking	a	weighted	average	with	the	number	of	particles	and	ligaments	

measured.	

	

7.3	Results	and	Discussion	

7.3.1	Characterization	of	npCu	

As	 discussed	 in	 Chapter	 6,	 npCu	 are	 active	 and	 stable	 for	 the	 ethanol	 dehydrogenation	

reaction	regardless	of	H2	or	O2	pretreatment.	To	understand	the	effect	of	each	treatment	and	

reaction	on	the	morphology,	the	catalyst	was	characterized	using	SEM	and	TEM.	As	prepared	

npCu	has	an	interconnected	ligament	and	pore	structure	with	a	ligament	size	of	135	±	35	nm	

and	a	BET	surface	area	of	2.7	m2/g	(Figure	7.1a).	When	npCu	is	H2	treated	in	the	flow	reactor	

(350	°C,	1	h,	10	H2),	the	ligament	size	increases	to	295	±	75	nm	and	the	estimated	surface	

area	is	2.2	m2/g	(Figure	7.1b).		

As	 discussed	 in	 Chapter	 6,	 when	 the	 H2-treated	 npCu	 is	 exposed	 to	 ethanol	

dehydrogenation	reaction,	 it	 is	active	and	stable	for	the	reaction	for	over	40	h	on	stream.	

After	reaction,	the	catalyst	was	characterized	and	exhibited	even	larger	ligaments	of	605	±	

190	 nm	with	 a	 range	 of	 smaller	 particles	 at	 its	 surface	 (Figure	 7.1c).	 Incorporating	 the	

surface	 area	 of	 these	 smaller	 particles	 (black	 arrows,	 Figure	 7.1c)	 in	 the	 surface	 area	

calculation,	as	described	in	Section	7.2,	yielded	a	surface	area	of	1.9	m2/g.	The	activity	lost	

during	reaction	was	determined	to	be	insignificant	in	Chapter	6	(~7%),	which	corresponds	
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well	with	the	~9%	decrease	in	the	surface	area.	Therefore,	the	exposed	Cu	surface	area	is	

responsible	for	the	observed	activity.	

	 The	SEM	image	of	the	H2	and	reaction	exposed	samples	also	exhibited	small,	white	

masses	at	its	surface	that	were	not	present	in	the	as	prepared	sample	(white	arrows,	Figure	

7.1c).	TEM	imaging	of	the	reaction	exposed	sample	revealed	similar	features.	In	the	STEM	

and	TEM	images,	masses	are	observed	have	a	lower	Z-contrast	on	the	main	Cu	ligament,	~89	

±	 20	 nm	 in	 size	 (Figures	 7.2a	 and	 7.2b).	 Elemental	 mapping	 revealed	 that	 the	 masses	

correspond	to	ZnO	(Figures	7.2b	–	7.2f).	Specifically,	the	Zn	masses	are	ZnO	as	metallic	Zn	

would	have	a	higher	Z-contrast	similar	to	that	of	Cu	and	due	to	the	high	densities	of	oxygen	

that	overlap	with	Zn	in	the	oxygen	elemental	map	(Figures	7.2e	and	7.2f).	In	TEM	images,	

some	ZnO	masses	are	crystalline,	whereas	others	are	amorphous	(Figure	7.12).	Analysis	of	

the	white	masses	 in	 the	 SEM	 reveal	 sizes	 of	 83	 ±	 40	 nm,	 corresponding	well	 to	 the	 size	

measured	in	the	STEM.	Thus,	the	masses	covering	the	surface	in	the	SEM	and	TEM	are	ZnO.	

The	presence	of	Zn/ZnO	does	not	affect	the	activity	of	the	catalyst	(see	Chapters	5	and	6).		

Oxygen	treatment	of	the	npCu	catalyst	resulted	in	roughening	of	the	surface	likely	due	

to	copper	oxide	(Figure	7.1d).	When	returned	to	reaction	conditions,	the	O2-treated	npCu	

had	short-lived	enhancement,	corresponding	to	the	reduction	of	copper	oxide,	followed	by	a	

15%	increase	in	its	baseline	activity	compared	to	the	H2-treated	catalyst	(Chapter	6).	This	

was	attributed	to	the	re-dispersion	of	Cu	by	the	oxidation	treatment.	SEM	analysis	of	the	O2	

and	reaction	exposed	npCu	sample	revealed	more	Cu	nanoparticles	that	were	also	smaller	in	

size	at	the	surface	of	the	nanoporous	structure	(black	arrows,	Figure	7.1e).	TEM	imaging	also	

revealed	small	Cu	particles	 (~26	nm	 in	diameter)	 supported	on	 the	surface	 that	was	not	

observed	on	the	H2	pretreated	catalyst	after	reaction	(pink	arrows,	Figure	7.3a).		
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The	small	Cu	particles	seem	to	be	supported	on	ZnO	as	this	feature	(0.71	nm	in	size)	

is	similar	to	those	observed	in	the	TEM	image	of	the	H2-treated	sample.	Measurement	of	the	

lattice	fringes	in	the	crystalline	mass	also	reveals	a	0.26	nm	interplanar	spacing,	which	could	

correspond	to	ZnO	(002).	Given	the	similarity	in	size,	crystalline	nature,	and	Z-contrast	to	

the	H2	pretreated	sample	after	reaction,	 the	masses	are	 likely	ZnO	as	well.	The	estimated	

surface	area	of	the	O2-treated	catalyst	after	reaction	is	2.6	m2/g,	a	27%	increase	from	the	H2-

treated	npCu	after	 reaction,	which	can	be	used	 to	explain	 the	15%	 increase	difference	 in	

activity.	Although	the	estimated	surface	area	is	higher	than	the	increase	in	activity,	this	could	

be	due	 to	ZnO	blocking	 surface	 sites	or	 the	method	used	as	 it	 is	 a	 rough	estimate	of	 the	

surface	area.	Thus,	the	surface	area	increase	is	responsible	for	the	increase	in	activity	further	

confirming	the	re-dispersion	of	Cu	by	oxidation.	
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Figure	7.1	Scanning	electron	microscopy	(SEM)	images	of	npCu	a)	as	prepared	npCu,	b)	H2	

treated,	 c)	H2	 treated	and	exposed	 to	ethanol	dehydrogenation	reaction	 for	>	40	h,	d)	O2	

treated,	and	e)	O2	and	reaction	exposed	for	>	40	h.	Both	catalysts	in	c)	and	e)	are	active	for	

the	 reaction	 (see	 Chapter	 6).	 Black	 arrows	 indicate	 smaller	 Cu	 particles,	 whereas	 white	
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arrows	indicate	white	masses.	H2	pretreatment:	350	°C,	1	h,	20	mL	min-1,	10	vol.%	hydrogen.	

O2	pretreatment:	250	°C,	1	h,	50	mL	min-1,	20	vol.%	oxygen.	Reaction	conditions:	250	°C,	>	

40	h,	50	mL	min-1,	6	vol.%	ethanol.		

	

	

Figure	7.2	a)	High	angle	annular	dark	field	(HAADF)	STEM	image	and	b)	TEM	image	of	npCu	

after	H2	and	reaction.	c)	Higher	magnification	STEM	of	the	region	indicated	in	a)	and	b)	and	

corresponding	elemental	maps	of	d)	Zn,	e)	Cu,	and	 f)	O.	The	elemental	maps	 identify	 the	
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crystalline	masses	with	 lower	Z-contrast	decorating	 the	Cu	 ligament	surface	 in	 the	STEM	

images	as	ZnO.	

	

		

Figure	 7.3	 a)	 TEM	 image	 of	 npCu	 after	 O2	 and	 reaction.	 Arrows	 indicate	 re-dispersed	

particles,	 ~26	 nm	 in	 diameter.	 b)	 Higher	 magnification	 image	 of	 region	 indicated	 in	 a)	

illustrating	the	Cu	nanoparticles	supported	on	what	is	identified	as	ZnO	due	to	its	interplanar	

spacing,	crystalline	nature,	and	lower	Z-contrast.		

	

7.3.2	Characterization	of	H2-treated	npNiCu	

When	nanoporous	NiCu	 (npNiCu)	 is	H2-treated	 and	 exposed	 to	 ethanol	 dehydrogenation	

reaction,	 it	 deactivates	 over	 a	 30	 to	 40	 h	 period.	When	 it	 is	 O2-treated	 and	 exposed	 to	

reaction,	it	is	stable	in	the	reaction,	losing	only	15%	of	its	activity	in	the	same	time	period	

(Chapter	 6).	 Characterization	 of	 the	 morphology	 was	 performed	 to	 see	 if	 changes	 in	

morphology	and	surface	structure	correlated	with	this	difference	in	stability.	SEM	analysis	
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of	 H2-treated	 npNiCu	 revealed	 a	 ligament	 size	 of	 313	 ±	 95	 nm	 (Figure	 7.4a).	 H2-treated	

npNiCu	also	had	white	ZnO	particles	on	its	surface	(in	some	areas	more	than	others).	H2-

treated	npNiCu	has	a	similar	surface	area	as	H2-treated	npCu,	yet	its	initial	activity	was	twice	

that	the	peak	activity	of	npCu.	This	is	due	to	the	Ni-doping	and	not	the	surface	area	as	Ni	

reduces	the	activation	energy	for	the	ethanol	dehydrogenation	reaction	(Chapters	5	and	6).		

	 TEM	 imaging	 revealed	 that	 the	 npNiCu	 had	 Ni	 nanoparticles	 at	 its	 surface.	 Using	

environmental	TEM	(E-TEM)	and	electron	energy	loss	spectroscopy	(EELS)	Ni	nanoparticles	

were	identified	on	the	surface	of	the	as	prepared	(as	loaded)	sample.	Zn	cannot	be	detected	

by	EELS	due	to	overlap	of	the	Cu	and	Zn	L2,3	edges.	These	particles	were	still	present	after	H2	

treating	in	situ	(1	h,	350	°C,	1	Torr)	(Figures	7.5a	–	7.5c).	Parts	of	the	Cu	ligament	edges	also	

exhibited	an	amorphous	layer	or	mass	at	the	surface	with	a	crystalline	bulk	(Figure	7.5d).	

The	 amorphous	 layer	 corresponds	 to	 an	 oxygen-deficient	metal	 oxide	 likely	 ZnO	 as	 XPS	

studies	determined	that	H2	brings	Zn	to	the	surface	and	only	partially	reduces	it	(Chapter	6).	

The	crystalline	bulk	has	an	interplanar	spacing	of	0.21	nm	corresponding	to	Cu	(111).	Ex	situ	

TEM	imaging	of	H2-treated	npNiCu	also	depicted	particles	at	the	surface	(Figures	7.13a	and	

7.13b).	It	also	depicted	areas	of	amorphous	material	at	the	edge	with	some	portions	showing	

some	crystallinity	 (Figure	7.13c).	The	correspondence	between	 the	 in	situ	and	ex	situ	H2	

treated	sample	indicates	that	the	surface	structure	is	stable	regardless	of	air	exposure.		

	 Based	on	the	Cu-Ni	phase	diagram,	Cu	and	Ni	phase	separate	at	 low	temperatures	

below	 ~600	 °C.	 Above	 these	 temperatures,	 Cu	 and	 Ni	 form	 a	 miscible	 alloy.	 At	 a	 bulk	

concentration	of	3%	Ni,	the	two-phase	field	lies	at	400	°C	and	below.	Thus,	it	is	not	surprising	

that	the	Cu	and	Ni	phase	separated	in	npNiCu,	especially	with	7%	Ni	at	the	surface	after	H2	

treatment2.	The	presence	of	Ni	nanoparticles	accounts	for	the	Ni-like	behavior	observed	such	
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as	 the	 production	 of	 CO	 and	 CH4	 as	 by-products.	 As	 Chapter	 5	 demonstrated,	 NiCu	

nanoparticles	with	1%	or	less	Ni	do	not	produce	CO	as	Ni	is	highly	dispersed.	When	the	Ni	

content	 is	 ~3%,	 the	 selectivity	 dropped	 and	 CO	 started	 being	 produced	 even	 at	 low	

temperatures	indicating	large	Ni	ensembles	were	present62.	Large	Ni	ensembles	or	particles	

also	favor	carbon	deposition	which	was	also	observed	(Chapter	6)	3-4.	Previous	studies	of	

NiCu	catalysts	also	observed	that	Cu	and	Ni	mostly	phase	separate	though	a	small	fraction	of	

the	metals	alloyed5-7.	Even	with	the	small	 fraction	that	alloyed,	these	studies	observed	an	

appreciable	increase	in	the	catalytic	synthesis	of	dimethyl	carbonate5,	reverse	water	gas	shift	

reaction6,	 and	 synthesis	 of	methanol7.	 Due	 to	 the	 promotion	 of	 acetaldehyde	 production	

observed	here,	some	NiCu	alloy	likely	still	occurs.	

After	reaction	for	over	40	h,	the	npNiCu	completely	deactivated,	yet	it’s	ligament	size	

only	 increased	modestly	 to	420	±	125	nm	 (Figure	7.4b).	Other	 sample	batches	 exhibited	

increased	coarsening	similar	to	that	of	npCu	with	smaller	particles	at	the	surface.	Coarsening	

does	not	explain	the	complete	deactivation	of	the	npNiCu	catalyst,	while	npCu	was	still	stable	

in	same	time	frame	and	for	even	longer	periods.		

Analysis	 of	 the	 surface	 structures	 reveal	 that	 the	deactivated	 surface	 is	 decorated	

with	Ni	particles	(Figure	7.6).	The	Cu	has	a	clean	edge	where	the	particles	sit	on	top	of.	The	

Ni	is	metallic	from	the	density	and	high	Z-contrast	of	the	particles	to	which	Ni	corresponds	

to	in	the	elemental	map,	also	determined	by	the	XPS	studies	in	Chapter	6.	Zn	is	more	oxidized,	

though	parts	of	 it	may	be	more	reduced,	as	seen	from	the	amorphous	and	low	Z-contrast	

areas	and	the	overlap	of	O,	whereas	some	areas	have	higher	densities	of	Zn	in	more	particle	

forms	which	could	 indicate	 regions	of	more	crystalline	ZnO	(Figure	7.6).	The	amorphous	

areas	to	which	Zn	corresponds	are	more	apparent	in	the	larger	bright	field	and	STEM	images	
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of	the	area	in	Figure	7.14.	It	is	apparent	from	the	elemental	maps	that	the	Ni	particles	are	in	

close	contact	with	the	Zn	and	seem	to	partially	overlap.	Some	Ni	is	also	dissolved	in	the	Cu	

ligament,	which	could	be	the	source	of	the	initial	enhanced	activity	compared	to	the	npCu.		

As	 discussed	 in	 Chapter	 6,	 metallic	 Ni	 particles	 deposit	 carbon	 and	 deactivate	

catalysts	 through	 a	 Ni-carbide	 precursor3-4,	 8-11,	 while	 Ni	 and	 Zn	 can	 form	 a	 Ni3ZnC0.7	

carbide8-9	which	would	also	lead	to	carbon	deposition.	Carbon	deposition	is	apparent	in	the	

C	elemental	map	as	 the	carbon	extends	past	 the	Cu	edge	and	past	some	of	 the	Ni	and	Zn	

particles	filling	some	of	the	pore	space	(Figure	7.6).	Another	region	at	higher	magnification	

better	demonstrates	the	carbon	deposition	at	the	surface	(Figure	7.15).	This	area	shows	a	

mass	of	material	on	the	Cu	surface	mostly	corresponding	to	carbon	and	oxygen	and	small	

amounts	 of	 Ni	 (Figure	 7.15).	 The	 observation	 of	 carbon	 on	 the	 surface	 by	 EDS	 further	

supports	the	conclusion	in	Chapter	6	that	the	npNiCu	deactivates	due	to	carbon	deposition.	
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Figure	 7.4	 SEM	 images	 of	 npNiCu	 a)	 H2	 treated,	 b)	 H2	 treated	 and	 exposed	 to	 ethanol	

dehydrogenation	reaction	for	>	40	h	(deactivated),	c)	H2	and	O2	treated,	d)	O2	and	reaction	
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exposed	for	1	h,	e)	O2	and	reaction	exposed	for	>	40	h	(active),	and	f)	subsequently	H2	treated	

and	exposed	to	reaction	for	~30	h	(deactivated).	Figure	nomenclature	a-f	follows		

that	of	1-5b	in	Chapter	6,	respectively.	H2	pretreatment:	350	°C,	1	h,	20	mL	min-1,	10	vol.%	

hydrogen.	O2	pretreatment:	250	°C,	1	h,	50	mL	min-1,	20	vol.%	oxygen.	Reaction	conditions:	

250	°C,	>	40	h,	50	mL	min-1,	6	vol.%	ethanol.		
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Figure	7.5	 a)	E-TEM	 image	of	 in	 situ	H2-treated	 (1	h,	 350	 °C,	 1	Torr)	npNiCu.	 b)	Higher	

magnification	of	particle	indicated	in	a)	and	corresponding	EELS	spectrum	identifying	the	

particle	as	Ni.	d)	Edge	of	a	Cu	 ligament	showing	an	amorphous	 layer	at	 is	 surface	with	a	

crystalline	bulk.	
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Figure	 7.6	 Bright	 field	 image	 and	 elemental	 maps	 of	 a	 typical	 region	 in	 the	 H2-treated	

catalyst	after	deactivation	showing	Ni	particles	in	close	contact	with	Zn	and	an	increase	of	

carbon	at	the	surface.	
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7.3.3	Characterization	of	O2-treated	npNiCu	

Oxygen	treatment	of	npNiCu	resulted	in	more	stable	activity	for	a	long	period	of	time	than	

H2-treated	npNiCu.	Similar	to	npCu,	O2	treatment	results	in	roughening	of	the	npNiCu	surface	

(Figures	7.4c	and	7.7a).	Ni	particles	are	no	longer	observed	at	the	surface	after	oxidation	and	

the	roughening	can	be	attributed	to	the	creation	and	growth	of	copper	oxide	crystallites	in	

different	orientations	(Figure	7.7b).	CuO	and	Cu2O	have	similar	interplanar	spacings	so	they	

cannot	 be	 used	 to	 identify	 oxide	 at	 the	 surface.	 However,	 XPS	 studies	 in	 Chapter	 6	

determined	that	CuO	was	at	the	surface	after	oxidation	and	that	it	overgrew	the	Ni	and	Zn	at	

the	surface	as	determined	by	E-TEM	and	XPS.	To	expand	further,	after	10	minutes	of	in	situ	

oxidation	(250	°C,	1	Torr),	copper	oxide	can	already	be	observed	at	the	Cu	ligament	edge	

(Figure	 7.15a).	 However,	 it	was	 only	 after	 a	 full	 hour	 of	 oxidation	 (250	 °C,	 1	 Torr),	 that	

complete	 overgrowth	 of	 Ni	 by	 Cu	 oxide	 was	 observed	 (Figures	 7.15b	 and	 7.15c).	 The	

correspondence	between	the	ex	situ	and	in	situ	oxidized	npNiCu	samples	demonstrates	that	

the	surface	structure	is	stable.	

Immediately	 after	 oxidation,	 O2-treated	 npNiCu	 exhibits	 a	 short	 enhancement	 in	

activity,	 ~1-2	 h,	 similar	 to	 npCu,	 corresponding	 to	 the	 reduction	 of	 copper	 oxide	 at	 the	

surface.	 Thus,	 the	 corresponding	 roughening	 by	 copper	 oxide	 subsides	 and	 smooth	

ligaments	return	to	the	surface	after	1	h	of	reaction	(Figure	7.4d).	After	the	1	h	of	reaction,	

the	catalyst	has	similar	sized	ligaments	as	the	H2-treated	catalyst,	but	with	numerous	small	

particles	at	its	surface,	which	may	be	attributed	to	the	re-dispersion	of	Cu	by	oxidation	such	

as	in	npCu	(Figure	7.4d).		

Both	in	situ	and	ex	situ	XPS	studies	demonstrated	that	Ni	and	Zn	return	to	the	surface	

after	1	h	of	reaction	and	that	Ni	is	still	oxidized	(Chapter	6).	TEM	analysis	demonstrates	that	
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Ni	and	Zn	return	in	the	form	of	NiO	and	ZnO	particles	at	the	surface	of	a	typical	region	(Figure	

7.8).	 The	 elemental	 map	 of	 Ni	 shows	 two	 Ni	 particles	 and	 one	 Zn	 particle.	 The	 oxygen	

encompasses	both	particles	and	XPS	studies	determined	Ni	is	an	oxide	after	oxidation	and	

reaction.	It	is	clear	that	the	Ni	in	lower	corner	purely	Ni.	However,	it	is	difficult	to	confirm	if	

separate	overlapping	NiO	and	ZnO	particles	coexist	in	the	larger	particle	located	in	the	upper	

right	or	if	it	is	a	NiZn	alloy.	Because	Ni	in	the	upper	right	region	is	not	as	fully	dense	as	the	

Zn,	 it	 is	 more	 likely	 that	 two	 separate	 particles	 of	 each	 overlap.	 In	 other	 regions,	 Cu	

nanoparticles	can	also	be	observed	at	the	surface.	Similar	to	the	npCu,	the	oxygen	treatment	

re-dispersed	Cu	and	demonstrates	that	the	nanoparticles	form	soon,	~1	h,	after	the	copper	

oxide	overlayer	is	reduced	by	the	reaction.	The	oxygen	treatment	also	oxidized	the	Ni	and	

the	exposure	to	the	reaction	formed	NiO	particles	at	the	surface.	Because	Zn	already	existed	

as	a	mixture	of	reduced	and	oxidized	Zn	(Chapter	6),	it	is	likely	that	the	oxygen	treatment	

oxidized	any	reduced	Zn	at	the	surface	and	formed	ZnO	particles.	

After	reaction	for	~40	h,	the	O2-treated	catalyst	still	has	NiO	particles	at	its	surface	

and	its	activity	stabilizes,	with	only	15%	activity	loss	over	time.	The	catalyst	morphology	and	

ligament	 sizes	 are	 similar	 to	 the	 1	 h	 reaction	 exposed	 sample	 with	 small	 particles	 still	

apparent	 at	 the	 surface	 (Figure	 7.4e).	 Thus,	 the	 surface	 area	 is	 retained	 during	 reaction	

exposure.	It	should	be	noted	that	other	sample	batches	exhibited	coarsening	similar	to	that	

of	npCu,	though	the	activity	was	still	stable	for	>	40	h.	Thus,	the	surface	area	does	not	account	

for	its	improved	activity	over	its	H2-treated	counterpart,	nor	its	enhanced	activity	compared	

to	the	npCu.	

Investigation	 of	 the	 surface	 structures	 by	 TEM	 and	 EDS	 reveals	 that	 the	 most	

prevalent	structure	in	the	O2-treated	catalyst	after	reaction	is	Ni	oxide	particles	at	the	Cu	
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ligament	surface	(Figure	7.9).	XPS	analysis	revealed	that	Ni	is	oxidized	after	oxidation	and	

after	reaction	exposure	(Chapter	6).	In	the	STEM	image,	the	surface	feature	seems	more	like	

an	aggregate	likely	due	to	numerous	overlapping	particles.	Some	Zn	may	also	be	a	part	of	the	

structure.	In	other	regions,	ZnO	and	Cu	particles	can	also	be	observed	at	the	surface	similar	

to	the	npCu	after	reaction.	In	some	other	regions,	Cu	ligaments	and	particles	are	enveloped	

by	NiO	(Figure	7.17).	The	region	presented	shows	one	large	Cu	particle	or	small	ligament	

with	several	smaller	Cu	particles	engulfed	in	a	web	of	NiO	and	a	smaller	amount	of	Zn.	The	

NiO	seems	to	be	a	web,	but	more	particle	like	features	can	be	distinguished	(Figure	7.17).	

Similar	 to	 the	 region	 presented	 in	 Figure	 7.9,	 the	 web	 is	 likely	 an	 aggregate	 of	 small,	

overlapping	NiO	crystals	and	possibly	ZnO	particles	 similar	 to	Figure	7.8.	Thus,	 the	most	

prevalent	and	distinctive	feature	of	the	O2-treated	npNiCu	after	reaction	(the	active	surface)	

is	the	presence	of	NiO	as	an	aggregate	of	smaller	particles.		

In	another	region,	Cu	particles	decorate	 the	surface	of	 the	Cu	 ligament.	 In	 the	 two	

particles	in	the	upper	right	corner,	Ni	and	Zn	are	also	present	with	the	Cu	(Figure	7.18).	They	

may	constitute	an	alloy	or	more	likely	there	are	particles	underneath	the	Cu	that	cannot	be	

distinguished	as	the	Ni	and	Zn	spread	to	the	top	overlapping	with	two	very	small	particles	

on	the	right	of	the	Cu	particle.	In	the	middle	of	the	region,	a	large	Zn	particle	can	be	seen	with	

smaller	 particles	 surrounding	 it.	 Two	 of	 these	 particles	 on	 the	 top	 and	 bottom	 can	 be	

attributed	to	Cu.	The	smaller	particles	in	between	the	Zn	particle	and	the	Cu	particle	on	the	

left	can	be	attributed	to	Ni	(Figure	7.18).		

Comparison	of	the	npCu	and	npNiCu	reveal	analogous	structures	at	the	surface.	Both	

catalysts	after	H2	or	O2	treatment	and	reaction	display	Zn	aggregates	or	particles	that	are	

crystalline	or	amorphous.	After	oxidation,	re-dispersed	Cu	nanoparticles	are	observed	at	the	
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surface	of	both	catalysts.	These	features	are	not	unique	to	either	catalyst	or	pretreatment	

used	and	would	not	explain	the	difference	in	stability	of	npNiCu	after	H2	versus	O2	treatment.	

The	distinct	feature	is	therefore	the	Ni	doping	in	the	npNiCu	catalyst.	As	described	before,	H2	

treated	npNiCu	has	metallic	Ni	particles	decorating	its	surface,	which	are	still	present	after	

reaction	 and	 deactivation.	 These	 particles	 are	 responsible	 for	 depositing	 carbon	 and	

deactivating	the	catalyst.	After	oxidation,	the	Ni	at	the	surface	is	no	longer	metallic,	but	is	an	

oxide	present	in	the	form	of	small	particles.	XPS	studies	in	Chapter	6	confirm	that	the	Ni	is	

an	oxide	after	reaction	even	up	to	40	h.	The	key	to	keeping	Ni	as	an	oxide	at	the	surface	is	the	

use	 of	 a	 low	 reaction	 temperature	 where	 the	 kinetics	 of	 reducing	 Ni	 is	 very	 slow.	

Additionally,	the	reducing	agent	in	reaction	conditions	is	ethanol	whose	reduction	potential	

is	lower	than	H2	further	lengthening	the	reduction	process	of	NiO.	

	 The	presence	of	Ni	oxide	particles	has	a	distinct	effect	on	the	npNiCu	catalyst.	By	not	

being	metallic,	the	NiO	particles	do	not	deposit	carbon	and	deactivate	the	catalyst	in	30	-40	

h,	 unlike	 the	 metallic	 particles	 in	 its	 H2-treated	 counterpart.	 Previous	 studies	 have	 also	

demonstrated	that	NiO	promotes	the	ethanol	dehydrogenation	reaction	to	acetaldehyde9,	12.	

Another	 study	demonstrated	 that	NiO	 crystals	 in	 proximity	 to	 Cu	 had	higher	 activity	 for	

acetaldehyde	 production	 than	 the	 reduced	 catalyst	 for	 ethanol	 steam	 reforming13.	 The	

authors	concluded	that	the	NiO	and	Cu	interface	was	responsible	for	the	improvement.	Given	

that	 the	 npNiCu	 maintains	 the	 NiO	 and	 Cu	 interface	 from	 1	 h	 to	 40	 h	 of	 reaction	 after	

oxidation,	the	interface	between	the	may	also	be	contributing	to	the	improved	performance	

of	 the	O2-treated	 catalyst.	 Clearly,	NiO	 plays	 a	 key	 role	 in	 stabilizing	 the	 performance	 of	

npNiCu	and	preventing	its	deactivation,	whereas	metallic	Ni	leads	to	deactivation.	
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Figure	7.7	a)	Low	magnification	and	b)	high	magnification	TEM	images	of	npNiCu	after	ex	

situ	O2	treatment	(1	h,	250	°C,	20%	O2,	1	atm)	showing	roughening	at	the	surface	by	copper	

oxide	crystallites.	
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Figure	7.8	TEM	image	and	corresponding	elemental	maps	of	a	typical	region	of	the	surface	

of	O2-treated	npNiCu	after	1	h	of	reaction.	NiO	and	ZnO	particles	are	outlined	in	the	TEM	

image	in	the	upper	right.	
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Figure	7.9	Low	magnification	and	high	magnification	HAADF	images	of	O2-treated	npNiCu	

after	reaction	with	corresponding	elemental	maps	showing	Ni	oxide	particles	at	the	surface	

of	the	Cu	ligament.	

	

7.3.4	Reduction-Oxidation	Behavior	of	npNiCu	

	 Sequential	in	situ	reduction	and	oxidation	cycling	shows	parallel	behavior	to	the	ex	

situ	treated	analysis.	 In	situ	reduction	of	npNiCu	(1	h,	550	°C,	1	Torr	H2)	using	an	E-TEM	

shows	 nanoparticles	 at	 the	 surface	 of	 the	 ligament	 (Figure	 7.11a).	 EELS	 analysis	 of	 the	

particles	and	the	ligament	edge	confirm	that	the	particles	are	Ni	and	the	ligament	is	Cu	(i-ii,	
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Figure	 7.11d).	 Several	 points	 were	 analyzed	 by	 EELS	 in	 addition	 to	 those	 indicated	 to	

conclude	that	the	particles	are	Ni	identified	by	the	L2	and	L3	peaks	located	at	~850	and	~870	

eV	in	the	EELS	spectrum.	The	EELS	spectrum	reveals	that	ligament	edges	is	metallic	Cu	after	

seen	from	the	stepped	shape	of	the	EELS	spectrum	(ii,	Figure	7.11d)	After	oxidation,	copper	

oxide	roughens	and	completely	covers	 the	Ni	nanoparticles	 (iii,	Figures	7.11b).	The	EELS	

spectrum	illustrates	copper	oxide	due	to	its	sharp	L2	and	L3	peaks	at	~930	eV	and	~952	eV.	

These	observations	are	consistent	with	the	XPS	and	E-TEM	studies	presented	in	Chapter	6.	

After	oxidation,	reducing	the	sample	again	(1	h,	550	°C,	1	Torr	H2)	reveals	Ni	particles	

back	at	the	surface	with	the	Cu	ligament	edges	reformed	and	smoothed	(Figure	7.11c	and	

7.11d).	Higher	temperatures	were	used	for	the	reduction	and	oxidation	treatments	to	ensure	

full	reduction	and	oxidation	in	the	E-TEM.	Because	Ni	reduces	at	such	a	high	temperature,	

the	Ni	 particles	will	 be	metallic,	 suggesting	 that	 reduction	 of	 the	 oxidized	 sample	would	

revert	it	back	to	its	H2-treated	form	which	would	then	deactivate.			

To	 illustrate	 this	effect,	 the	O2-treated	npNiCu	was	H2	 treated	after	being	active	 in	

reaction	for	40	h.	After	the	H2	treatment	(1	h,	350	°C,	10%	H2,	1	atm)	using	conditions	known	

to	reduce	Ni,	the	sample	was	exposed	to	reaction	where	it	subsequently	deactivated	over	a	

30	h	period	similar	to	the	purely	H2-treated	catalyst.	XPS	of	the	sample	after	deactivation	

indicated	metallic	Ni	was	present	(Chapter	6).	Morphologically,	 the	sample	exhibits	some	

coarsened	regions,	but	still	retains	numerous	nanoparticles	at	its	surface	(Figure	7.4f).	Thus,	

the	loss	of	surface	area	cannot	account	for	its	complete	deactivation.	

Similar	 to	 the	 purely	 H2-treated	 npNiCu,	 the	 now	 deactivated	 O2	 and	 H2-treated	

catalyst	exhibits	a	string	of	Ni	particles	at	its	surface	adjacent	to	Zn	particles	(Figure	7.10).	

From	 the	 XPS	 studies	 (Chapter	 6),	 it	 is	 known	 that	 Ni	 is	 completely	 reduced	 by	 the	 H2	
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treatment	and	it	is	evident	here	by	the	high	density	of	Ni	in	the	particle	structures	indicating	

metallic	Ni	particles.	Additionally,	carbon	can	be	seen	overlapping	with	the	Ni	nanoparticles	

well-beyond	the	Cu	ligament	edge.	Another	area	of	the	sample	displays	Cu	nanoparticles	at	

the	surface	which	are	encapsulated	by	a	layer	Ni	which	is	further	encapsulated	by	carbon	

(Figure	 7.19).	 Zn	 particles	 are	 also	 present	 adjacent	 to	 the	 Cu	 particles.	 The	 carbon	

deposition	observed	in	this	area	demonstrates	that	Ni	does	not	need	to	be	a	fully	 formed	

nanoparticle	 to	deposit	 carbon	on	 the	 surface,	 even	small	 ensembles	 can	deposit	 carbon.	

These	observations	support	carbon	deposition	as	the	deactivation	mechanism	of	H2-treated	

npNiCu	samples	in	accordance	with	the	observations	presented	in	Chapter	6.	

The	 reduction-oxidation	 behavior	 indicates	 that	 the	 catalyst	 activity	 can	 be	

manipulated	and	reversed	using	O2	or	H2	 treatments.	H2	 treatment	can	be	used	to	create	

metallic	Ni	particles	which	deactivate	the	catalyst	by	carbon	deposition.	O2-treatment	can	

create	a	more	stable	and	active	catalyst	by	creating	NiO	particles	at	the	surface.	NiO	particles	

do	 not	 reduce	 in	 reaction	 conditions	 due	 to	 the	 low	 reaction	 temperature	 and	 reducing	

potential	of	ethanol,	even	though	it	is	thermodynamically	favorable.	They	also	do	not	deposit	

carbon	like	metallic	Ni	and	thus,	lengthen	the	deactivation	mechanism	until	they	are	greatly	

reduced.	NiO	may	also	participate	in	the	ethanol	dehydrogenation	reaction,	promoting	the	

production	of	acetaldehyde,	whereas	metallic	Ni	promotes	decomposition	 to	CO	and	CH4.	

Thus,	the	key	to	the	active	catalyst	is	the	kinetic	trapping	of	NiO	at	the	surface	due	to	the	

reaction	conditions	used.		
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Figure	 7.10	 STEM	 image	 and	 corresponding	 EDS	 maps	 of	 deactivated	 npNiCu	 showing	

numerous	Ni	nanoparticles	and	a	large	amount	of	C	surrounding	the	particles.	The	active	O2-

treated	catalyst	was	H2-treated	and	exposed	to	reaction	where	it	deactivated.	
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Figure	7.11	STEM	imaging	of	npNiCu	after	sequential	in	situ	a)	reduction	(1	h,	550	°C,	1	Torr	

H2),	b)	oxidation	(1	h,	350	°C,	10	Torr	O2),	c)	reduction	again	(1	h,	550	°C,	1	Torr	H2),	and	d)	

EELS	spectra	of	areas	indicated	by	arrows.		
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7.4	Conclusions	

	 In	 this	 report,	 the	 morphology	 and	 surface	 structures	 of	 npCu	 and	 npNiCu	 were	

investigated	to	understand	their	contribution	in	ethanol	dehydrogenation	reaction.	After	H2	

or	O2	 treatment,	 the	npCu	had	ZnO	particles	 at	 its	 surface.	O2	 treatment	 re-dispersed	Cu	

resulting	in	Cu	nanoparticles	at	the	surface	which	was	also	observed	in	the	npNiCu	sample.	

The	increase	in	surface	area	of	npCu	due	to	the	re-dispersed	particles	can	account	for	the	

increased	activity	of	the	O2-treated	catalyst	versus	the	H2-treated	catalyst,	both	of	which	are	

stable	in	reaction	for	prolonged	periods	of	time.	The	presence	of	particles	at	the	surface	even	

with	coarsening	of	the	Cu	ligaments	can	also	account	for	the	stable	activity	even	with	the	

larger	morphological	change.		

	 For	 npNiCu,	morphology	 does	 not	 account	 for	 the	 difference	 in	 activity	 observed	

between	the	H2-treated	and	O2-treated	samples.	The	distinguishing	feature	between	the	two	

is	the	presence	of	metallic	versus	oxidized	Ni	particles	at	 the	surface.	Metallic	Ni	 leads	to	

deactivation	by	carbon	deposition,	whereas	NiO	particles	prevent	carbon	deposition.	In	situ	

and	ex	situ	analysis	of	npNiCu	reveal	that	the	structures	observed	are	stable.	The	O2-treated	

npNiCu	 catalyst	 exhibits	 NiO	 particles	 at	 its	 surface	 even	 after	 40	 h	 of	 ethanol	

dehydrogenation	reaction.	Thus,	the	NiO	is	kinetically	trapped	due	to	the	reaction	conditions.	

This	principle	of	kinetic	 trapping	can	be	extended	 to	other	catalytic	 systems	 to	synthesis	

novel	catalysts	for	sustainable	catalytic	applications.	
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7.5	Supporting	Information	

	

	

Figure	7.12	TEM	images	of	H2-treated	npCu	after	reaction	exposure	showing	a)	crystalline	

and	b)	amorphous	ZnO	agglomerates	at	the	surface.	

	

	

Figure	7.13	 a)	 –	 c)	 Low	 to	high	magnification	TEM	 images	 of	 ex	 situ	H2-treated	npNiCu	

showing	particles	and	amorphous	material	at	the	surface,	in	accordance	with	the	features	

observed	by	in	situ	H2	treatment.	
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Figure	7.14	a)	Larger	bright	field	and	b)	STEM	images	of	the	region	shown	in	Figure	7.6.	
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Figure	7.15	STEM	image	and	corresponding	elemental	maps	of	H2-treated	npNiCu	after	

reaction	until	deactivation	showing	large	amounts	of	carbon	at	the	surface.	The	common	

black	background	was	made	transparent	to	highlight	the	features	on	the	surface.	
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Figure	 7.16	 npNiCu	 ligament	 edge	 after	 a)	 10	min	 of	 in	 situ	 oxidation	 (250	 °C,	 1	 Torr)	

showing	the	beginning	of	copper	oxide	formation	and	b)	1	h	of	oxidation	showing	the	full	

formation	of	the	copper	oxide	overlayer	where	a	Ni	nanoparticle	was	previously	observed	

(blue	arrow)	with	the	corresponding	EELS	spectrum	after	oxidation	in	c).	
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Figure	7.17	STEM	image	of	region	of	O2-treated	npNiCu	after	reaction	with	corresponding	

elemental	maps	showing	the	envelopment	of	Cu	ligaments	by	NiO.	
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Figure	 7.18	 HAADF	 image	 of	 another	 region	 at	 the	 surface	 of	 O2-treated	 npNiCu	 after	

reaction	 with	 corresponding	 elemental	 maps	 showing	 Cu,	 NiO,	 and	 ZnO	 particles	 at	 the	

surface	of	the	Cu	ligament.	
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Figure	 7.19	 Bright	 field	 image	 and	 elemental	 maps	 of	 deactivated	 npNiCu	 showing	 Cu	

particles	first	encapsulated	by	Ni	then	by	C.	The	active	O2-treated	catalyst	was	H2-treated	
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and	exposed	to	reaction	where	 it	deactivated.	Zn	particles	are	also	present	but	cannot	be	

distinguished	in	the	bright	field	image	possibly	indicating	that	they	are	located	below	the	Cu	

ligament.		
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Chapter	8.	

Macroscopic	3D	Nanoporosity	Formation	by	Dry	Oxidation	of	

AgAu	Alloys	

	

8.1	Abstract	

	

3D	nanoporous	metals	made	by	alloy	corrosion	have	attracted	much	attention	due	to	various	

promising	applications	ranging	from	catalysis	and	sensing	to	energy	storage	and	actuation.	

In	 this	work	we	 report	 a	 new	 process	 for	 the	 fabrication	 of	 3D	 open	 nanoporous	metal	

networks	 that	 phenomenologically	 resembles	 the	 nano-Kirkendall	 hollowing	 process	

previously	 reported	 for	Ag/Au	nanowires	and	nanoparticles,	with	 the	difference	 that	 the	

involved	 length	 scales	are	10-100	 times	 larger.	 Specifically,	we	 find	 that	dry	oxidation	of	

Ag70Au30	 bulk	 alloy	 samples	 by	 ozone	 exposure	 at	 150°C	 stimulates	 extremely	 rapid	 Ag	

outward	 diffusion	 towards	 the	 gas/alloy-surface	 interface,	 at	 rates	 at	 least	 5	 orders	 of	

magnitude	 faster	 than	 predicted	 based	 on	 reported	 Ag	 bulk	 diffusion	 values.	 The	

micrometer-thick	 Ag	 depleted	 alloy	 region	 thus	 formed	 transforms	 into	 a	 3D	 open	
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nanoporous	network	morphology	upon	 further	exposure	 to	methanol-O2	at	150°C.	These	

findings	 have	 important	 implications	 for	 practical	 applications	 of	 alloys,	 for	 example	 as	

catalysts,	by	demonstrating	that	large-scale	compositional	and	morphological	changes	can	

be	triggered	by	surface	chemical	reactions	at	low	temperatures,	and	that	dilute	alloys	such	

as	Ag0.03Au0.97	are	more	resilient	against	such	changes.	

	

This	paper	was	published	in	J.	Phys.	Chem.	C	2017,	121,	5115-5122.	

	

8.2	Introduction	

The	 synthesis	 and	 properties	 of	 nanoporous	 metals	 in	 the	 form	 of	 monolithic	 3D	 bulk	

materials,	nanowires	and	nanoparticles	have	recently	been	widely	studied	in	the	physical-

chemistry	community	using	various	 imaging	and	characterization	 techniques	 (TEM,	SEM,	

XPS,	 XRD…)	 as	well	 as	 simulations.	Different	materials	 systems	have	 been	used	 to	 study	

various	aspects	of	porosity	formation,	morphology	evolution	and	reactivity	towards	certain	

chemical	 transformations.	 Pt-based	 alloys	 have,	 for	 example,	 been	 used	 to	 study	 the	

correlation	between	the	barrier	for	vacancy	diffusion	with	the	alloying	energy	of	the	alloy1;	

Pd-based	intermetallic	alloys	were	used	to	study	the	effect	of	composition	on	void	formation	

via	the	nanoscale	Kirkendall	effect2,	and	Cu-Au	alloys3	were	used	to	study	the	effect	of	alloy	

composition	on	both	dealloying	kinetics	and	morphology.	In-situ	imaging	and	spectroscopy	

techniques	were	used,	for	example,	to	study	the	effect	of	surface	defects	on	electrochemical	

surface	alloying/dealloying	kinetics	in	the	PbCu	alloy	system4,	and	to	study	the	dealloying	

mechanism	of	PtY	 alloy	nanoparticles	during	 the	oxygen	 reduction	 reaction	 in	 a	 fuel	 cell	
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environment5.	Similar,	in-situ	imaging	and	spectroscopy	techniques	were	used	to	study	the	

morphological	and	compositional	changes	in	CuCo	core-shell	nanoparticles	during	exposure	

to	oxygen	and	syngas6.	Exposure	to	reactive	gases	has	also	been	shown	to	change	the	local	

chemical	 composition	 of	 AgAu	 alloys.	 For	 example,	 DFT	 simulations	 on	 (AuAg)147	

nanoclusters	 have	 shown	 that	 Au	 favors	 surface	 sites7,	 while	 the	 presence	 of	 adsorbed	

oxygen	seems	to	create	surface	sites	of	high	 local	Ag	concentration	that	 then	 facilitate	O2	

dissociation8,9.	

A	mechanistic	study	on	dealloying	of	silver-gold	alloys	by	Erlebacher	et	al.10	in	2001	

sparked	broad	interest	in	3D	nanoporous	metals	such	as	nanoporous	gold	(np-Au),	leading	

to	 a	 series	 of	 discoveries	 revealing	 surprising	 mechanical11,	 optical11	 and	 catalytic13,14	

properties	 of	 this	 class	 of	 materials.	 In	 dealloying,	 selective	 dissolution	 of	 one	 or	 more	

components	 from	 a	 suitable	 starting	 alloy,	 such	 as	 Ag70Au30	 for	 np-Au,	 results	 in	 the	

formation	of	a	characteristic	three-dimensional	bicontinuous	nanoporous	morphology	with	

a	 uniform	 feature	 size	 on	 the	 nm	 length	 scale.	 Pore	 formation	 during	 dealloying	 is	 the	

consequence	of	selective	dissolution	of	surface	atoms	of	one	(or	more)	alloy	component(s)	

by	a	corrosive	liquid	environment.	The	dissolution	process	generates	adatoms	and	vacancies	

on	the	surface,	which	nucleate	 into	adatom	and	vacancy	 islands	to	 form	a	pit-and-mound	

surface	morphology.	Local	passivation	by	the	more	inert	adatom	clusters	then	leads	to	the	

development	 of	 a	 full	 3D	 nanoporous	 morphology.	 The	 fast	 outward	 diffusion	 of	 the	

dissolved	species	through	either	the	liquid	phase	or	along	the	alloy-liquid	interface	makes	

this	process	amenable	to	macroscopic,	millimeter-sized	samples.	
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By	 contrast,	 nanoporosity	 formation	 in	 metal	 nanoparticles	 or	 nanowires	 by	 the	

nanoscale	Kirkendall	effect	does	not	involve	selective	dissolution	of	an	alloy	component,	but	

is	caused	by	an	inward	flux	of	vacancies	balancing	the	outward	diffusion	of	the	metal	core	

which	 typically	 is	 driven	 by	 a	 chemical	 reaction	 at	 the	 nanoparticle	 surface,	 e.g.	 by	 dry	

oxidation15.	Coalescence	of	 inward	diffusing	vacancies	 then	 leads	 to	nanopore	 formation.	

The	bulk	diffusion	responsible	for	the	nano-Kirkendall	effect	 is	much	slower	than	surface	

diffusion	or	mass	transport	through	a	liquid	phase,	thus	limiting	the	size	of	the	particles	to	

which	this	process	can	be	applied.	It	is	important	to	note	that	less	dramatic	compositional	

changes	 triggered	 by	 surface	 chemistry	 can	 critically	 affect	 the	 functionality	 of	 metal	

nanoparticles	 and	 nanoporous	 metals.	 For	 example,	 ozone	 exposure	 induces	 Ag	 surface	

segregation	 in	np-Au	with	a	Au97Ag3	bulk	 composition,	which	 can	dramatically	 affect	 the	

catalytic	activity	and	selectivity	of	np-Au16.	

In	 this	 work,	 we	 report	 on	 Ag	 surface	 segregation	 and	 the	 formation	 of	 3D	

nanoporosity	in	Ag70Au30	bulk	alloys	triggered	by	surface-chemistry-driven	processes	that	

phenomenologically	resemble	the	nano-Kirkendall	hollowing	process	previously	reported	

for	Ag/Au	nanowires	and	nanoparticles,	with	the	difference	that	the	involved	length	scales	

are	10-100	times	larger.	The	3D	nanoporosity	formation	in	Ag70Au30	alloys	studied	in	this	

work	 is	 triggered	 by	 dry	 oxidation	 with	 ozone	 at	 150°C	 followed	 by	 methanol/O2	 gas	

exposure.	The	ozone-stimulated	outward	diffusion	of	Ag	 is	 extremely	 fast,	with	diffusion	

rates	at	least	5	orders	of	magnitude	faster	than	predicted	based	on	reported	Ag	bulk	diffusion	

values.	Kinetic	Monte	Carlo	(kMC)	simulations	based	on	energetics	from	density	functional	

theory	(DFT)	are	used	to	analyze	the	observed	diffusion	kinetics.	



Chapter	8.	Macroscopic	3D	Nanoporosity	Formation	by	Dry	Oxidation	of	AgAu	Alloys	
	

	 275	

	

8.3	Methods	

In	this	work,	we	studied	the	compositional	and	morphological	changes	that	result	from	the	

interaction	of	homogeneous	AgAu	bulk	alloy	samples	with	gas	phase	ozone	(30	s	to	4	h	at	

150°C	in	3%	O3/O2-He	at	a	flow	rate	of	100	mL/min)	and	methanol-O2	mixtures	(1	h	at	150°C	

in	6.5%	MeOH	/	20%	O2-He	at	a	flow	rate	of	50	mL/min).	These	conditions	were	selected	

because	 the	 ozone	 treatment	 is	 typically	 used	 to	 activate	 np-Au	 samples	 for	 selective	

methanol	 oxidationThe	 compositional	 and	 morphological	 changes	 induced	 by	 ozone	

exposure	and	by	methanol-O2	exposure	were	studied	using	a	 combination	of	 focused	 ion	

beam	 (FIB)	 cross-sectional	 scanning	 electron	 microscopy	 (X-SEM)	 and	 cross	 sectional	

energy	dispersive	X-ray	spectroscopy	(X-EDX).	X-ray	photoelectron	spectroscopy	(XPS)	was	

used	 to	monitor	 the	oxidation	 state	of	Ag	as	well	 as	 the	 surface	 composition	of	 the	alloy	

sample.	 To	 further	 study	 the	mechanism	of	Ag	 diffusion	 and	 the	 effect	 of	 ozone	 induced	

vacancy	 injection	 on	 diffusion	 kinetics	 of	 Ag,	 we	 performed	 kMC	 simulations	 based	 on	

energetics	from	plane-wave	DFT.	These	methods	are	described	below.	

	

8.3.1	Physicochemical	treatments	

The	various	catalyst	treatments	were	performed	in	an	atmospheric	pressure	flow	reactor.	

The	thermal	treatment	was	performed	by	heating	the	sample	for	1	hour	at	150°C	(10°C/min	

ramp)	under	a	flow	of	100%	He	at	50	mL/min.	The	ozone	treatments	were	performed	at	

150°C	under	a	flow	of	3%	O3	in	O2-He	at	100	mL/min	with	different	exposure	durations.	In	

these	experiments,	ozone	was	introduced	in	the	reactor	once	the	temperature	reached	150°C	

and	 was	 stable.	 The	 reaction	 conditions	 were	 6.5%	MeOH	 and	 20%	 O2-He	 at	 a	 flow	 of	
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50	mL/min	at	150°C	for	1	hour.	In	the	standard	mode	of	operation,	the	sample	is	exposed	to	

reaction	conditions	immediately	after	ozone	treatment,	without	exposure	to	air	between	the	

two	treatments.	

	

8.3.2	FIB-SEM	studies	and	analysis	

FIB-SEM	analyses	were	performed	using	an	FEI	Helios	Nanolab	660	Dualbeam	FIB-SEM.	The	

procedure	is	as	follows:	1)	deposition	of	a	W	protective	layer	(3	kV,	13	nA	in	SEM	mode,	then	

30	kV	0.45	nA	 in	 FIB	mode	with	W(CO)6	 as	 gas	 precursor);	 2)	milling	 the	 sample	 in	 the	

vicinity	of	the	protective	layer	(Ga	beam	at	30	kV,	2.5	nA	in	FIB	mode);	3)	cleaning	the	cross-

section	(30	kV	or	lower,	80	pA	in	FIB	mode).	

SEM	images	were	acquired	at	2-3	kV	and	50-100	pA.	Due	to	the	configuration	of	the	

system,	the	SEM	images	of	the	cross	sections	were	acquired	at	an	angle	of	52°.	Consequently,	

a	tilt	correction	was	applied	to	measure	the	thickness	of	the	different	layers.	EDX	analyses	

were	 performed	with	 an	 EDAX	 system	 (Model:	 Octane	 Plus),	 and	 acquired	 at	 15	 kV	 and	

1.6	nA.	Results	were	analyzed	with	the	TEAM	software	from	EDAX.	

	

8.3.3	Density	functional	theory	and	kinetic	Monte	Carlo	

DFT	 calculations	 were	 performed	 using	 the	 VASP	 code17,18,	 and	 the	 PBE19	 exchange	

correlation	functional	was	employed,	with	the	Tkatchenko-Scheffler	method20	for	van	der	

Waals	corrections.	A	4x4x3	unit	cell	was	used,	with	a	k-point	mesh	of	7x7x9,	and	the	plane-

wave	basis	set	was	cut	off	at	400	eV.	The	projector-augmented	wave	method	was	used	to	

model	core	electrons21,22.	
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For	the	kMC	calculations,	it	is	necessary	to	predict	the	energy	barriers	as	a	function	

of	the	local	environment.	The	energy	of	a	particular	configuration	of	Ag,	Au,	and	vacancies	

was	predicted	as	a	linear	function	of	the	number	of	each	type	of	nearest	neighbor	interaction	

(Ag-Au,	 Ag-Ag,	 Ag-vacancy,	 etc.),	 fit	 to	 the	 DFT	 results.	 This	 allowed	 predictions	 of	 our	

database	of	83	formation	energies	of	Ag-Au-vacancy	systems	with	a	variety	of	compositions	

with	a	mean	absolute	error	of	7.6	meV/atom.	Further	exploration	showed	that	all	three-body	

and	 second-nearest	 neighbor	 interactions	were	 negligible,	 except	 vacancy-metal-vacancy	

interactions,	 which	 improved	 the	 accuracy	 of	 the	 predictions	 somewhat	 but	 were	 not	

included	due	to	the	significant	complexity	this	would	add	to	kinetic	Monte	Carlo	simulations.	

The	 energy	 barriers	were	 predicted	 based	 only	 on	 (1)	 the	 number	 of	 vacancies	 that	 are	

nearest	 neighbors	 to	 the	 diffusing	 atom	 at	 the	 transition	 state,	 and	 (2)	 the	 number	 of	

vacancies	on	the	opposite	side	of	these	atoms	from	the	diffusing	atoms,	as	explained	in	the	

main	text.	A	linear	model	was	fit	to	these	two	parameters	using	9	climbing-image	nudged	

elastic	band	calculations	(CI-NEB)23.	(For	one	calculation,	the	climbing-image	algorithm	did	

not	 converge	 due	 to	 a	 very	 flat	 potential	 energy	 surface	 near	 the	 transition	 state,	 and	

therefore	a	regular	NEB	calculation	was	performed.)	 It	was	 found	to	be	more	accurate	to	

always	predict	the	lower	barrier	of	the	forward	and	reverse	diffusion	steps;	this	resulted	in	

a	mean	absolute	error	of	0.043	eV.	By	combining	the	formation	energy	predictions	with	the	

barrier	predictions,	we	can	predict	rates	for	an	arbitrary	diffusion	step.	We	assumed	a	pre-

exponential	factor	of	1015	for	all	rate	calculations.	To	ensure	we	did	not	extrapolate	too	far	

outside	our	barrier	database,	a	minimum	barrier	of	0.18	eV	was	enforced	in	the	kMC;	the	

results	are	insensitive	to	this	value.	
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KMC	calculations	were	performed	using	the	KMCLib	code24	and	periodic	boundary	

conditions	in	the	lateral	directions.	The	bottom	two	layers	were	fixed,	and	vacancies	were	

allowed	to	annihilate	at	this	interface,	with	a	70%	chance	of	becoming	Ag	and	a	30%	change	

of	becoming	Au.	Several	kMC	simulations	were	performed	with	various	unit	cell	sizes,	and	

all	showed	similar	results.	The	results	are	shown	from	a	5x5x44	cell.	

	

8.4	Results	and	Discussion	

The	first	evidence	of	ozone-induced,	large-scale	compositional	and	morphological	changes	

of	a	Ag70Au30	bulk	alloy	(Figure	8.1)	comes	from	a	simple	visual	inspection	of	the	sample:	

Exposure	to	ozone	for	1	hour	at	150°C	leads	to	the	formation	of	a	thin	black	layer	on	top	of	

the	originally	silver	colored	Ag70Au30	alloy	sample	(Figure	8.1a).	The	black	layer	can	be	easily	

removed	mechanically	to	expose	a	now	golden-colored	sample,	 indicating	Au	enrichment.	

Subsequent	exposure	to	methanol-O2	at	150°C	turns	the	black	layer	into	a	‘greyish’	powder	

which	 also	 can	 be	 easily	 mechanically	 removed	 to,	 once	 again,	 expose	 a	 golden-colored	

surface.	It	is	important	to	note	that	annealing	at	150°C	under	an	inert	gas	atmosphere	did	

not	change	the	appearance	of	the	silver	colored	Ag70Au30	alloy	sample,	thus	excluding	a	pure	

thermal	effect.	

XPS	 spectra	 collected	 from	 the	 sample	 surface	 confirm	 that	 these	 macroscopic	

changes	induced	by	O3	exposure	and	by	methanol-O2	exposure	were	caused	by	silver	surface	

segregation	 (Table	8.1):	The	black	 surface	 layer	 formed	during	ozone	 exposure	 at	 150°C	

consists	of	pure	Ag2O	as	indicated	by	the	Ag3d	binding	energy	(BE)	shift	from	368.3	eV	to	

367.8	eV	and	the	simultaneous	disappearance	of	the	Au4f	peak.	The	greyish	powder	formed	

after	subsequent	methanol-O2	exposure	consists	of	metallic	Ag,	as	indicated	by	another	shift	
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of	the	Ag3d	BE	from	367.8	eV	to	368.2	eV.	Analysis	of	the	Ag3d	and	Au4f	intensity	ratio	of	

the	original	alloy	sample	(as	well	as	of	the	thermally	treated	sample)	confirms	the	nominal	

alloy	composition	of	Ag70Au30.		

FIB/X-SEM	reveals	that	the	Ag2O	film	that	covers	the	Ag70Au30	sample	after	1	h	ozone	

exposure	 at	 150°C	 is	 approximately	 1.5-2	 μm	 thick	 and	 apparently	 delaminated	 (Figure	

8.1b).	A	roughly	1-μm-thick	region	of	the	alloy	sample	directly	below	the	Ag2O	layer	appears	

lighter	and	less	homogeneous	than	the	unreacted	alloy.	XPS	reveals	that	the	Ag-to-Au	ratio	

at	the	sample	surface	(after	removal	of	the	Ag2O	layer)	changed	from	Ag70Au30	to	Ag56Au44,	

indicating	that	approximately	one-half	of	the	Ag	atoms	that	were	originally	in	this	region	of	

the	alloy	sample	diffused	outward	to	form	the	Ag2O	layer.	X-EDX	line	analysis	(Figure	8.2)	of	

a	 FIB	 cross-section	 prepared	 in	 a	 sample	 after	 4	 h	 ozone	 exposure	 revealed	 that	 the	 Ag	

depletion	is	uniform	throughout	the	modified	alloy	region	below	the	Ag2O	layer,	with	a	Ag-

to-Au	ratio	of	Ag40(±3)Au60,	in	fair	agreement	with	the	XPS	surface	composition	of	Ag56Au44.	

XSEM	micrographs	further	reveal	the	formation	of	a	few	seemingly	isolated	20-30	nm	pores	

mostly	towards	the	bottom	of	the	modified	layer,	but	their	density	and	size	is	too	small	to	

account	for	the	void	space	that	one	would	expect	to	be	present	after	removing	roughly	one	

third	of	the	atoms	of	this	region.	

Subsequent	exposure	to	the	methanol-O2	mixture	at	150°C	dramatically	changes	the	

morphology	of	the	Ag	depleted	alloy	region.	The	porosity	increases	and	the	pore	morphology	

transitions	from	isolated	pores	to	a	3D	interconnected	porous	network	with	50-70	nm	pores	

(Figures	8.1c	and	8.6).	XPS	reveals	that	the	methanol-O2	exposure	does	not	lead	to	further	

changes	of	the	Ag-to-Au	ratio	at	the	sample	surface.	
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Figure	8.1	FIB/X-SEM	reveals	Ag	surface	segregation	induced	by	ozone	exposure	and	3D	

nanoporosity	formation	in	a	Ag70Au30	alloy:	a)	the	unexposed	Ag70Au30	alloy	is	very	uniform	

(the	 darker	 top	 layer	 is	 a	W	 protective	 layer),	 and	 looks	 identical	 before	 and	 after	 heat	

treatment	 at	 150°C	 (not	 shown);	 b)	 Ozone	 exposure	 leads	 to	 the	 formation	 of	 an	

approximately	one-micron	thick	detached	layer	of	Ag2O.	The	region	directly	below	looks	less	
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uniform,	and	high	magnification	XSEM	images	reveal	the	formation	of	isolated	pores	with	

pore	 diameters	 in	 the	 20-30	 nm	 range;	 c)	 subsequent	 methanol/O2	 exposure	 at	 150°C	

transforms	 the	 apparently	 isolated	 pore	 morphology	 into	 a	 three-dimensional	

interconnected	porous	network	with	pore	diameters	of	50-70	nm.	

	

As	mentioned	above,	methanol-O2	exposure	of	the	ozone	treated	alloy	sample	induces	

a	 transition	 from	 a	 few	 isolated	 pores	 towards	 a	 homogeneous	 3D	 interconnected	 pore	

morphology.	 It	 is	 important	 to	 note	 that	 the	 3D	 pore	morphology	 of	 np-Au	 prepared	 by	

traditional	wet	chemistry	can	be	imaged	by	FIB/X-SEM	(Figure	8.7),	thus	ruling	out	that	the	

lower-than-expected	porosity	observed	after	O3	exposure	is	an	artifact	of	the	FIB	technique	

used	 to	 prepare	 the	 cross-section.	 The	 apparent	 increase	 in	 porosity	 during	 exposure	 to	

methanol-O2	thus	indicates	that	much	of	the	Ag-depletion-related	porosity	formed	during	O3	

exposure	was	either	 too	small	 to	be	detected	by	SEM	and/or	 that	 the	porosity	 formation	

resulting	from	removing	~50%	of	the	Ag	atoms	in	this	sample	region	was	at	least	partially	

compensated	by	oxidation	of	the	remaining	Ag	and	the	accompanying	volume	expansion	by	

a	factor	of	~1.5	25.	The	existence	of	this	‘hidden’	porosity	also	rules	out	that	the	observed	Ag	

outward	diffusion	was	balanced	by	an	equivalent	Au	 inward	diffusion	(see	Figure	8.8	 for	

TEM	imaging).		
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Figure	8.2	Composition	and	morphology	of	 the	Ag70Au30	alloy	 sample	after	4	h	of	ozone	

treatment:	a)	FIB/X-SEM;	b)	EDX	map	of	the	gold	(Au	M),	silver	(Ag	L)	and	oxygen	(O	K)	

distribution	 in	 the	 white	 rectangular	 region	 shown	 in	 a.	 The	 delaminated	 surface	 layer	

contains	only	Ag	and	O,	and	the	~one-micron-thick	porous	layer	directly	below	is	enriched	

in	Au	(Au-to-Ag	ratio	of	~1.5)	compared	to	the	unperturbed	Ag70Au30,	alloy	below	(Au-to-Ag	

ration	of	~0.43);	c)	Au-to-Au	ratio	along	the	green	line	shown	in	a.	

	

The	O3	induced	Ag	surface	segregation	and	porosity	formation	occurs	on	the	whole	

alloy	surface,	but	the	depth	of	modified	alloy	layer	varies	laterally	(Figure	8.3a).	The	flow	of	

reactants	(either	pure	O3	or	a	mix	of	MeOH-O2)	 that	arrives	at	 the	sample	surface	can	be	

considered	to	be	homogeneous26;	thus	surface	and/or	bulk	defects	seem	to	be	responsible	

for	 the	 observed	 lateral	 variation	 in	 the	 Ag	 surface	 segregation/porosity	 formation	

kinetics27,28.	For	example,	it	is	well	known	that	the	diffusion	rate	along	the	grain	boundaries	

is	higher	than	the	corresponding	lattice	diffusion	rate29.	Indeed,	the	preferential	Ag	depletion	

along	grain	boundaries	is	evidenced	by	the	observation	of	porosity	line	defects	(highlighted	
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by	arrows)	that	extend	beyond	the	average	depth	of	the	porous	region	and	seem	to	mark	the	

position	of	grain	boundaries	(Figure	8.3b).		

	

	

Figure	8.3	Depth	of	penetration	and	preferential	growth	of	 the	porous	network:	a)	Alloy	

after	1	h	of	ozone	treatment	exhibits	significant	variations	in	porosity	depth.	The	red	lines	

correspond	to	the	presence	of	pores	2.05	μm,	980	nm,	940	nm	and	1.5	μm	deep	(from	left	to	

right).	b)	Alloy	after	ozone	treatment	and	reaction	conditions.	In	some	cases,	it	is	possible	to	

observe	the	presence	of	 ‘porosity	 lines’	with	well-defined	directions.	These	 ‘lines’	expand	

deeper	than	the	average	depth	of	the	porous	structure,	suggesting	a	nucleation	and	growth	

process	initiated	at	surface	and/or	bulk	defects.	
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It	 is	well	documented	that	bulk	Ag	samples	 form	tens	of	micron	thick	 layers	of	Ag	

oxides	upon	exposure	to	dilute	ozone25,30.	Consistent	with	thermodynamic	data,	only	Ag(I)		

oxide	(Ag2O)	forms	upon	dilute	ozone	exposure	at	T	>	150°C	30.	Ag2O	is	thermally	stable	up	

to	 227°C	 where	 it	 decomposes	 into	 metallic	 Ag	 and	 molecular	 oxygen.	 By	 contrast,	 Au	

surfaces	passivate	upon	ozone	exposure	after	forming	a	one-nm-thick	amorphous	surface	

oxide31.	The	continuous	oxidation	of	Ag	by	ozone	has	been	explained	by	the	~55%	volume	

expansion	of	the	Ag	lattice	upon	oxidation,	from	68.23	Å3	for	Ag	to	105.02	Å3	for	Ag2O;	the	

resulting	stress-induced	delamination	of	the	growing	Ag2O	film	continuously	exposes	fresh	

Ag	 surfaces	 for	 further	 oxidation.	 However,	 the	 oxidation	 product,	 Ag2O,	 is	 also	 a	 highly	

reactive	 catalyst	 for	 ozone	 decomposition32,	 thus	 providing	 a	 constant	 source	 of	 atomic	

oxygen	 even	 in	 the	 absence	 of	 freshly	 exposed	 Ag	 surfaces.	 Transport	 of	 atomic	 oxygen	

through	 the	Ag2O	surface	 layer	 to	 the	Ag2O/Ag	 interface	does	not	seem	to	be	necessarily	

required	for	continuous	Ag	oxidation;	a	recent	in-situ	imaging	study	of	the	oxidation	of	Ag	

nanowires	revealed	the	formation	of	Kirkendall	voids	at	the	interface	between	the	growing	

Ag2O	shell	and	 the	Ag	core	which	continued	 to	grow	 in	size	until	 the	Ag	nanowires	were	

completely	 transformed	 into	 hollow	 Ag2O	 nanotubes33.	 The	 authors	 of	 the	 study33	 thus	

concluded	that	the	outward	diffusion	of	Ag	through	the	growing	Ag2O	oxide	shell	is	faster	

than	the	oxygen	inward	diffusion.	Fast	Ag	outward	diffusion	coupled	with	oxidation	driven	

Ag2O	shell	growth	and	void	formation	has	also	been	observed	for	Ag-Au	core-shell	and	AgAu	

alloy	nanoparticles34.		

In	 contrast	 to	 the	oxidation	of	 pure	Ag,	 the	 oxidation	of	 a	Ag70Au30	 alloy	not	 only	

requires	Ag	mass	transport	through	the	growing	Ag2O	surface	 layer,	but	also	through	the	
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AgAu	alloy.	The	Ag2O	layer	formation	starts	with	the	oxidation	of	the	Ag	atoms	at	the	AgAu	

alloy	 surface.	Once	 the	 surface	Ag	 atoms	have	been	 consumed	by	 the	oxidation	 reaction,	

additional	Ag	atoms	need	to	be	transported	to	the	interface	between	the	growing	Ag2O	layer	

and	the	Ag	depleted	alloy	surface.	Indeed,	the	XPS	analysis	indicates	that	even	within	the	Ag-

depleted	 layer,	 there	 is	 Ag	 enrichment	 at	 the	 surface	 Ag56Au44	 by	 XPS	 as	 compared	 to	

Ag40Au60.	In	contrast	to	traditional	wet	chemistry	dealloying	where	Ag	diffuses	as	a	solvated	

Ag	ion	through	pores	filled	with	a	corrosive	liquid	medium,	the	ozone-induced	dealloying	

mechanism	described	in	this	work	requires	fast	solid	state	Ag	diffusion	at	150°C,	either	via	

surface	 or	 bulk	 diffusion.	 The	 diffusion	 length	 L	 can	 be	 estimated	 using	 Fick’s	 law,	𝐿 =

2	𝐷. 𝑡,	where	D	is	the	diffusion	coefficient,	and	t	is	the	diffusion	time.	Here,	the	diffusion	

coefficient	 is	 defined	 as	 𝐷 = 𝐷(𝑒 *+, -. ,	 where	 D0	 is	 the	 temperature-independent	

diffusion	 coefficient	 (m2/s),	 Ea	 the	 activation	 energy	 for	 diffusion	 (J/mol),	 R	 is	 the	 gas	

constant	(J/mol•K)	and	T	is	the	absolute	temperature	(K).	Despite	the	lateral	variation	of	the	

thickness	 of	 the	 Ag	 depletion	 layer,	 experiments	 with	 different	 ozone	 exposure	 times,	

ranging	from	30	s	for	4	h,	indeed	confirm	the	square	root	dependence	of	the	diffusion	length	

suggested	by	Fick’s	law	(Figure	8.4).	For	this,	an	averaged	value	of	depth	of	the	porous	layer	

was	used.	However,	the	Ag	diffusion	coefficient	calculated	from	the	time	dependence	of	the	

Ag	depletion	layer	thickness	(~	one	micron	per	hour)	is	~1.4x10-12	cm2/s,	many	orders	of	

magnitude	 higher	 than	 the	 reported	 diffusion	 coefficient	 of	 9x10-24	 cm2/s	 for	 Ag	 self-

diffusion	in	a	Ag-Au	solid	solution	at	150°C	35	that	predicts	an	estimated	diffusion	length	of	

only	~2.5×10-8	m	for	1	h.	This	 is	a	much	lower	value	than	our	experimental	observations	
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(≈1×10-6	m)	which	proves	that	reactive	gas	exposure	greatly	increases	the	rate	of	diffusion	

of	Ag	through	a	bulk	alloy	as	compared	to	the	self-diffusion	of	Ag.	(see	Figure	8.4).	

Ag	diffusion	along	grain	boundaries	in	Au	thin	films36,37	is	considerably	faster	than	

the	Ag	 self-diffusion,	with	 an	 estimated	diffusion	 length	 of	~7.2×10-1	 μm,	which	 is	much	

closer	to	our	experimental	values.	However,	in	view	of	Figure	8.3b	and	the	observation	of	a	

more	or	less	uniform	diffusion	front,	grain	boundary	diffusion	cannot	explain	the	observed	

dealloying	kinetics.	A	surface	diffusion	mediated	mechanism	can	be	ruled	out	because	the	

continuous	 open	 porosity	 required	 for	 this	 process	 is	 experimentally	 not	 observed	 in	

corresponding	FIB/X-SEM	micrographs	(Figure	8.1b).	
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Figure	8.4	Time	dependence	of	porosity	formation:	Diffusion	length	as	a	function	of	time	

simulated	for	the	bulk	diffusion	(based	on	parameters	D0	=	2.3	cm2/s	and	Ea	=	1.888	eV	from	

reference35),	 the	grain	boundary	diffusion	(based	on	parameters	D0	=	1.1×10-2	cm2/s	and	

Ea	=	0.88	eV	from	reference36,37),	and	the	vacancy	diffusion	(based	on	parameters	from38	and	

our	 DFT	 calculations),	 as	 well	 as	 the	 experimental	 results	 from	 this	 work	 (black	 dots):	

30	 sec:	 176±59	 nm,	 1	min:	 247±64	 nm,	 15	min:	 1.64±0.29	 μm,	 1	 h:	 1.43±0.39	 μm,	 4	 h:	

3.30±0.36	μm.	

	

Possible	 explanations	 for	 the	 faster	 than	 expected	 Ag	 outward	 diffusion	 are	 1)	

accelerated	Ag	bulk	diffusion	by	Ag-O	reaction-driven	vacancy	injection	at	the	Ag2O/Ag-Au	

alloy	interface,	and	2)	Ag	diffusion	through	a	Ag	oxide	phase	embedded	in	the	Ag	depleted	
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alloy	region.	To	explore	how	Ag	diffusion	in	a	Ag70Au30	alloy	is	affected	by	the	presence	of	a	

high,	 non-equilibrium	 vacancy	 concentration,	 we	 performed	 kinetic	 Monte	 Carlo	 (kMC)	

simulations	based	on	energetics	from	density	functional	theory	(DFT).	DFT	calculations	of	

vacancy	 diffusion	 barriers	 show	 that	 the	 barrier	 depends	 strongly	 on	 the	 local	 vacancy	

configuration,	but	not	on	the	identities	of	the	atoms	(see	Figure	8.5a).	In	particular,	if	any	of	

the	four	atoms	that	are	closest	to	the	diffusing	atom	at	the	transition	state	are	vacancies,	the	

barrier	decreases,	as	noted	in	previous	work	on	Ni39.	Similarly,	if	these	atoms	can	easily	move	

away	from	the	diffusing	atom	at	the	transition	state	because	there	are	vacancies	opposite	

these	atoms	from	the	diffusing	atom,	the	barrier	decreases.	Because	the	probability	of	these	

low	 activation	 barrier	 diffusion	 configurations	 increases	 with	 increasing	 vacancy	

concentration,	 we	 expect	 the	 apparent	 activation	 barrier	 to	 decrease	 with	 increasing	

vacancy	concentration.	We	find	excellent	agreement	between	experiment	and	the	vacancy	

mediated	diffusion	mechanism	based	on	parameters	from	our	DFT	calculations	(Figure	8.4).	
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Figure	 8.5	 Kinetic	 Monte	 Carlo	 simulations	 demonstrating	 the	 effect	 of	 vacancy	

concentration	on	Ag	diffusion:	a)	Diagram	showing	schematically	how	the	vacancy	diffusion	

barrier	depends	on	only	two	factors:	the	number	of	vacancies	that	are	nearest-neighbors	to	

the	transition	state	(sites	next	to	the	diffusing	atom	are	marked	with	red	crosses	+),	and	the	

number	of	vacancies	that	are	opposite	these	nearest-neighbor	positions	from	the	transition	

state	(sites	opposite	to	the	diffusing	atom	are	marked	with	red	X).	b)	vacancy	concentration	

in	 10	 layers	 of	material	 as	 a	 function	 of	 time,	 from	kinetic	Monte	 Carlo,	with	 some	mild	

smoothing;	c)	 selected	configurations	 from	kinetic	Monte	Carlo	 for	Ag70Au30	and	Ag5Au95	

alloys.	

	

The	kMC	simulations	consisted	of	an	alloy,	initially	Ag70Au30,	in	contact	with	a	model	

of	silver	oxide	at	one	end,	and	with	a	vacancy	annihilation	mechanism	(simulating	vacancy	
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diffusion	farther	into	the	material)	at	the	other	end.	Ag	atoms	at	the	metal-oxide	interface	

were	allowed	 to	hop	 to	 the	 silver	oxide	 layer,	 thereby	 creating	vacancies	 in	 the	alloy.	As	

shown	in	Figures	8.5b	and	8.5c,	these	vacancies	propagate	into	the	material	as	a	sharp	front,	

instead	 of	 as	 a	 smooth	 increase	 in	 the	 vacancy	 density,	 similar	 to	 the	 experimental	

observation.	After	an	initial	sharp	increase,	the	vacancy	concentration	levels	off	at	roughly	

40%,	comparable	to	the	experimental	vacancy	concentration	of	35%	inferred	from	the	final	

Ag-to-Au	 ratio	of	Ag40(±3)Au60.	Because	 vacancy-vacancy	 interactions	 are	unfavorable,	 the	

vacancies	 spread	 out	 throughout	 the	 material,	 effectively	 causing	 Ag	 to	 leach	 from	 the	

Ag70Au30	bulk,	rather	 than	 from	the	partially	dealloyed	Ag40Au60	 layer.	 Interestingly,	kMC	

calculations	on	a	Ag5Au95	starting	alloy	show	that	only	a	much	smaller	fraction	of	Ag	(~5%	

in	 the	Ag5-Au95	 case	 vs.	~50%	 in	 the	Ag70-Au30	 case)	 is	 removed	due	 to	 the	 low	vacancy	

concentration	 in	 the	 Au95-Ag5	 case.	 However,	 to	 be	 consistent	 with	 the	 experiment,	 one	

needs	to	postulate	that	the	vacancies	are	stabilized	and	do	not	form	larger	clusters	(pores)	

because	the	full	porosity	is	only	observed	after	the	methanol-O2	reaction	step.	

One	way	to	explain	that	the	continuous	3D	porosity	develops	only	after	exposing	the	

O3	treated	alloy	sample	to	the	methanol-O2	reaction	mixture	is	that	the	initially	formed	small	

scale	 porosity	 (that	 is	 too	 small	 to	 be	 detected	 by	 FIB/X-SEM)	 is	 stabilized	 by	 atomic	

oxygen1640,41	Previous	work	from	your	group16	showed	that	methanol-O2	exposure	almost	

completely	reduces	the	Au	and	Ag	oxides	formed	on	Ag-Au	alloys	during	ozone	treatment.	

The	lattice	expansion	(x1.5)	that	accompanies	the	oxidation	of	Ag	(the	residual	Ag	content	in	

the	Ag	depleted	alloy	region	is	still	40	at.%)	could	further	account	for	some	of	the	missing	Ag	

depletion	related	porosity.	In	any	case,	reduction	of	the	Au/Ag	oxides	species	upon	exposure	

to	 the	 methanol-O2	 reaction	 mixture16	 would	 reverse	 the	 oxidation-induced	 Ag	 lattice	
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expansion	and	remove	the	stabilizing	effect	of	oxygen,	thus	triggering	rapid	coarsening.	Both	

explanations	require	that	atomic	oxygen	diffuses	through	the	Ag2O	surface	layer	and	into	the	

bulk	 of	 the	 AgAu	 alloy	 sample.	 Indeed,	 extrapolation	 of	 the	 oxygen	 diffusion	 coefficient	

measured	at	400-600°C	42	suggests	that	atomic	oxygen	can	diffuse	through	bulk	Ag	at	a	rate	

of	several	tens	of	microns	per	hour	at	150°C.	Unfortunately,	neither	X-EDX	(data	shown	in	

Figure	8.2,	 large	noise	 level	of	 the	EDX	O	signal)	nor	XPS	 (insufficient	 spatial	 resolution)	

allowed	us	to	directly	measure	the	oxygen	concentration	and	the	Ag	oxidation	state	in	the	Ag	

depleted	AgAu	alloy	region.	If	oxygen	indeed	diffuses	into	the	Ag	depleted	region	of	the	alloy	

sample	and	forms	an	embedded	Ag2O	phase,	then	the	accelerated	Ag	outward	diffusion	may	

also	be	the	consequence	of	Ag	diffusion	through	this	embedded	Ag	oxide	phase,	similar	to	

the	 situation	 in	 liquid	metal	dealloying43.	The	diffusion	 coefficient	of	Ag	 through	Ag2O	at	

ambient	 temperatures	 has	 recently	 been	 calculated	 to	 be	 1.2x10-13	 cm2/s	 based	 on	 the	

morphological	 evolution	 of	 Ag	 nanowires	 observed	 during	 exposure	 to	 an	 oxidative	

environment	created	by	radiolysis	of	air.	Unfortunately,	 the	experiment	did	not	allow	the	

measurement	of	the	actual	sample	temperature.	Nevertheless,	the	reported	diffusion	value	

has	 at	 least	 the	 same	order	of	magnitude	as	 the	diffusion	 coefficient	 calculated	 from	our	

experimental	observations	(~1.4x10-12	cm2/s).	

The	observations	reported	in	this	work	have	several	important	implications:	From	a	

fundamental	 point	 of	 view,	 our	 results	 provide	 new	 insights	 into	 the	 mechanism	 of	

dealloying.	There	is	evidence	that	the	vacancy	mediated	Ag	diffusion	process	discussed	in	

this	work	is	also	active	in	wet	chemistry	dealloying.	Both	the	presence	of	small	pores	within	

the	 ligaments	 and	 the	 observation	 of	macroscopic	 sample	 shrinkage	 during	 dealloying44	

cannot	 be	 explained	 by	 the	 generally	 accepted	 coherent	 surface	 diffusion	 mediated	
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dealloying	 mechanism,	 but	 would	 be	 a	 natural	 consequence	 of	 the	 vacancy	 mediated	

dealloying	mechanism.		

From	an	application	point	of	view,	our	work	provides	a	new	understanding	of	3D	

open	 porous	 network	 formation.	 More	 specifically,	 our	 results	 demonstrate	 that	 alloy	

catalysts	can	undergo	low-temperature	surface-chemistry-driven	large-scale	compositional	

and	 morphological	 changes,	 which	 can	 be	 either	 desired	 or	 undesired.	 Our	 results	 also	

indicate	 that	 dilute	 alloy	 catalysts	 with	 a	 more	 reactive	 minority	 component	 such	 as	

Ag0.03Au0.97	alloys	are	more	resilient	against	these	large-scale	compositional	changes.	Finally,	

we	 speculate	 that	 a	 nanoporous	 catalyst	 architecture	 is	 intrinsically	more	 stable	 against	

surface-chemistry-driven	 large-scale	 compositional	 changes	 because	 the	 confinement	

provided	by	nanoscale	ligaments	limits	the	reservoir	available	for	surface-chemistry	induced	

phase	segregation.		

	

8.5	Conclusions	

Our	experiments	reveal	that	ozone	exposure	of	Ag70Au30	alloy	samples	at	150°C	triggers	fast	

Ag	 outward	 diffusion	 leading	 to	 the	 formation	 of	 micrometer	 thick	 Ag2O	 surface	 films	

accompanied	 by	 Ag	 depletion	 in	 a	 near-surface	 alloy	 region	 of	 similar	 thickness.	 Some	

isolated	nano-pores,	mostly	near	the	bottom	of	the	Ag	depletion	region,	can	be	found	after	

the	O3	exposure,	but	the	full	extent	of	Ag	depletion-induced	porosity	becomes	evident	only	

after	subsequent	exposure	to	a	methanol-O2	mixture.	The	width	of	the	Ag	depletion	region	

follows	 the	 square-root	 time	 dependence	 predicted	 by	 Fick’s	 law,	 but	 the	 Ag	 diffusion	

coefficient	(~1.4x10-12	cm2/s)	calculated	from	the	observed	morphological	changes	is	many	
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orders	of	magnitude	higher	 than	 the	 reported	values	 for	 the	Ag	diffusion	coefficient.	The	

oxidation-induced	Ag	outward	diffusion	results	in	a	Ag2O	surface	film	and	void	formation,	

thus	resembling	the	nano-Kirkendall	phenomena	previously	reported	for	Ag/Au	nanowires	

and	 nanoparticles,	 with	 the	 difference	 that	 the	 involved	 length	 scales	 are	 10-100	 times	

larger.	Possible	explanations	for	the	faster	than	expected	Ag	outward	diffusion	include	the	

presence	 of	 non-equilibrium	 vacancy	 concentrations	 by	 Ag-O	 reaction-driven	 vacancy	

injection	at	 the	Ag2O/Ag-Au	alloy	 interface	and/or	Ag	diffusion	through	a	Ag	oxide	phase	

embedded	in	the	Ag	depleted	alloy	region.		

	

8.6	Supporting	Information	

Table	8.1	XPS	results:	Au	and	Ag	contents	(C	and	O	were	not	taken	into	account)	for	the	Ag70-

Au30	bulk	sample	under	different	conditions.	

Sample	 Ag3d	(%)	 BE	(eV)	 Au4f	(%)	 BE	(eV)	

No	treatment	 71.51	 368.28	 28.49	 84.35	

Ozone	treatment:	

Black	layer	
100	 367.79	 0	 	

Ozone	treatment;	

Below	black	layer	
56.71	 368.2	 43.29	 84.47	(+shoulder	at	85.6)	

Reaction:	

Grey	powder	
100	 368.23	 0	 	

Reaction:	

Below	grey	powder	
55.36	 368.28	 44.64	 84.34	
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Figure	8.6	Imaging	the	formation	of	nanoporosity:	SEM	image	of	top	surface	of	the	catalyst	

below	 the	 ‘greyish’	 powder,	 highlighting	 the	 extent	 of	 the	 nanoporous	 network	 over	 the	

whole	surface.	
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Figure	8.7	Formation	of	porosity	in	a	bulk	Ag70Au30	alloy	via	wet	chemistry	etching	in	HNO3	

solution	(2	min	of	treatment)	showing	a	completely	different	porous	structure	than	in	the	

case	 of	 ozone	 treatment.	 The	 upper	 part	 corresponds	 to	 the	 Pt	 protective	 layer	 which	

infiltrated	in	the	porous	network.	
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Figure	8.8	TEM	analysis	of	the	Ag-depleted	region	of	an	ozone-treated	Ag70-Au30	sample.	

Preparation	of	the	TEM	sample	by	the	FIB	lift-out	technique	obviously	triggered	changes	of	

the	morphology	towards	the	three-dimensional	 interconnected	porous	network	structure	

with	pores	up	to	~100	nm	which	normally	is	only	observed	after	subsequent	methanol/O2	

exposure	 at	 150°C.	 The	 observed	 morphology	 change	 indicates	 FIB-induced	 oxygen	

desorption	which	destabilizes	the	original	small	scale	porosity.	While	the	experiment	did	not	

allow	 direct	 imaging	 of	 the	 proposed	 small	 scale	 porosity,	 the	 FIB	 induced	 large	 scale	

porosity	 formation	 still	 demonstrates	 the	 presence	 of	 “hidden”	 porosity	 after	 the	 ozone	

treatment	(scales	bars	are	1	μm	(a)	and	200	nm	(b)).	The	etching	direction	is	indicated	by	

the	green	arrow.	The	Pt	protective	layer	is	located	on	the	upper	part	and	indicated	by	the	red	

arrow	on	a).		
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