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  Copper‐based	 heterogeneous	 catalysts	 commonly	 exhibit	 uncontrolled	 growth	 of	 copper	 species	
under	reaction	conditions	because	of	 the	low	Hüttig	temperature	(surface	mobility	of	atoms)	and	
Tamman	temperature	 (bulk	mobility)	 for	copper	at	 just	134	and	405	°C,	respectively.	Herein,	we	
report	the	use	of	defect‐enriched	hexagonal	boron	nitride	nanosheets	(BNSs)	as	a	support	to	anchor	
the	Cu	species,	which	resulted	in	superior	dispersion	of	the	Cu	species.	The	obtained	Cu/BNS	cata‐
lyst	was	highly	 stable	 for	 ethanol	 dehydrogenation,	with	 a	 high	 selectivity	of	98%	 for	 producing	
acetaldehyde	 and	 an	 exceptionally	 high	 acetaldehyde	 productivity	 of	 7.33	 gAcH	 gcat‒1	 h‒1	 under	 a	
weight	hourly	space	velocity	of	9.6	gEtOH	gcat‒1	h‒1.	The	overall	performance	of	our	designed	catalyst	
far	exceeded	that	of	most	reported	heterogeneous	catalysts	in	terms	of	the	stability	of	the	Cu	species	
and	the	yield	of	acetaldehyde	in	this	reaction.	The	hydroxyl	groups	at	the	defect	edges	of	BNS	were	
responsible	for	the	stabilization	of	the	copper	species,	and	the	metal‐support	interaction	was	rein‐
forced	through	charge	transfer,	as	evidenced	by	coupling	atomic	resolution	images	with	probe	mol‐
ecule	infrared	spectroscopy	and	X‐ray	photoelectron	spectroscopy.	A	designed	in	situ	diffuse	reflec‐
tance	 infrared	 Fourier	 transform	 spectroscopy	 study	of	 ethanol/acetaldehyde	 adsorption	 further	
revealed	that	Cu/BNS	favored	ethanol	adsorption	while	suppressing	acetaldehyde	adsorption	and	
further	 side	 reactions.	 This	 study	 demonstrates	 a	 new	 method	 for	 designing	 highly	 dispersed	
Cu‐based	catalysts	with	high	durability.	
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1.	 	 Introduction	

Supported	copper	catalysts	are	widely	used	because	of	their	
low	cost	and	high	activity	 in	heterogeneous	 reactions	 such	as	
methanol	 synthesis	 [1–3],	 alcohol	 dehydrogenation	 [4–10],	
water–gas	 shift	 [11],	 and	 volatile	 organic	 compound	 (VOC)	
oxidation	 [12,13].	 However,	 the	 rapid	 aggregation	 of	 Cu	 in‐

duced	by	Ostwald	ripening	and/or	coalescence	hinders	the	use	
of	 Cu‐based	 catalysts	 in	 industry.	 Strategies	 to	 mitigate	 the	
growth	of	Cu	species	include	enhancing	metal‐support	interac‐
tions	by	using	specific	support	materials	(e.g.,	CeO2	[1,14],	zeo‐
lite	 [15],	 Al2O3	 [16],	 SiO2	 [17–20],	 carbon	 materials	 [6,8,21],	
etc.),	 by	 adding	 a	 second	 oxide	 as	 a	 stabilizer	 (e.g.,	 ZnO	 [22],	
iron	oxides	 [23],	 boron	oxide	 [19,24,25]),	 or	 by	 alloying	with	
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higher‐melting‐point	 metal	 species	 (e.g.,	 Pt	 [26],	 Pd	 [27],	 Ni	
[28],	etc.).	Nevertheless,	these	strategies	are	not	satisfactory	for	
acetaldehyde	 production	 from	 ethanol	 dehydrogenation	 (vide	
infra),	where	highly	dispersed	Cu	species	that	are	stable	under	
working	conditions	are	strongly	desired.	For	instance,	N‐doped	
carbon	 materials	 are	 used	 to	 anchor	 Cu	 atoms	 [29–31];	 the	
relatively	 inert	 support	 may	 keep	 acetaldehyde	 from	 further	
reaction,	 but	 the	weak	metal‐support	 interaction	 is	 not	 suffi‐
cient	 in	 solid‐gas	 heterogeneous	 catalysis	 [6,9].	 Surface	 hy‐
droxyl	groups	from	the	oxide	support	are	generally	believed	to	
enhance	the	metal‐support	interaction	and	hence	protect	metal	
nanoparticles	from	aggregation	during	thermal	treatment	[32].	
However,	Cu	species	anchored	by	silanol	defects	in	beta	zeolite	
subsequently	 agglomerate	 under	 ethanol	 dehydrogenation	
conditions.	 For	 the	 fresh	 catalyst,	 no	 large	 Cu	 particles	 were	
observed,	 whereas	 large	 aggregates	 of	 approximately	 25	 nm	
were	formed	in	the	spent	catalyst.	The	severe	agglomeration	of	
Cu	species	is	the	key	to	catalyst	deactivation	[15].	In	addition,	
functional	sites	such	as	hydroxyl	or	oxygen	vacancies	from	the	
oxide	 support	 not	 only	 reinforce	 the	 adhesion	 of	 Cu	 but	 also	
induce	side	reactions	of	ethanol	dehydrogenation	owing	to	the	
modified	 interfacial	 properties	 [33]	 and/or	 their	 acidity	
[8,34–36].	Therefore,	the	exploration	of	new	support	materials	
for	monometallic	Cu	catalyst	construction	is	crucial	for	the	de‐
velopment	of	Cu‐based	catalyst	families.	 	

Two‐dimensional,	 metal‐free	 hexagonal	 boron	 nitride	
(h‐BN)	has	well‐known	merits,	 such	as	 superior	 thermal	 con‐
ductivity/stability	and	excellent	anti‐oxidation	properties	[37].	
It	 has	 been	 demonstrated	 that	 the	 hydroxylated	 defect	 edge	
sites	of	h‐BN	are	catalytically	active	for	alkane	oxidative	dehy‐
drogenation	 [38,39].	 In	addition,	 as	proven	by	 the	high	 selec‐
tivity	of	alkene	 [38,40],	 the	acidity	of	 these	oxygen‐containing	
defect	 edge	 sites	 is	 relatively	 low,	which	may	potentially	 sup‐
press	the	side	reaction	of	ethanol	dehydrogenation.	 	

In	this	work,	h‐BN	nanosheets	with	a	large	number	of	defect	
edge	 sites	 produced	 by	mechanical	 exfoliation	 of	 commercial	
h‐BN	powder	were	used	to	prepare	monometallic	Cu	catalysts	
with	 various	 Cu	 loadings.	 Surprisingly,	 the	 prepared	 catalysts	
possessed	 superior	 dispersion	 of	 Cu	 and	 exhibited	 excellent	
catalytic	 activity,	 stability,	 and	 acetaldehyde	 selectivity.	 The	
overall	performance	(e.g.,	 conversion	and	yield)	of	 these	cata‐
lysts	 far	 exceeded	 that	 reported	 for	 heterogeneous	 catalysts,	
for	example,	SiO2,	Al2O3,	and	carbon‐supported	Cu	catalysts.	 	

2.	 	 Experimental	

2.1.	 	 Material	synthesis	

The	BNS	 support	was	prepared	by	 the	mechanical	 exfolia‐
tion	of	commercial	h‐BN,	wherein	no	solvent	or	other	chemicals	
were	 used.	 The	 rotation	 speed	 and	 total	 milling	 time	 were	
carefully	 varied	 to	 achieve	 a	 high	 defect	 density	 and	 surface	
area	while	maintaining	the	hexagonal	structure	of	BN	[41].	As	
shown	in	Table	S1,	4	g	of	h‐BN	powder	(99.9%	purity,	Aladdin)	
was	ball	milled	 at	 800	 rpm	 for	 12	min	using	 a	 planetary	 ball	
mill	[Pulverisette	7,	Fritsch	(zirconia	vessel	and	balls)].	Briefly,	
the	ball‐milled	h‐BN	powder	was	washed	with	deionized	water	

at	80	 °C	 for	 cycles	until	 the	pH	value	was	 reduced	 to	7.5	 and	
then	 dried	 at	 50	 °C.	 The	 as‐prepared	 material	 is	 denoted	 as	
BNS.	

A	series	of	Cu/BNS	catalysts	with	different	Cu	loadings	were	
prepared	by	the	incipient	wetness	impregnation	method	using	
a	Cu(NO3)2	aqueous	solution,	 followed	by	drying	at	50	°C	and	
calcination	in	air	at	350	°C	for	2	h.	The	as‐prepared	samples	are	
denoted	as	xCu/BNS,	where	x	 is	 the	mass	 fraction	 (x	wt%)	of	
Cu.	 Pristine	h‐BN	 powder,	 commercial	 SiO2	 (Hydrophilic‐300,	
99.8%	 purity,	 Aladdin),	 and	 ‐Al2O3	 (Aladdin)	 were	 used	 for	
reference	sample	preparation	using	the	same	procedure.	

2.2.	 	 Characterization	

Aberration‐corrected	 scanning	 transmission	 electron	 mi‐
croscopy	 (AC‐STEM)	 images	 were	 obtained	 using	 a	
JEM‐ARM‐300F	 system	 equipped	 with	 a	 spherical	 aberration	
corrector.	The	crystal	 structures	of	 the	 catalysts	were	 charac‐
terized	by	X‐ray	diffraction	(XRD)	using	a	Panalytical	X’pert	Pro	
Super	X‐ray	diffractometer	with	Cu	Kα	radiation	(40	kV,	40	mA,	
λ	=	0.15418	nm).	H2	temperature‐programmed	reduction/mass	
spectrometry	 (H2‐TPR)	 and	 NH3‐TPD	 experiments	 were	 car‐
ried	out	on	a	Micromeritics	Autochem	II	2920	instrument.	The	
elemental	 chemical	 states	were	 analyzed	 by	 X‐ray	 photoelec‐
tron	 spectroscopy	 (XPS)	 and	 Auger	 electron	 spectroscopy	
(XAES)	on	a	PHI	Versaprobe	5000	spectrometer	equipped	with	
an	 Al	 Kα	 X‐ray	 source.	 A	 CO	 Fourier	 transform	 infrared	
(CO‐FTIR)	 study	 was	 performed	 in	 a	 homemade	 vacuum	
chamber	with	 a	 base	 pressure	 of	 10‒8	mbar	using	 a	 tungsten	
mesh	for	resistive	heating	and	as	a	sample	holder.	A	Harrick	in	
situ	 reactor	 was	 used	 for	 diffuse	 reflectance	 infrared	 Fourier	
transform	spectroscopy	(DRIFTS)	experiments,	referring	to	our	
previous	work	for	detailed	information	[42].	The	catalyst	pow‐
der	(~40	mg)	was	placed	 in	 the	cell	and	pretreated	at	350	°C	
for	1	h	 in	a	 flow	of	8%	H2/N2.	The	sample	was	maintained	at	
240	 °C	 under	 flowing	 N2	 to	 collect	 the	 background	 spectra.	
Ethanol	vapor	was	fed	into	the	chamber	through	a	bubbler	and	
carried	by	N2.	The	amount	of	ethanol	(5	×	10–8	mol)	or	acetal‐
dehyde	(2	×	10−8	mol)	delivered	to	the	cell	was	controlled	by	a	
sample	loop	and	the	saturated	vapor	pressure	at	a	given	tem‐
perature.	 The	 IR	 spectra	 were	 collected	 using	 a	 Bruker	 70V	
spectrometer	 equipped	with	 an	MCT	 detector	 and	 ZnSe	win‐
dows.	

2.3.	 	 Catalytic	tests	

The	 ethanol	 dehydrogenation	 reaction	 was	 tested	 in	 a	
fixed‐bed	 quartz	 tube	 under	 ambient	 pressure.	 The	 Cu/BNS	
catalyst	 (40–60	 mesh)	 was	 treated	 at	 350	 °C	 for	 2	 h	 in	 8%	
H2/N2	prior	to	the	introduction	of	the	reactant	(1	kPa	EtOH,	N2	
carrier).	The	product	distribution	was	analyzed	by	on‐line	gas	
chromatography	(GC)	equipped	with	an	FFAP	capillary	column	
(flame	 ionization	 detector,	 FID)	 and	molecular	 sieves	 5A	 and	
GDX‐102	 columns	 (thermal	 conductivity	 detector,	 TCD).	 The	
results	from	FID	and	TCD	were	cross‐correlated	with	the	signal	
of	methane.	The	calculated	carbon	balance	was	in	the	range	of	
98%–100%.	 Conversion	 and	 selectivity	 were	 determined	 for	
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carbon‐based	products.	

3.	 	 Results	and	discussion	

3.1.	 	 Structural	insight	of	the	Cu/BNS	catalysts	

To	 illustrate	 the	 morphological	 changes	 after	 exfoliation,	
SEM	 images	 of	 the	 BN	 and	 boron	 nitride	 nanosheets	 (BNS)	
were	obtained	(Fig.	S1).	BN	consisted	of	plate‐like	particles.	In	
contrast,	the	BNS	exhibited	thin	irregular	flakes.	XRD	was	per‐
formed	 to	 investigate	 the	 crystalline	 structure	 further.	 The	
comparative	XRD	patterns	are	presented	in	Fig.	S2,	where	the	
BNS	sample	exhibits	considerable	changes	compared	to	the	BN	
sample.	BN	has	strong	XRD	peaks,	which	were	 indexed	to	the	
(002),	 (100),	 (101),	 and	 (004)	planes	 according	 to	 ICDD	card	
no.	 00‐045‐0893,	 and	 the	 intensities	 of	 the	 peaks	 decreased	
significantly	after	exfoliation.	Moreover,	the	(002)	peak	slightly	
downshifted	from	26.67°	to	26.46°	after	exfoliation,	indicating	
a	decreased	interplanar	distance.	

The	dispersibility	of	Cu	supported	on	BNS	was	investigated	
by	varying	the	Cu	loading.	Fig.	1(a)	shows	the	XRD	patterns	of	
the	 BNS	 and	 xCu/BNS	 catalysts.	 H2	 treatment	 at	 350	 °C	 was	
applied	to	the	samples	before	the	XRD	measurements.	Only	the	
diffraction	peaks	assigned	to	BN	(ICDD	card	no.	00‐045‐0893)	
were	 observed	 until	 the	 Cu	 loading	 of	 the	 catalyst	 reached	 8	
wt%.	 Two	 distinct	 diffraction	 peaks	 at	 2	 of	 43.3°	 and	 74.1°	
were	observed,	corresponding	to	face‐centered	cubic	Cu	(111)	
and	 (200)	 facets	 (ICDD	 card	 no.	 01‐085‐1326),	 respectively,	
regardless	of	the	overlap	with	the	BNS	signals.	The	results	sug‐
gest	that	when	the	Cu	loading	is	below	8	wt%,	the	Cu	species	is	

likely	 to	 be	 either	 poorly	 crystalline	 or	 an	 ultrathin	 structure	
wetted	well	on	the	surface	of	the	BNS	support	[43].	In	addition,	
as	shown	in	Fig.	S3,	 in	 the	XRD	pattern	of	Cu/BNS	calcined	at	
600	°C	with	a	loading	of	5	wt%	Cu	(5Cu/BNS),	the	absence	of	
any	diffraction	 peak	of	 CuO	or	 any	Cu‐related	phase	 suggests	
that	 the	metal	was	highly	 dispersed	 in	 the	 support.	 Thus,	we	
selected	a	catalyst	with	5	wt%	Cu	loading	(5Cu/BNS)	as	a	rep‐
resentative	for	further	study.	 	

The	bright‐field	AC‐STEM	image	(Fig.	1(b))	 clearly	 showed	
the	typical	crystalline	lattice	of	boron	nitride,	without	obvious	
aggregated	 Cu	 nanoparticles.	 The	 corresponding	 dark‐field	
image	(Fig.	1(c))	revealed	well‐dispersed	Cu	species	randomly	
distributed	over	the	BNS.	The	high‐resolution	TEM	image	(Fig.	
S4)	 of	 the	 BNS	 support	 showed	 a	 large	 number	 of	 roundish	
boundaries,	which	were	rich	in	B–OH	groups,	as	evidenced	by	
the	XPS	and	FTIR	spectra	(Figs.	S5	and	S6,	respectively).	Addi‐
tional	 AC‐STEM	 images	 of	 5Cu/BNS	 further	 indicated	 that	 Cu	
decoration	took	place	preferentially	at	the	BN	defect	edges	and	
had	 a	 low	 probability	 of	 occurring	 on	 defect‐free	 pristine	 BN	
planes	(Fig.	S7).	The	surprisingly	high	dispersion	of	the	Cu	spe‐
cies	motivated	us	 to	 further	 investigate	 their	 catalytic	 perfor‐
mance.	 	

3.2.	 	 Ethanol	dehydrogenation	performance	of	the	Cu/BNS	 	
catalysts	

Considering	 the	 high	 dispersion	 of	 Cu	 species,	 the	 perfor‐
mance	of	 sample	5Cu/BNS	was	 studied	 for	 the	 ethanol	 dehy‐
drogenation	reaction.	The	light‐off	curves	of	5Cu/BNS	and	the	
reference	 sample	 are	 shown	 in	 Fig.	 2(a).	 Ethanol	 conversion	
over	the	5Cu/BNS	catalyst	reaches	an	equilibrium	value	(82%)	
at	 280	 °C,	 with	 a	 selectivity	 toward	 acetaldehyde	 as	 high	 as	
98%.	Notably,	when	the	spent	catalyst	was	tested	for	the	etha‐
nol	 conversion	 reaction	at	240	and	280	 °C	a	 second	 time,	 the	
results	were	almost	identical	to	those	of	the	fresh	one,	indicat‐
ing	the	excellent	durability	of	the	5Cu/BNS	catalyst.	The	activi‐
ty	for	acetaldehyde	production	over	5Cu/BNS	was	higher	than	
that	over	5Cu/BN,	5Cu/SiO2	(Fig.	S8),	and	other	Cu‐based	cata‐
lysts	 (Fig.	 2(b))	 reported	 to	 date.	 Although	 5Cu/SiO2	showed	
relatively	 higher	 ethanol	 conversion	 than	 5Cu/BN	 in	 the	
low‐temperature	region	(<240	°C),	 it	was	 less	stable	owing	to	
the	aggregation	of	Cu	nanoparticles,	 leading	to	permanent	de‐
activation	under	ethanol	dehydrogenation	reaction	conditions.	
We	chose	a	reaction	temperature	of	240	°C,	for	which	the	reac‐
tion	 conversion	was	 lower	 than	 the	 equilibrium	value	 for	 the	
stability	 test.	 As	 shown	 in	 Fig.	 2(c),	 ethanol	 conversion	 over	
5Cu/BNS	remained	constant	for	50	h,	with	a	selectivity	toward	
acetaldehyde	higher	than	98%.	Thus,	we	assumed	that	the	ac‐
tive	sites	over	the	5Cu/BNS	catalyst	remained	stable	during	the	
reaction	 in	 a	 superior	 dispersion.	 The	 lower‐Cu‐loaded	 cata‐
lysts	(0.5Cu/BNS	and	1Cu/BNS)	also	exhibited	excellent	stabil‐
ity	 (Fig.	 S9),	which	 further	 proves	 the	 unique	 stable	 effect	 of	
BNS	on	Cu	species.	Furthermore,	by	varying	the	Cu	loading,	the	
apparent	activation	energy	of	ethanol	conversion	was	approx‐
imately	65	kJ/mol,	calculated	according	to	the	Arrhenius	plots	
(Fig.	2(d))	for	all	the	xCu/BNS	catalysts,	revealing	that	the	cat‐
alytically	active	sites	present	on	these	catalysts	were	essential‐
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Fig.	1.	(a)	XRD	patterns	of	the	BNS	support	and	xCu/BNS	catalysts	after
H2	treatment	at	350	°C;	Bright‐field	AC‐STEM	image	(b)	and	the	corre‐
sponding	dark‐field	AC‐STEM	image	(c)	of	5Cu/BNS	catalyst.	
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ly	 identical	 in	 nature	 but	 varied	 in	 dispersity.	 The	 activation	
energy	 agrees	 with	 the	 values	 reported	 in	 the	 literature	
[6–8,28],	suggesting	that	ethanol	conversion	occurs	mainly	on	
the	surface	of	Cu	species.	

3.3.	 	 Identification	of	the	catalytically	active	sites	

The	H2‐TPR‐MS	and	in	situ	XRD	results	reflected	the	reduci‐
bility	of	the	Cu‐based	catalysts.	The	main	H2	consumption	peak	
of	5Cu/BNS	appeared	at	248	°C	(Fig.	3(a)),	and	it	was	broader	
than	 that	 of	 the	 commercial	 BN‐supported	 catalyst	 5Cu/BN,	
indicating	that	the	presence	of	smaller	Cu	particles	are	active	to	
react	 with	 hydrogen	 at	 low	 temperatures.	 The	 peak	 position	
shifted	 toward	 higher	 temperatures	 as	 the	 Cu	 loading	 de‐
creased,	indicating	a	stronger	interaction	between	the	Cu	spe‐
cies	 and	 the	BNS	 substrate.	 Compared	with	 the	amount	of	H2	
required	for	the	complete	reduction	of	the	Cu	species	to	metal‐
lic	Cu,	the	percentages	of	Cu+	(from	among	all	Cu	components)	
for	 1Cu/BNS	 and	 5Cu/BNS	were	 60%	 and	 73%,	 respectively	
(Table	 S3).	 This	 phenomenon	 demonstrates	 that	 the	 strong	
interaction	between	BNS	and	Cu	led	to	the	presence	of	partial	
unreducible	 Cu	 species	 over	 the	 interface,	 which	 may	 have	
played	 a	 key	 role	 in	 stabilizing	 the	 superior	 dispersion	 of	 Cu	
under	 harsh	 ethanol	 dehydrogenation	 reaction	 conditions.	 In	
situ	XRD	measurements	showed	that	the	diffraction	peak	at	2	
of	approximately	43°,	corresponding	to	the	Cu	(111)	reflection,	
started	to	be	distinguishable	at	400	°C	(Fig.	3(b)).	This	further	

suggests	that	metallic	Cu	species	tended	to	grow	up	to	400	°C,	
which	is	close	to	the	Tamman	temperature	of	copper	(405	°C).	

The	chemical	state	of	Cu	 is	essential	 for	understanding	the	
mechanism	of	ethanol	dehydrogenation	over	the	xCu/BNS	cat‐
alysts.	Therefore,	FTIR	analysis	of	CO	adsorption	and	XPS	and	
XAES	studies	were	conducted,	where	the	sample	was	pretreat‐
ed	in	situ	with	8%	H2/N2	at	350	°C	for	1	h	to	prevent	the	possi‐
ble	oxidation	of	Cu.	As	shown	in	Fig.	3(c),	the	peak	at	2141	cm‐1	
for	5Cu/BNS	indicates	that	CO	was	bound	to	Cu2O	[44–47].	This	
demonstrates	 the	presence	of	 stable	Cu+,	even	after	 reduction	
at	350	°C	by	H2.	Other	peaks	deconvoluted	from	the	envelopes	
appearing	at	2100/2066	cm–1	can	be	attributed	to	CO	adsorp‐
tion	 on	metallic	 Cu	 sites	 [48,49].	 CO	 adsorption	 on	 Cu2+	 sites	
was	not	observed.	The	 same	peak	positions	over	1Cu/BNS	 il‐
lustrated	the	coexistence	of	Cu0	and	Cu+.	Because	CO	only	ad‐
sorbs	on	the	topmost	layer	of	Cu,	the	surface	composition,	that	
is,	 Cu+/(Cu0+Cu+),	 can	be	 estimated	using	 the	 integrated	peak	
area.	The	higher	Cu+	ratio	of	1Cu/BNS	implies	superior	disper‐
sion	of	Cu	on	BNS	with	 lower	Cu	 loading.	XPS	combined	with	
XAES	investigations	of	Cu	further	provided	the	overall	state	of	
Cu	 (Figs.	 S10	 and	 3(d)).	 For	 the	 5Cu/BNS	 catalyst,	 the	 two	
peaks	at	932.3	and	952.5	eV	were	assigned	to	Cu0,	and	the	sat‐
ellite	signals	between	942	and	944	eV	belonging	to	Cu2+	were	
missing.	 The	 signals	 appearing	 at	 914.5	 and	 918.3	 eV	 corre‐
sponded	to	the	Auger	peaks	of	Cu+	and	Cu0	[50],	respectively,	
giving	the	percentage	of	Cu+	(from	among	all	Cu	components)	
as	60	at%.	This	value	is	consistent	with	the	H2‐TPR	results	and	
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Fig.	2.	(a)	Light‐off	profiles	of	the	5Cu/BNS	(red	squares	indicate	the	freshly	reduced	catalyst,	red	circles	indicate	the	spent	catalyst)	and	5Cu/BN	
catalysts;	the	equilibrium	conversions	are	presented	in	gray;	(b)	Productivity	of	acetaldehyde	versus	ethanol	reaction	rate	for	the	catalysts	described	
in	this	work	and	in	the	literature	(the	numbers	in	this	Fig.	refer	to	the	references,	Table	S2);	(c)	Ethanol	conversion	as	a	function	of	time‐on‐stream	
(TOS)	at	240	°C.	(d)	Arrhenius	plots	of	xCu/BNS	catalysts.	Reaction	conditions:	50	mg	of	catalyst,	10	vol%	C2H5OH/N2,	WHSV	=	9.8	h–1	for	(a),	(b),	and	
(c);	the	catalyst	weight	was	carefully	varied	(WHSV	from	35	to	76	h–1)	to	keep	ethanol	conversion	below	20%.	
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higher	 than	 that	obtained	 from	CO	adsorption,	 indicating	 that	
Cu	 species	 on	 BNS	 may	 exhibit	 an	 ultrathin	 layer	 structure	
(derivation	in	Table	S4),	similar	to	the	bilayer	model	proposed	
by	Chen	et	al.	 [14],	where	the	 interfacial	 layer	attached	to	the	
support	had	a	higher	chemical	state	than	the	top	layers.	 	

It	 is	 worth	 noting	 that	 the	 reduction	 of	 copper	 oxide	was	
completed	 at	 350	 °C	 according	 to	 the	 H2‐TPR	 results.	 The	
presence	 of	 Cu+	 after	 reduction	 reveals	 that	 charge	 transfer	
from	 the	 BNS	 to	 Cu	 occurred	 because	 of	 the	 formation	 of	
B–O–Cu	 or	 B–N–Cu	 resulting	 from	 the	 strong	 metal‐support	
interaction,	similar	to	that	of	Cu	catalysts	supported	on	oxides	
[8,14,15,46,51]	or	N‐rich	carbon	materials	[29,31].	Considering	
the	electron	affinity	of	the	involved	elements	(O	141	kJ	mol‒1	>	
Cu	118.4	kJ	mol‒1	>	B	26.7	kJ	mol‒1	>	N	7	kJ	mol‒1	[52])	and	the	
B–Cu–N	phase	diagram	[53],	the	formation	of	B–O–Cu	occurred	
most	 likely	under	 these	circumstances.	The	NH3‐TPD	curve	of	
BNS	 showed	 one	 desorption	 peak	 at	 approximately	 177	 °C,	
indicating	the	presence	of	weak	acid	sites	(Fig.	3(e)).	Compared	
with	commercial	BN,	BNS	is	rich	in	oxygen	species	(B–OH)	on	
the	 defect	 edge	 sites,	 which	 are	 responsible	 for	 the	 surface	
acidity.	Usually,	these	sites	lead	to	the	occurrence	of	side	reac‐

tions,	 such	 as	 aldol	 condensation	 and	 esterification	 reactions,	
which	decrease	the	acetaldehyde	selectivity	[54,55].	However,	
Cu/BNS	exhibited	 a	 superior	 acetaldehyde	 selectivity	of	more	
than	98%,	which	further	proves	that	these	sites	play	a	role	 in	
stabilizing	 Cu	 through	 the	 formation	 of	 B–O–Cu	 rather	 than	
creating	side	reactions.	

The	B–O–Cu	bond	is	stable	enough	to	keep	Cu	species	from	
aggregating	 under	 ethanol	 dehydrogenation	 conditions.	 After	
the	programming	ethanol	dehydrogenation	 reaction	over	300	
°C,	 the	Cu	species	were	still	well‐dispersed	over	the	BNS	sup‐
port	for	the	5Cu/BNS	catalyst	(Fig.	4).	Similarly,	well‐dispersed	
Cu	atoms	were	clearly	observed	over	the	spent	1Cu/BNS	cata‐
lyst	 (Fig.	 S11).	 Furthermore,	 the	 position	 and	 intensity	 of	 the	
main	 diffraction	 peaks	 for	 the	 spent	 5Cu/BNS	 catalyst	 re‐
mained	the	same	as	those	of	the	fresh	catalyst,	with	no	aggre‐
gated	 Cu	 particles,	 further	 indicating	 the	 high	 Cu	 dispersity	
(Fig.	 S12).	Hence,	 the	Cu+	 species	present	 at	 the	 interface	be‐
tween	the	BNS	and	the	adsorbed	Cu	species	protected	the	cat‐
alysts	from	deactivation	by	preventing	aggregation.	 	

3.4.	 	 In	situ	DRIFT	study	of	ethanol/acetaldehyde	on	Cu‐based	
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Fig.	3.	(a)	H2‐TPR	profiles	of	xCu/BNS,	5Cu/BN	(8%	H2/N2,	10	°C/min);	(b)	In	situ	XRD	patterns	of	5Cu/BNS	catalyst	under	8%	H2/N2	at	indicated	
temperatures;	(c)	FTIR	spectra	of	CO	adsorption	on	1Cu/BNS	and	5Cu/BNS	samples	at	–173	°C;	(d)	Cu	2p	XP	spectra	and	(inset)	Cu	LMM	XAE	spectra	
of	the	in	situ‐reduced	5Cu/BNS;	(e)	NH3‐TPD	profiles	of	BNS	and	BN	supports.	
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catalyst	

To	 further	 distinguish	 the	unique	 catalytic	 performance	of	
the	NNS‐supported	Cu	catalyst,	an	in	situ	DRIFT	study	of	etha‐
nol/acetaldehyde	 adsorption	 was	 carried	 out	 over	 5Cu/BNS,	
5Cu/SiO2,	and	5Cu/Al2O3	catalysts.	As	shown	in	Fig.	5,	signals	at	
2982	 and	 2934	 cm–1	 appeared	 after	 ethanol	 dosing	 on	
5Cu/BNS,	which	were	assigned	to	the	CH	stretching	from	the	
ethoxy	 groups	 formed	 from	 ethanol	 dissociative	 adsorption	
[42,56–58].	 The	 loss	 of	 surface	 hydroxyls	 (3750–3600	 cm–1)	
confirmed	this	process,	and	the	signal	at	1626	cm–1	can	be	as‐
cribed	to	the	concomitant	formation	of	water	[56,58]	owing	to	
the	spillover	of	hydrogen	from	copper	clusters	that	dehydrox‐
ylated	 the	 edge	 oxygenated	 boron	 sites	 of	 the	 h‐BN	 support.	
Most	 importantly,	 no	 hydrocarbons	 other	 than	 ethoxy	 were	
detected	 after	 ten	 doses	 over	 5Cu/BNS	 at	 240	 °C.	 Unlike	
5Cu/BNS,	dosing	ethanol	onto	5Cu/SiO2	or	5Cu/Al2O3	catalysts	
generated	side	products.	In	addition	to	ethoxy,	signals	at	2905,	
1746,	1557,	1440,	1383,	and	1345	cm–1	appeared	immediately	
after	 the	 first	 dose	 of	 ethanol	 on	 5Cu/SiO2,	where	 1746	 cm–1	
corresponds	to	v(C=O),	1557	cm–1	to	vas(COO),	and	1440	cm–1	
to	vs(COO)	on	Cu,	revealing	the	over‐oxidation	of	acetaldehyde	
and	 the	 formation	of	 acetate	 species	on	 the	5Cu/SiO2	 catalyst	
[59–62].	The	strong	and	broad	bands	at	1579	and	1457	cm–1,	
which	 increased	 with	 increasing	 ethanol	 dosage	 over	
5Cu/Al2O3,	 are	 characteristic	 of	 aromatic	 ring	 stretching	 [63],	
indicating	carbon	deposition.	 	

When	 acetaldehyde	was	 dosed	 onto	 the	 above	 three	 cata‐
lysts	 to	 further	 investigate	 the	 different	 reaction	 pathways,	
similar	results	were	obtained.	As	seen	in	Fig.	6,	two	weak	bands	
at	 2982	 and	 2938	 cm–1	 appeared,	 which	 were	 assigned	 to	
v(CH)	of	ethoxy,	but	no	clear	signal	corresponding	 to	acetal‐
dehyde	 adsorption	 was	 observed	 over	 5Cu/BNS	 within	 ten	
doses.	The	cold‐trap	temperature	was	increased	to	increase	the	

partial	 pressure	 of	 acetaldehyde	 until	 peaks	 of	 2730	 cm–1	
v(CHald)	 and	 1756	 cm–1	 v(C=O)	 (gaseous	 acetaldehyde	
[64,65])	were	observed	(see	the	gray	curve	in	the	left	panel	of	
Fig.	6).	No	other	hydrocarbons	were	detected	during	 the	pro‐
cedure.	 In	 contrast,	 on	 the	 5Cu/SiO2	 and	 5Cu/Al2O3	 catalysts,	
acetaldehyde	 adsorbed	 immediately	 and	 subsequently	 trans‐
formed	 into	 side	 products.	 Signals	 at	 2955,	 2923,	 and	 2855	
cm–1,	 together	with	 1725,	 1577,	 and	 1461	 cm–1	 on	 5Cu/SiO2,	
can	be	assigned	to	the	formation	of	enolate	from	aldol	conden‐
sation	 [59,61,65].	 Acetaldehyde	 also	 transformed	 into	 similar	
side	products,	as	did	ethanol	over	5Cu/Al2O3.	 	

Noticeably,	 negative	 signals	 in	 the	 surface	hydroxyl	 region	
were	 found	 upon	 ethanol	 dosing	 (Fig.	 5),	 demonstrating	 that	
hydroxyls	were	related	 to	 the	dissociative	adsorption	of	etha‐
nol	 over	 the	 three	 catalysts.	 However,	 the	 loss	 of	 surface	 hy‐
droxyl	 was	 not	 proportional	 to	 the	 acetaldehyde	 dosage,	 as	
shown	in	Fig.	6.	The	negative	bands	of	B–OH	(3680	cm–1)	and	
B–NH2	(3570	cm–1)	with	relatively	low	intensity	were	observed	
upon	acetaldehyde	exposure	over	5Cu/BNS,	which	were	satu‐
rated	 from	 the	 fourth	 dose	 of	 gaseous	 acetaldehyde.	 Silanol	
groups	are	involved	in	the	adsorption	of	acetaldehyde,	despite	
their	 low	 intensity.	 Aldol	 condensation	 occurring	 over	
5Cu/SiO2	 is	 probably	 triggered	 by	 copper	 silicates	 [33].	 The	
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Fig.	 4.	 Bright‐field	 AC‐STEM	 images	 (a,c)	 and	 the	 corresponding	
dark‐field	 AC‐STEM	 images	 (b,d)	 of	 the	 spent	 5Cu/BNS	 catalyst	 for
catalytic	performance	test.	
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hydroxyl	groups	on	5Cu/Al2O3	are	not	related	to	acetaldehyde	
adsorption,	and	the	side	reaction	can	be	attributed	to	the	sur‐
face	 Lewis	 acidity.	 Overall,	 the	 in	 situ	 ethanol/acetaldehyde	
DRIFT	results	showed	that	(1)	ethanol	dissociative	adsorption	
on	5Cu/BNS	produced	ethoxy	and	water,	and	acetaldehyde	was	
not	 consumed	 over	 5Cu/BNS	 under	 the	 investigated	 condi‐
tions;	 (2)	 both	 ethanol	 and	 acetaldehyde	 could	 adsorb	 on	
5Cu/SiO2	and	5Cu/Al2O3	and	transform	quickly	into	side	prod‐
ucts.	 Based	 on	 the	 abovementioned	 experimental	 results,	 we	
propose	 a	 possible	 mechanism	 that	 encompasses	 a	 series	 of	
elementary	steps:	

(1)	Adsorption:	
(A)	EtOH(g)	+	*Cu(I)		EtOH‐*Cu(I)	
(2)	Dissociation:	
(B)	EtOH‐*Cu(I)	+	*Cu		EtO‐*Cu(I)	+	H‐*Cu	
(C)	EtO‐*Cu(I)	+	H‐*Cu		EtO‐*Cu	+	H‐*Cu(I)	
(D)	EtO‐*Cu	+	*Cu		CH3CHO‐*Cu	+	H‐*Cu	
(3)	Product	release	 	
(E)	CH3CHO‐*Cu		CH3CHO(g)	+	*Cu	
(F)	H‐*Cu	+	H‐*Cu		H2(g)	+	2*Cu	
(4)	Side	reactions:	
(G)	*B‐OH	+	H‐*Cu		*B	+	*Cu	+	H2O	
(H)	*B	+	EtO‐*Cu(I)		*B‐OEt	+	*Cu(I)	
Our	 results	 demonstrate	 that	 the	 presence	 of	 Cu+	 and	

B–O(H)	did	not	consume	the	acetaldehyde	product.	Therefore,	
unlike	 SiO2‐	 or	 Al2O3‐supported	 Cu	 catalysts,	 B–OH‐enriched	
BNS	 immobilizes	 Cu	 species	 and	 provides	 high	 selectivity	 for	
acetaldehyde.	

4.	 	 Conclusions	

Defect‐enriched	 BNS	 was	 successfully	 used	 as	 a	 support	
material	 for	 the	 fabrication	 of	 highly	 active	 and	 selective	
Cu‐based	 heterogeneous	 catalysts,	 which	 superior	 dispersion	

of	the	copper	species.	The	B–OH	groups	at	the	defect	edge	sites	
of	 BNS	 contributed	 significantly	 to	 the	 catalyst	 stability	 by	
forming	interfacial	B–O–Cu+	linkages,	which	prevented	Cu	spe‐
cies	from	aggregating	under	the	reductive	working	conditions.	
Thus,	 the	 Cu/BNS	 catalysts	 showed	much	 higher	 activity	 and	
stability	 than	 most	 commonly	 applied	 SiO2,	 Al2O3,	 and	 car‐
bon‐supported	catalysts.	These	results	are	encouraging	for	the	
development	of	Cu‐based	catalysts	for	prolonged	use	in	indus‐
try.	 	
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富缺陷BN负载的高分散Cu催化乙醇脱氢制乙醛 

程世群a, 翁雪霏a, 王庆楠a, 周百川a, 李文翠a, 李名润b, 贺  雷a, 王东琪a, 陆安慧a,* 
a大连理工大学化工学院, 辽宁省低碳资源高值化利用重点实验室, 精细化工国家重点实验室, 辽宁大连116024 

b中国科学院大连化学物理研究所, 催化基础国家重点实验室, 辽宁大连116023 

摘要: 生物乙醇作为平台分子通过催化转化的方法可以制备烯烃、乙醛、丁醇和芳香化学品等, 其中乙醛是生产乙酸、季

戊四醇、三氯乙醛、山梨酸等重要化学品的原料.  随着乙醛的需求量逐年增加, 发展以乙醇直接脱氢生成乙醛的工艺, 具

有联产氢气、原子经济性高、产物易分离的优点, 符合国际绿色低碳发展战略要求, 有望替代当前乙烯氧化法生产工艺.  乙

醇分子比较活泼, 催化过程中通常伴随着脱水、羟醛缩合等副反应, 导致乙醛的选择性降低.  根据文献报道, Cu基催化剂可

解离吸附乙醇, 选择性断裂C‒H键, 是有效的乙醇直接脱氢催化剂.  常规氧化物负载的铜基催化剂往往存在乙醛选择性低、

Cu物种易团聚失活等问题.   

本文通过球磨方法处理商业六方氮化硼(h-BN), 从而得到表面缺陷, 使其边缘暴露一定的‒OH和‒NH2等极性官能团, 

进而增强金属与载体的相互作用, 抑制Cu物种的团聚, 提高Cu基催化剂在乙醇脱氢反应中的稳定性.  考察了不同负载量下

Cu物种的分散情况, 发现当负载量高达5% (5Cu/BNS)时, Cu物种仍然能够保持高分散.  5Cu/BNS催化剂在280 °C, WHSV = 

9.6 h‒1反应条件下, 催化生成乙醛选择性达到98%, 乙醇转化率为82%, 且反应50 h后活性保持不变, Cu物种在BNS载体上仍

保持高度分散.  结合红外光谱和X射线光电子能谱(XPS)表征, 证实BNS表面存在B‒OH官能团, 增强了Cu物种与载体的相

互作用, 提高了Cu催化剂在乙醇脱氢反应中的稳定性.  通过原位红外实验对反应物在载体上的吸附行为研究, 进一步理解

5Cu/BNS表现出优异的乙醛选择性的原因.  结果表明, 乙醛在BNS载体上不发生吸附.  从结构化学的角度来说, BNS富π电

子, 与乙醇的羟基相互作用但是与乙醛的富电子的C=O官能团相互排斥, 促进产物乙醛脱附, 因此表现出优异的选择性.  该

方法为设计一种高分散Cu基催化剂提供了新策略, 相比于文献报道的催化体系, 该催化剂在乙醇脱氢方面表现出更好的催

化性能.  
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