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  Using	renewable	energy	to	drive	carbon	dioxide	reduction	reaction	(CO2RR)	electrochemically	into	
chemicals	 with	 high	 energy	 density	 is	 an	 efficient	 way	 to	 achieve	 carbon	 neutrality,	 where	 the	
effective	 utilization	 of	 CO2	and	 the	 storage	 of	 renewable	 energy	 are	 realized.	 The	 reactivity	 and	
selectivity	 of	 CO2RR	 depend	 on	 the	 structure	 and	 composition	 of	 the	 catalyst,	 applied	 potential,	
electrolyte,	and	pH	of	the	solution.	Besides,	multiple	electron	and	proton	transfer	steps	are	involved	
in	 CO2RR,	 making	 the	 reaction	 pathways	 even	 more	 complicated.	 In	 pursuit	 of	 molecular‐level	
insights	into	the	CO2RR	processes,	 in	situ	vibrational	methods	including	infrared,	Raman	and	sum	
frequency	 generation	 spectroscopies	 have	 been	 deployed	 to	 monitor	 the	 dynamic	 evolution	 of	
catalyst	 structure,	 to	 identify	 reactive	 intermediates	 as	 well	 as	 to	 investigate	 the	 effect	 of	 local	
reaction	 environment	 on	 CO2RR	 performance.	 This	 review	 sumarizes	 key	 findings	 from	 recent	
electrochemical	 vibrational	 spectrosopic	 studies	of	CO2RR	 in	addressing	 the	 following	 issues:	 the	
CO2RR	mechanisms	of	different	pathways,	the	role	of	surface‐bound	CO	species,	the	compositional	
and	 structural	 effects	 of	 catalysts	 and	 electrolytes	 on	 CO2RR	 activity	 and	 selectivity.	 Our	
perspectives	 on	 developing	 high	 sensitivity	 wide‐frequency	 infrared	 spectroscopy,	 coupling	
different	 spectroelectrochemical	methods	and	 implementing	operando	vibrational	 spectroscopies	
to	tackle	the	CO2RR	process	in	pilot	reactors	are	offered	at	the	end.	
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Published	by	Elsevier	B.V.	All	rights	reserved.
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1.	 	 Introduction	

Electroreduction	of	CO2	is	promising	in	mitigating	the	green	
house	 and	 achieving	 carbon	 neutrality	 [1,2].	 It	 is	 envisioned	
that	 the	 electricity	 generated	 by	 renewable	 energy	 is	 used	 to	
convert	 CO2	 into	 value‐added	 fuels,	 and	 the	 stored	 energy	 in	
these	chemicals	can	be	released	as	electricity	through	fuel	cells	
or	as	other	forms	of	energy	[3–5].	Such	a	practice	can	not	only	

realize	 the	 storage	of	 renewable	energy,	but	also	mitigate	 the	
anthropogenic	 CO2	 emission.	 Considerable	 efforts	 have	 been	
devoted	 to	CO2RR	and	great	progress	has	been	made	 in	 cata‐
lysts,	 reaction	mechanisms,	 and	 reaction	devices	 [6,7].	 Strate‐
gies	 of	 improving	 the	product	 selectivity	 and	 overall	 reaction	
activity,	 such	 as	 constructing	 grain	 boundaries,	 controlling	
crystal	facets,	forming	unsaturated	coordination	sites	or	alloys,	
doping	 transition	metals	with	non‐metallic	elements,	and	sur‐
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face	 modification,	 have	 been	 extensively	 explored	 [8–12].	 A	
large	 number	 of	works	 have	 been	 focused	 on	 elucidating	 the	
structure‐performance	 relationship	 between	 different	 crystal‐
lographic	 planes	 and	 electrocatalytic	 activity	 and	 selectivity	
[3,13,14].	The	effects	of	different	electrode	potentials,	electro‐
lytes,	and	solution	pH	on	the	performance	of	CO2RR	have	also	
been	 studied	 [15,16].	 The	key	 intermediates	 such	as	 *CHO	or	
*OCCO	 for	 the	 formation	 of	 the	 C1	 and	 C2	 products	 were	 de‐
duced	 through	 experiments	 and	 theoretical	 calculations	
[17,18].	In	addition,	flow	cell	and	membrane	electrode	assem‐
bly	(MEA)	systems	were	also	developed	to	improve	the	current	
density	of	CO2RR	and	accelerate	the	practical	application	of	this	
process	 [19–22].	 Developments	 along	 these	 lines	 have	 been	
summarized	in	many	recent	reviews	[3,4,6,7,10–12,14,18,23].	

Despite	the	tremendous	amount	of	work	on	CO2RR,	the	re‐
action	mechanism	together	with	 the	structural	effects	of	cata‐
lysts	and	electrolytes	remain	elusive.	These	challenges	arise	in	
part	 because	 the	 reaction	 is	 complex	 involving	multiple	 elec‐
tron	and	proton	 transfer	 steps,	 and	 in	part	 from	 the	dynamic	
change	of	the	interfacial	structure	on	both	the	solution	and	the	
catalyst	 surface	 sides.	To	 tackle	 these	 challenges,	 in	 situ	 char‐
acterization	methods	that	are	able	to	monitor	the	evolution	of	
catalyst	 structures	 in	 real	 time	 during	 the	 reaction	 process,	
identify	catalyst	active	sites,	probe	the	reaction	microenviron‐
ment,	 and	 capture	 key	 reaction	 intermediates	 have	 been	 em‐
ployed	 [24–27].	Among	 them,	 in‐situ	 vibrational	 spectroscopy	
has	high	sensitivity	and	interfacial	selectivity,	and	can	monitor	
the	 catalyst	 structure	 reconstruction	 and	 the	 dynamic	 evolu‐
tion	 of	 adsorbed	 species	 during	 the	 CO2	 reduction	 reaction,	
providing	 important	 information	 for	 clarifying	 the	 reaction	
mechanism	and	reaction	pathways	of	CO2RR,	as	demonstrated	

in	 previous	 work	 [25,26,28–31].	 Although	 many	 reviews	 on	
CO2RR	have	appeared	in	the	past	decade,	few	of	them	focused	
on	fundamental	problem‐solving	targeted	application	of	in	situ	
vibrational	 spectroscopic	 approaches.	 Given	 the	 critical	 infor‐
mation	garnered	 from	 these	methods	 for	 fundamental	under‐
standing	of	CO2RR,	it	is	our	hope	that	a	review	on	this	topic	may	
stimulate	further	application	and	advancement	of	using	in	situ	
vibrational	spectroscopic	methods	in	CO2RR	studies.	 	

This	review	summarizes	representative	results	from	in	situ	
vibrational	spectroscopic	studies	on	key	fundamental	issues	in	
CO2RR	(Fig.	1),	 including	(1)	the	reaction	pathways	and	inter‐
mediates;	(2)	the	roles	of	adsorbed	CO;	(3)	the	effects	of	cata‐
lyst	structure	and	(4)	the	effects	of	electrolyte.	At	the	end,	we	
provide	brief	outlooks	of	the	future	directions	for	 in	situ	spec‐
troscopic	investigation	of	CO2RR.	

2.	 	 Brief	introduction	of	in	situ	vibrational	spectroscopy	 	

The	study	of	microscopic	CO2RR	mechanisms	strongly	relies	
on	the	identification	of	intermediates	and	products	for	different	
pathways.	In	situ	vibrational	spectroscopy	with	high	sensitivity	
and	surface	specificity	can	reveal	the	dynamic	chemical	nature	
of	 adsorbed	 intermediates	 in	milliseconds,	which	 is	 critical	 to	
study	 the	 electrocatalytic	 reaction	 mechanism.	 Vibrational	
spectroscopic	 techniques	 include	 infrared	 absorption	 spec‐
troscopy	 (IR),	 Raman	 scattering	 spectroscopy,	 and	 sum	 fre‐
quency	 generation	 spectroscopy	 (SFG),	 with	 corresponding	
schematic	 setup	 shown	 in	 Fig.	 2.	 These	 techniques	 provide	
complementary	 molecular	 information	 about	 the	 interfacial	
processes	involved	in	the	CO2RR.	 	
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2.1.	 	 Electrochemical	infrared	spectroscopy	

In	 recent	 years,	 electrochemical‐surface‐enhanced	 infrared	
spectroscopy	has	played	an	important	role	in	exploring	various	
interfacial	 phenomena	 in	 CO2	 electroreduction	 reactions	
[29,30,34].	 Infrared	spectroscopy	exploits	 the	specific	absorp‐
tion	of	infrared	radiation	at	the	resonant	frequencies	of	molec‐
ular	vibrations	and	can	be	used	 to	monitor	 functional	groups,	
molecular	 symmetry,	 and	 interactions	 between	 catalysts	 and	
molecules	 [35].	 It	 has	 the	 advantages	 of	 being	 applicable	 to	
most	metals,	 good	 spectral	 signal	 reversibility,	 simple	 surface	
selection	rules	and	high	sensitivity	to	polar	molecules.	Electro‐
chemical	 infrared	spectroscopy	uses	two	main	modes	[36,37]:	
internal	reflection‐absorption	or	attenuated	total	reflection	and	
external	reflection‐absorption	modes.	In	ATR	mode	(Fig.	2(a)),	
the	working	electrode	is	either	a	metal	(Au,	Ag	or	Cu)	film	with	
a	 thickness	 of	 about	 10–100	 nm	 deposited	 on	 the	 reflective	
plane	of	a	Si	or	Ge	infrared	window	[38–40],	or	a	powder	cata‐
lyst	layer	cast	Au	films.	In	this	mode,	the	infrared	light	impinges	
on	the	metal	 from	the	back	side	and	the	penetration	depth	of	
infrared	waves	 through	metal	 is	 small.	 It	 is	 therefore	particu‐
larly	 sensitive	 to	 adsorbed	 species	 on	 the	 electrode	 surface.	
With	this	mode	the	mass	transfer	is	fast	and	it	is	beneficial	for	
tracking	 dynamic	 process,	 especially	 for	 the	 study	 of	 surface	
processes	with	a	large	amount	of	gas	evolution,	but	it	is	difficult	
to	 detect	 low	 concentration	 soluble	 species	 due	 to	 its	 limited	
penetration	depth.	In	the	external	reflection	mode,	the	incident	
infrared	 light	 passes	 through	 the	 solution	 before	 reaches	 the	

electrode	 surface.	 The	working	 electrode	 can	 be	 a	metal	 thin	
film	deposited	on	a	support	electrode	or	a	polished	metal	elec‐
trode.	To	minimize	the	absorption	of	water	and	other	species	in	
the	 bulk	 solution,	 the	 electrode	 is	 usually	 pushed	 against	 the	
infrared	 window	 forming	 a	 thin	 solution	 layer	 (~	 a	 few	 mi‐
crons)	 sandwiched	 between	 the	 window	 and	 the	 electrode	
surface.	 The	 external	 reflection	mode	 is	 beneficial	 for	 the	de‐
tection	of	solution‐phase	species,	such	as	soluble	intermediates	
and	products,	but	its	hindered	mass	transport	is	not	conducive	
to	the	study	of	dynamic	CO2RR	processes	[31].	

2.2.	 	 Electrochemical	Raman	spectroscopy	

Raman	 spectroscopy	 offers	 high	 sensitivity	 in	 the	 low	
wavenumber	 region	 where	 surface‐adsorbate	 stretch	 and	
metal	 oxide	 phonon	 modes	 are	 located	 [41].	 Due	 to	 the	 low	
water	 scattering,	 Raman	 spectroscopy	 can	 be	 applied	 to	
aqueous	environment	without	the	need	of	spectral	subtraction	
to	 remove	 the	 background	 (Fig.	 2(b)).	 The	 combination	 of	
Raman	 and	 infrared	 spectroscopy	 provides	 complementary	
information	 on	 molecular	 structure	 and	 catalyst	 surface	
structure.	 In	Raman	 spectroscopy,	 inelastically	 scattered	 light	
generated	from	the	interaction	of	a	monochromatic	laser	beam	
with	 a	 sample	 is	 the	 signal	 [42].	 Since	 the	 signal	 of	 Raman	
scattering	 is	 very	 weak,	 roughened	 or	 nanostructured	
electrodes	 with	 surface	 enhancement	 effect	 mainly	 from	 the	
surface	 plasmon	 reasonance	 are	 generally	 used	 [43,44].	 This	
approach	 is	 collectively	 called	 surface‐enhanced	 Raman	
spectroscopy	(SERS),	which	broadly	speaking	includes	recently	
developed	 shell	 isolated	 nanoparticles	 enhanced	 Raman	
spectroscopy	 (SHINERS)	 that	 is	 able	 to	 obtain	 SERS	 signals	
from	 single	 crystal	 metal	 surfaces	 in	 contact	 with	 Au@SiO2	
nanoparticles	[43].	 	

Surface	 enhancement	 is	 highly	 demanded	 in	 both	 in	 situ	
Raman	and	IR	spectroscopies	for	studying	CO2RR	mechansims.	
In	 comparison	 to	 surface	 enhanced	 Raman	 scattering	 spec‐
troscopy,	 surface	 enhanced	 infrared	 absorption	 spectroscopy	
(SEIRAS)	has	a	more	straightforward	surface	selection	rule	and	
is	 more	 sensitive	 to	 those	 adsorbates	 with	 larger	 di‐
pole‐moment	change	but	smaller	polarizability	change.	SEIRAS	
is	 also	 applicable	 to	 more	 metal	 electrodes	 because	 infrared	
radiation	 instead	 of	 visible	 light	 is	 used	 for	 exciting	 surface	
plasmon	resonance	of	metal	nanoparticles.	

 
Fig.	1.	Fundamental	issues	for	the	electrochemical	reduction	of	CO2.	

(a) (b)

CaF2

(c)

 
Fig.	2.	The	schematic	setup	of	electrochemical	attenuated	total	reflection	(ATR)	infrared	spectroscopy	(a)	and	Raman	spectrocopy	(b).	Reprinted	with	
permission	from	Ref.	[32].	Copyright	2020,	Proceedings	of	the	National	Academy	of	Sciences.	(c)	Sum‐frequency	generation	spectroscopy.	Reprinted	
with	permission	from	Ref.	[33].	Copyright	2019,	American	Chemical	Society.	Note:	WE	refers	to	Working	Electrode,	RE	to	Reference	Electrode	and	CE	
to	Counter	Electrode.	
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2.3.	 	 Electrochemical	sum‐frequency	generation	spectroscopy	

As	 a	 second‐order	 nonlinear	 spectroscopy,	 sum	 frequency	
generation	 spectroscopy	has	unique	 interfacial	 selectivity	 and	
sensitivity,	 and	 can	 provide	 molecular	 information	 at	 the	
electrode/electrolyte	interface,	including	molecular	orientation	
[45,46].	In	a	typical	vibrational	SFG	experiment,	a	visible	laser	
beam	and	an	infrared	laser	beam	impringe	on	the	surface	from	
different	 incident	 angles	 [47].	 These	 lights	 interact	 with	 the	
sample	 and	 generate	 a	 nonlinear	 polarization,	 then	 a	 third	
beam	 at	 the	 sum	 frequency	 of	 the	 incident	 beams	 is	 emitted	
(Fig.	 2(c))	 [33].	 When	 the	 infrared	 laser	 frequency	 is	 in	
resonance	with	molecular	vibrational	frequency,	the	SFG	signal	
is	 significantly	enhanced	and	 therefore	molecular	 information	
is	 provided.	 Compared	 to	 infrared	 spectroscopy	 and	 Raman	
spectroscopy,	 SFG	 does	 not	 require	 background	 subtraction	
and	 roughened	 metal	 electrodes,	 since	 only	 surface	 species	
with	non‐centrosymmetric	can	be	detected.	Despite	its	unique	
advantage,	 this	 technique	 is	 very	 complicated	 in	 terms	 of	
optics,	operation	and	spectral	interpretation,	and	thus	has	not	
been	widely	used.	

3.	 	 Reaction	pathways	and	intermediates	

Hori	et	al.	[48]	divided	metals	into	four	categories	according	
to	 the	 different	 CO2RR	 products	 generated	 from	 these	 metal	
electrodes.	(1)	In,	Sn,	Cd,	Pb,	Bi	and	Hg	for	fomate;	(2)	Au,	Ag,	
Zn	 and	 Pd	 for	 CO;	 (3)	 Pt	 and	 Ni	 for	 H2;	 (4)	 Cu	 for	 CH4	 and	
multi‐carbon	 products	 (C2+).	 Bagger	 et	 al.	 [49]	 performed	
theoretical	 simulations	 on	 the	 adsorption	 energies	 of	 each	
metal	with	 *H	 and	 *CO,	 and	predicted	 the	 corresponding	CO2	
reduction	 products,	 which	 were	 consistent	 with	 Hori's	
experimental	 results.	 Since	 the	 products	 of	 CO2RR	 are	
metal‐dependent,	 the	 reaction	 mechanisms	 naturally	 differ.	
Using	in	situ	infrared	spectroscopy	and	theoretical	calculations,	
Katayama	et	al.	 [50]	proposed	comprehensive	CO2RR	reaction	
mechanisms	 for	 different	 metals.	 The	 study	 found	 that	 the	
reaction	pathway	of	CO2RR	depends	on	 the	binding	energy	of	
metal	 to	 C	 or	 O.	 The	 formation	 of	 C1	 products	 requires	 high	
binding	 capacity	 of	 the	 catalyst	 with	 the	 O‐terminal	
intermediate,	while	 the	 formation	of	C2+	products	 requires	an	
optimal	 binding	 capacity	 of	 the	 catalyst	 with	 the	 C‐terminal	
intermediate.	 Based	 on	 the	 theoretical	 studies,	 Goddard	 and	
coworkers	 [51,52]	 proposed	 that	 *HCOO	 and	 *COOH	 are	
intermediates,	 if	 the	 products	 are	 formic	 acid	 and	 CO,	
respectively.	 If	 the	 products	 are	methane	 and	 C2+,	 *CO	 is	 the	

intermediate.	A	simplified	flowchart	of	the	CO2RR	mechanisms	
is	shown	in	Fig.	3.	In	this	section,	the	application	of	vibrational	
spectroscopies	 in	 exploring	 the	 CO2RR	 mechanism	 and	 key	
reaction	intermediates	that	branch	CO2RR	product	distribution	
over	 different	 metal	 electrodes	 are	 discussed	 following	 this	
flowchart.	

3.1.	 	 CO2‐to‐formate	conversion	

The	main	product	of	CO2RR	on	Sn,	In,	Pb,	and	Bi	electrodes	
is	 formate.	 There	 are	 several	 speculations	 about	 the	
intermediates	for	the	generation	of	formate.	The	monodentate	
OCHO*	through	the	terminal	O	or	*COOH	through	the	terminal	
C	 has	 been	 suggested	 as	 the	 intermediate	 [18,53–55].	 In	
practice,	 the	 formate	 formation	 mechanism	 as	 well	 as	 the	
spectral	 detection	 depends	 on	 the	 electrode	 composition	 and	
structure.	To	pin	down	 the	reaction	mechansim,	Baruch	et	al.	
[53]	 used	 in	 situ	 attenuated	 total	 reflectance	 infrared	
spectroscopy	 (ATR‐IR)	 to	 study	 CO2RR	 to	 formate	 on	 Sn	
electrodes	 containing	 oxide	 species,	 which	 the	 Faradaic	
efficiency	 (FE)	 of	 formate	 was	 ~45%	 at	 –1.4	 V	 vs.	 RHE.	
Monodentate	 carbonate	 species	 on	 Sn	 oxide	 with	 vibrational	
bands	located	at	1500,	1385	and	1100	cm–1	were	observed,	and	
it	 was	 postulated	 that	 this	 speices	 is	 a	 key	 intermediate	
involved	 in	 the	 CO2RR.	 (Fig.	 4(a)).	 When	 the	 potential	 was	
stepped	to	–1.8	V	vs.	RHE	and	CO2	was	purged	by	Ar,	the	signal	
of	 carbonate	 species	 gradually	 decreased,	 confirming	 that	 the	
carbonate	 species	 adsorbed	 on	 the	 surface	were	 the	 reaction	
intermediates.	The	authors	found	that	this	carbonate	species	is	
associated	with	oxides	on	Sn.	When	the	oxide	on	the	electrode	
is	 reduced	 or	 etched	 with	 acid,	 the	 signal	 of	 the	 carbonate	
species	adsorbed	on	the	surface	disappeared,	and	the	product	
is	 mainly	 H2.	 Notably,	 infrared	 spectroscopy	 cannot	 provide	
information	 about	 oxide	 species	 on	 electrodes	with	 vibration	
bands	 at	 low	 wavenumbers,	 while	 Raman	 spectroscopy	 can.	
Dutta	 et	 al.	 [56]	 used	 in	 situ	 Raman	 spectroscopy	 to	
demonstrate	the	correlation	of	oxidation	state	of	 the	Sn	oxide	
nanoparticles	and	the	selective	formation	of	formate	in	CO2RR.	
A	Raman	peak	at	623	cm−1	was	assigned	to	the	A1g	vibrational	
mode	of	SnO2	crystallite.	The	 intensity	of	 the	SnO2‐related	A1g	
modes	 changed	 with	 the	 applied	 electrode	 potential	 during	
CO2RR.	 The	 high	 FE	 of	 formate	was	 obtained	when	 SnO2	was	
the	main	 catalytic	 species	 at	 low	 overpotentials.	 However,	 as	
the	 SnO2	was	partially	or	 fully	 reduced	 to	metallic	 Sn	 at	 very	
negative	potentials,	 the	FE	of	 formate	and	the	 intensity	of	 the	
SnO2‐related	 A1g	 sharply	 decreased.	 These	 observations	 are	
consistent	 with	 Baruch's	 using	 infrared	 spectroscopy,	 which	
further	support	the	conjecture	that	the	surface	oxide	species	on	
Sn	electrodes	is	critical	 in	the	formation	of	 formate.	Pander	et	
al.	 [54]	 found	 that	 the	 reaction	 pathway	 of	 CO2	 reduction	 to	
formate	 on	 In	 electrode	 is	 similar	 to	 Sn	 electrode	 (Fig.	 4(b)),	
where	 the	 oxide	 species	 interact	 with	 CO2	 to	 form	 a	
metal‐carbonate	 species,	which	 is	 reduced	 to	 formate.	 For	 Pb	
and	 Bi	 electrodes,	 neither	 carbonate	 nor	 other	 adsorbed	
species	(HCOOads)	was	detected	by	infrared	spectroscopy	[54],	
which	suggests	that	Pb	and	Bi	reduce	CO2	to	formate	through	a	
different	mechanism,	and	the	reactive	sites	may	be	metallic	Pb	

Fig.	3.	Simplified	flowchart	of	CO2RR	mechanisms	leading	to	C1	and	C2+
product	generation.	*	Corresponds	to	adsorbed	species,	>2e–	reduction	
products	 of	 CH4	 and	 C2+	 that	 go	 through	 the	 reduction	 of	 *CO
intermediate	 (*COR)	 are	 marked	 in	 light	 blue.	 Reprinted	 with
permission	from	Ref.	[52].	Copyright	2020,	American	Chemical	Society.
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or	 Bi	 rather	 than	 oxides	 (Fig.	 4(b)).	 In	 fact,	 the	 formation	 of	
formate	is	possibly	through	a	direct	one‐step	electron	transfer	
hydrogenation	 reaction	 between	 physiosorbed	 CO2	 and	 Hads	
(CO2	+	Hads	+	e‒		HCOO‒)	[57].	The	corresponding	intermedi‐
ates	were	not	detected	by	 infrared	spectroscopy	 likely	due	 to	
low	coverage	or	short	surface	lifetime	of	these	surface	species.	

Recently,	Dutta	et	al.	[58]	also	used	in	situ	Raman	spectros‐
copy	 to	 explore	 the	 change	 of	 the	 reactive	 sites	 of	 CO2RR	 to	
formate	on	Bi2O3/Bi	catalysts	as	a	function	of	potential.	When	
the	potential	was	>	 –0.6	V	vs.	 RHE,	CO2	 intercalation	 in	Bi2O3	
was	 observed,	 forming	 a	 "carbonite"	 species,	 as	 suggested	 by	
the	 appearance	 of	 Raman	 peaks	 at	 313	 and	 162	 cm–1	 which	
were	characteristic	fingerprint	peaks	of	Bi	oxide	and	carbonite	
species,	 respectively.	 The	 author	 concluded	 that	 at	 low	 over‐
potentials	 (>	–0.6	V	vs.	RHE),	 the	carbonite	species	were	con‐
verted	 to	 format	 through	 a	 coupled	 proton/electron	 transfer.	
However,	when	the	potential	was	<	–0.6	V	vs.	RHE,	 the	Bi	ox‐
ide/carbonite	complex	species	were	reduced,	and	the	metallic	
state	 Bi(0)	 acted	 as	 the	 active	 site	 for	 the	 reaction.	 Through	
in‐situ	 infrared	 spectroscopy	 and	 theoretical	 calculations,	 Cao	
et	 al.	 [55]	 proposed	 a	 new	 mechanism	 for	 the	 formation	 of	
formate	on	atomically	thin	bismuthene	(Bi‐ene)	catalysts	(Figs.	
4(c,d)).	 In	 CO2‐saturated	 0.5	 mol/L	 KHCO3	 solutions	 at	
potentials	 more	 negative	 than	 –1.1	 V	 vs.	 Ag/AgCl,	 OCHO*	
species	 and	adsorbed	HCO3–	were	 formed	as	 indicated	by	 the	
peaks	at	1403	and	1352/1300	cm–1	respectively	in	attenuated	
total	 reflection‐surface	 enhanced	 infrared	 absorption	
spectroscopy	 (ATR‐SEIRAS).	 The	 authors	 postulated	 that	
OCHO*	is	a	formate	intermediate.	The	downward	peak	of	HCO3–	
indicates	 that	HCO3–	 is	 consumed.	Moreover,	 the	 authors	 also	

observed	 the	 formation	 of	 OCHO*	 and	 the	 consumption	 of	
adsorbed	 HCO3–	 in	 Ar‐saturated	 0.5	 mol/L	 KHCO3	 solution,	
indicating	 that	 HCO3–	 from	 the	 solution	 can	 adsorb	 on	 the	
electrode	 and	 is	 involved	 in	 the	 reaction	 in	 their	 system.	
However,	 it	should	be	pointed	out	that	the	peak	at	1403	cm–1	
has	 also	 been	 attributed	 to	 carbonate	 [59],	 and	 the	 peaks	 at	
1352/1300	cm–1	are	too	weak	to	unambiguously	identify.	The	
presence	 of	 monodentate	 OCHO*	 species	 remains	 to	 be	
confirmed.	A	combination	of	identifying	rate‐determining	steps	
of	CO2RR,	isotopic	labeling	and	theoretical	calculation	reported	
by	Pérez‐Gallent	et	al.	[60]	is	promising	in	this	regard.	

3.2.	 	 CO2‐to‐CO	conversion	

Au	and	Ag	are	 recognized	as	 the	most	 selective	and	active	
catalysts	 for	 the	 generation	 of	 CO	 due	 to	 their	 weak	 binding	
energy	 to	CO	 [49,61,62].	 Theoretical	 calculations	 suggest	 that	
*COOH	adsorbed	through	the	terminal	C	is	an	intermediate	for	
the	formation	of	CO	[49].	Due	to	the	weak	adsorption	energy	of	
the	 intermediate	 *COOH	 on	 Au	 and	 Ag,	 there	 are	 some	
challenges	for	the	analysis	of	the	reaction	path.	The	affinity	of	
CO	 toward	 Ag	 is	 rather	 low	 which	 makes	 spectroscopic	
investigations	of	mechanistic	details	much	more	difficult.	Firet	
et	al.	[63]	studied	the	reaction	intermediate	and	pathway	on	Ag	
thin	 films	by	means	of	 infrared	 spectroscopy.	 In	 the	potential	
range	of	–1.4	to	–1.6	V	vs.	Ag/AgCl,	the	peaks	at	1288,	1386	and	
1660	 cm–1	 were	 assigned	 to	 C–OH,	 C–O	 and	 C=O	 stretching	
vibration	 of	 the	 adsorbed	 *COOH	 intermediate,	 respectively.	
When	the	overpotential	was	–1.6	V	vs.	Ag/AgCl,	the	symmetric	
and	 asymmetric	 stretching	 vibration	 peaks	 of	 *COO–	with	 the	
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Fig.	4.	(a)	In	situ	time‐dependent	ATR‐IR	spectra	of	CO2RR	on	Sn	electrodes	at	–1.4	V	vs.	Ag/AgCl	in	0.1	mol/L	K2SO4	solution	saturated	with	CO2.	The	
black	arrow	shows	the	direction	of	evolution	with	time	and	the	red	frame	shows	the	carbonate	species.	Reprinted	with	permission	from	Ref.	[53].	
Copyright	2015,	American	Chemical	Society.	(b)	ATR‐IR	spectra	of	thin	films	of	 indium,	tin,	 lead,	and	bismuth	on	exposure	to	CO2	under	reducing	
conditions.	 Reprinted	with	 permission	 from	Ref.	 [54].	 Copyright	 2016,	 American	 Chemical	 Society.	 In	 situ	 ATR‐SEIRAS	 collected	 under	 different	
applied	potentials	in	CO2	saturated	(c)	and	Ar‐saturated	(d)	0.5	mol/L	KHCO3.	Reprinted	with	permission	from	Ref.	[55].	Copyright	2020,	John	Wiley	
and	Sons.	
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C‐terminus	attached	to	the	Ag	surface	were	found	at	1399	and	
1559	cm–1.	The	authors	postulated	that	there	are	two	possible	
reaction	 pathways	 for	 the	 CO2RR	 on	 the	 Ag	 electrode.	 In	 the	
potential	region	of	–1.4	to	–1.55	V	vs.	Ag/AgCl,	CO2	can	directly	
adsorb	on	the	metal	surface	in	the	form	of	*COOH	by	one‐step	
proton	coupled	electron	transfer.	When	the	pontential	is	more	
negative	to	–1.6	V	vs.	Ag/AgCl,	CO2	can	either	obtain	an	electron	
to	 form	 adsorbed	 *COO–,	 followed	 by	 combination	 with	 a	
proton	to	generate	*COOH,	or	obtain	an	electron	coupling	with	
a	proton	to	generate	*COOH	in	one	step.	

Recently,	 Shan	 et	 al.	 [64]	 used	 Raman	 spectroscopy	 to	
identify	 various	 intermediates	 of	 CO2RR	 on	 porous	 Ag	
electrodes	 (Fig.	 5(a)).	 In	 addition	 to	 the	 observation	 of	
C‐coordinated	 *COOH	 intermediate	 peaks	 at	 1386	 and	 1660	
cm–1,	 symmetric	 (998	 cm–1)	 and	 asymmetric	 (1030	 cm–1)	
stretching	vibrations	of	OCO	 in	 *COOH	were	 also	observed	 at	
lower	wavenumbers,	 and	 peaks	 at	 718,	 1130	 and	 1540	 cm–1	
were	 attributed	 to	 the	 deprotonated	 *COO–.	 Stretching	
vibrations	 of	 O–(CH)–O	 at	 1436	 and	 1469	 cm–1	 from	 the	
*OCHO*	intermediate	coordinated	with	two	oxygen	atoms	were	
also	observed.	Through	 isotopic	 labeling	Raman	spectroscopy	
and	theoretical	calculations,	the	authors	assigned	a	peak	at	408	
cm–1	 to	 the	 out‐of‐plane	 rocking	 vibration	 of	 Ag–C	 of	 *COOH	
with	a	top	site	adsorption	configuration,	and	a	peak	at	530	cm–1	
to	 the	 OCO	 out‐of‐plane	wagging	 vibration	 of	 *OCHO*	with	 a	
bridge	 site	 adsorption	 configuration,	 respectively.	 The	
observation	 of	 both	 *COOH	 and	 *OCHO*	 on	 the	 Ag	 electrode	
suggest	there	are	two	different	reaction	pathways.	The	*COOH	
path	 forms	 *CO,	which	 readily	desorbs	 to	 form	gas‐phase	CO,	

while	in	the	*OCHO*	path,	the	intermediate	is	easily	reduced	to	
formate.	

The	 rate‐determining	 steps	 and	 reaction	 mechanisms	 of	
CO2RR	on	Au	electrodes	have	been	debated	because	of	the	low	
*CO	coverage.	Dunwell	et	al.	[66]	showed	that	the	Tafel	slopes	
obtained	 on	 Au	 and	 Ag	 surfaces	 in	 the	 kinetically	 controlled	
region	 (low	 overpotential)	 were	 consistently∼59	 mV	 dec–1,	
suggesting	 the	 rate‐limiting	 step	 is	 not	 the	 initial	 electron	
transfer	 (CO2	 +	 e−		 CO2–).	 Wallentine	 et	 al.	 [67]	 developed	
plasma‐enhanced	vibrational	 SFG	spectroscopy	 to	observe	CO	
from	CO2RR	on	Au	electrodes.	They	found	that	CO	coverage	was	
potential	 dependent	 suggesting	 that	 CO2	 adsorption	 is	 the	
rate‐determining	step	of	CO2RR	on	Au	electrodes.	 	

In	 recent	 years,	 ionic	 liquids,	 as	 a	 new	 type	 of	 media	
composed	of	anions	and	cations	with	adjustable	acid	and	base	
and	designable	structures,	have	shown	high	catalytic	activity	in	
CO2	electroreduction	[68].	Much	attention	has	been	paid	to	the	
mechanism	 of	 CO2	 conversion	 to	 CO.	 García	 Rey	 et	 al.	 [69]	
found	 that	 in	 1‐ethyl‐3‐methylimidazolium	 tetrafluoroborate	
(EMIM‐BF4)	containing	0.3	mol%	water,	the	FE	of	CO	was	close	
to	100%	for	CO2	reduction	on	polycrystalline	Ag	electrodes	at	
low	overpotentials.	SFG	showed	that	CO	did	not	poison	the	Ag	
surface	during	CO2RR,	which	helps	to	prolong	the	life	of	the	CO2	
reactor.	 The	 electrochemically	 driven	 ionic	 liquid	 structure	
transition	 within	 the	 double	 layer	 enables	 enhanced	 electric	
field	strength	to	control	CO2	reduction,	as	reflected	in	the	stark	
slope	of	adsorbed	CO	shift	from	24	to	55	cm–1	V–1	at	potentials	
negative	 of	 –1.33	 V	 vs.	 Ag/AgCl.	 Rosen	 et	 al.	 [70]	 used	
EMIM‐BF4	 with	 90	 mmol/L	 water	 as	 the	 electrolyte	 and	
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Raman shift (cm‒1)

 
Fig.	5.	(a)	In	situ	SERS	spectra	of	CO2RR	at	nanoporous	Ag	surfaces	in	0.1	mol/L	KHCO3	solution	saturated	with	CO2.	The	arrow	on	the	right	shows	the	
potential	 scanning	 direction.	 Peaks	marked	with	 black	 and	 red	 dashed	 lines	 are	 attributed	 to	 the	 reported	 and	 new	 SERS	 signals,	 respectively.
Reprinted	with	permission	from	Ref.	[64].	Copyright	2020,	American	Chemical	Society.	(b)	Vibrational	sum‐frequency	generation	study	of	CO2RR	at	
Pt/EMIM‐BF4	interfaces.	Reprinted	with	permission	from	Ref.	[65].	Copyright	2016,	Elsevier.	
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co‐catalyst	and	were	able	to	obtain	adsorbed	CO	at	–0.25	V	vs.	
SHE	on	Pt	electrodes	during	CO2RR.	They	observed	a	peak	at	
2348	cm–1	in	the	electrochemical	SFG	spectra	and	attributed	it	
to	 a	 [EMIM‐CO2]ad	 complex	 intermediate	 formed	 on	 the	
electrode	 surface	during	 the	 electrolysis	process.	The	authors	
ruled	out	the	possibility	of	this	peak	arising	from	dissolved	CO2	
on	 the	 basis	 of	 SFG	 selection	 rules.	 Dissolved	 CO2	 has	 an	
inversion	 symmetry	 and	 therefore	 is	 not	 SFG	 active.	 The	
formation	of	this	adsorbed	complex	reduced	the	CO2	activation	
energy	barrier	and	the	reduction	overpotential.	In	addition,	the	
[EMIM]+	 layer	 on	 the	 electrode	 surface	 suppressed	 the	
formation	 of	 H2	 and	 thus	 enhanced	 CO2	 coversion.	
Braunschweig	 et	 al.	 [65]	 also	 found	 a	 stable	 [EMIM‐CO2]	
intermediate	(2355	cm–1)	at	Pt	electrodes	during	CO2	reduction	
with	 SFG	 spectroscopy	 (Fig.	 5(b)).	 They	 postulated	 that	 CO2	
molecules	 confined	 at	 the	 Pt‐[EMIM]BF4	 interfaces	 are	 very	
different	from	gaseous	CO2	or	dissolved	CO2.The	authors	found	
that	 CO	 linearly	 bonded	 to	 Pt	 is	 the	 predominant	 surface	
species	 for	 CO2RR	 product.	 The	 accumulation	 of	 CO	 during	
CO2RR	leads	to	a	considerable	poisoning	effect	which	causes	a	
massive	drop	in	current	densities	after	several	potential	cycles.	 	

3.3.	 	 CO2	Reduction	to	CH4	and	C2+	products	

Cu	 is	 the	 only	 catalyst	 capable	 of	 converting	 CO2	 to	 an	

appreciable	amount	of	multi‐carbon	products.	A	large	number	
of	 theoretical	 calculations	have	been	reported	on	 the	reaction	
mechanism	 of	 CO2RR	 on	 Cu	 [17],	 but	 solid	 experimental	
evidence	remains	sparse.	It	is	generally	accepted	that	adsorbed	
CO	generated	by	CO2	electroreduction	is	a	key	intermediate	for	
the	subsequent	generation	of	C1	or	C2+	products	[4,18,71].	For	
the	 reaction	 path	 of	 generating	 CH4,	 *CHO	 is	 generally	
considered	 a	 key	 intermediate,	 and	 the	 reaction	 invovles	
multiple	 proton	 and	 electron	 transfer	 steps	 [4].	 For	 C2+	
products,	 there	 are	 two	 possible	 paths,	 one	 is	 that	 *CH2	 is	
coupled	to	generate	C2H4,	and	*CH3	is	coupled	to	generate	C2H6;	
the	other	is	*CO	dimerization	to	generate	*OCCO*	intermediate,	
further	 coupled	with	proton	and	electron	 to	 form	ethylene	or	
ethanol	[18].	

Pérez‐Gallent	et	al.	[60]	provided	spectroscopic	evidence	for	
the	 reaction	 intermediate	 of	 CO	 reduction	 (CORR)	 to	 C2+	
product.	 Using	 in	 situ	 external	 reflection	 IR	 spectroscopy	 and	
isotopic	labeling,	peaks	at	1191	and	1584	cm–1	were	observed	
on	 Cu(100)	 electrodes	 in	 CO‐saturated	 LiOH	 solution	 in	 H2O	
and	D2O,	respectively.	Based	on	the	the	theoretical	calculations	
(Fig.	 6(a)),	 the	 authors	 attributed	 the	 two	 peaks	 to	 the	
stretching	 vibrations	 of	 C–O–H	 and	 C–O	 of	 the	 hydrogenated	
dimer	 (OCCOH),	 providing	 direct	 spectroscopic	 evidence	 for	
*CO	dimerization.	However,	under	exactly	the	same	conditions,	
no	 hydrogenated	 dimer	 peak	 was	 observed	 on	 Cu(111)	
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Fig.	6.	(a)	Simulated	structures	of	possible	adsorbates	on	Cu(100)	for	CO2RR	and	their	calculated	infrared‐active	vibrational	frequencies.	Cu,	Li,	C,	O,	
and	H	atoms	are	depicted	as	orange,	yellow,	gray,	red	and	white	spheres.	Reprinted	with	permission	from	Ref.	[60].	Copyright	2017,	John	Wiley	and
Sons.	(b)	The	vibrational	density	of	states	(v‐DoSs)	of	*OC–CO,	*OC–COH,	*HOC–COH,	*C–COH,	*CH–COH,	*C–CH,	*C–CH2,	and	*C=C=O	intermediate.	In	
A2‐G2,	v‐DoS	from	quantum	mechanics	molecular	dynamics	(QM‐MD)	is	shown	as	a	solid	black	line,	the	experimental	frequencies	are	shown	as	a	red
dashed	line,	and	the	vibrational	frequencies	from	v‐QM	optimization	are	shown	as	solid	blue	lines	for	comparison.	Reprinted	with	permission	from	
Ref.	 [51].	 Copyright	 2019,	 Proceedings	 of	 the	 National	 Academy	 of	 Sciences.	 (c)	 In	 situ	 Raman	 spectra	 in	 CO2‐saturated	 0.2	mol/L	 NaHCO3	 for	
iodide‐derived	copper	(ID‐Cu)	and	oxide‐derived	copper	(OD‐Cu)	samples	shown	the	enlarged	region	between	850–1150	cm–1	at	–1.0	V	vs.	Ag/AgCl	
and	(d)	The	–CHx	stretching	region	between	2700–3000	cm–1	at	–0.8	V	vs.	Ag/AgCl.	Reprinted	with	permission	from	Ref.	[72].	Copyright	2020,	John	
Wiley	and	Sons.	
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electrodes,	suggesting	that	the	dimerization	of	*CO	depends	on	
the	 Cu	 structure.	 Cheng	 et	 al.	 [51]	 recently	 used	 molecular	
dynamics	simulations	to	predict	the	spectral	peak	positions	of	
possible	 products	 of	 CO2RR	 taking	 careful	 consideration	 of	
actual	reaction	conditions	such	as	solvent,	electrode‐electrolyte	
interface,	 temperature,	 and	 potential	 (Fig.	 6(b)).	 Instead,	 the	
C–O	stretching	vibration	of	*HOC–COH	and	the	C–C	stretching	
vibration	 of	 *C–COD,	 rather	 than	 the	 previsouly	 suggested	
ν(C–O–H)	and	ν(C–O)	modes	of	*OCCOH,	were	assigned	to	the	
peaks	 observed	 by	 Koper	 et	 al.	 [60].	 More	 advanced	
simulations	with	careful	isotope	labeling	are	needed	to	resolve	
this	disagreement.	

Recently,	 Kim	 et	 al.	 [73]	 simultaneously	 observed	 the	
intermediates	of	CO2RR	reduction	to	methane	and	ethylene	on	
Cu,	using	time‐resolved	ATR‐SEIRAS.	The	authors	constructed	
two	 types	 of	 Cu	 electrodes,	 a	 Cu(OH)2‐derived	 Cu	 catalyst	
(P‐Cu),	 on	which	 the	 CO2RR	 formed	mainly	 C2+	products.	 The	
other	is	the	electrodeposited	Cu	thin	film	(ED‐Cu),	and	the	main	
product	 was	 methane.	 Using	 theoretical	 calculations	 and	
isotopic	 substitutions,	 the	 authors	 attributed	 the	 observed	
peaks	at	1550–1562	and	1760	cm–1	to	*OCCO	for	ethylene	and	
*CHO	 for	methane,	 respectively.	 *OCCO	was	 observed	 on	 the	
P‐Cu	 catalyst	 while	 *CHO	 not.	 The	 authors	 deduced	 that	
ethylene	 was	 formed	 through	 CO	 dimerization	 to	 *OCCO,	
without	 involving	 *CHO.	 Methane,	 on	 the	 other	 hand,	 was	
generated	 by	 the	 *CHO	 pathway	 through	 CO	 hydrogenation.	
The	 C–C	 coupling	mechanism	 on	 different	 Cu‐based	 catalysts	
may	be	different.	Ma	et	al.	[74]	observed	*CHO	(1754	cm–1)	on	
fluorine‐modified	 copper	 (F‐Cu)	 catalyst,	 and	 proposed	 a	
H‐assisted	C–C	coupling	mechanism,	where	CO	hydrogenation	
generates	*CHO,	which	is	then	coupled	to	form	*OCHCHO*.	The	
F‐Cu	 catalyst	 exhibited	 high	 C2+	 product	 selectivity,	 and	 the	
authors	 proposed	 that	 the	 *CHO	 species	 plays	 an	 important	
role	in	the	C–C	coupling	of	the	F‐Cu	catalyst.	Interestingly,	Li	et	
al.	 [75]	demonstrated	 that	 the	 rate‐determining	 step	of	CORR	
to	C2+	products,	besides	CO	dimerization,	may	also	be	affected	
by	hydrogenation	of	CO	with	H2O	as	a	proton	source	through	in	
situ	 infrared,	 Raman	 spectroscopy	 and	 electrokinetic	
investigations.	 The	 rate‐determining	 step	 for	 methane	
production	 is	 related	 to	 the	 pH	 of	 the	 electrolyte,	 which	 is	
limited	 by	 the	 CO	 hydrogenation	 via	 proton	 coupled	 electron	
transfer	 in	 weak	 alkaline	 conditions	 (7	 <	 pH	 <	 11)	 or	 CO	
chemical	 hydrogenation	 via	 adsorbed	 hydrogen	 atoms	 in	
strong	alkaline	electrolyte	(pH	>	11).	 	

The	 reaction	 pathways	 for	 ethylene	 or	 ethanol	 formation	
generally	follow	the	dimerization	of	*CO	pathway	despite	some	
modifications	[4],	while	there	is	less	spectroscopic	evidence	for	
the	 reaction	 pathway	 for	 ethane.	 There	 are	 two	 possible	
reaction	pathways	to	ethane	[72,76–79]:	(1)	hydrogenation	of	
the	 pre‐formed	 ethylene;	 (2)	 direct	 coupling	 of	 two	 *CH3	
intermediates.	Vasileff	et	al.	 [72]	found	that	 iodide‐derived	Cu	
(ID‐Cu)	 can	 convert	 CO2	 to	 ethane	with	 high	 selectivity.	 They	
attributed	 this	observation	 to	 that	 ID‐Cu	has	an	optimized	Cu	
oxidation	 state,	which	may	 improve	 the	 stability	of	O‐binding	
species	 and	 facilitate	 the	 hydrogenation	 of	 hydrocarbons	 to	
ethane.	 Their	 experimental	 results	 showed	 that	 the	 reaction	
paths	of	ethane,	ethylene	and	ethanol	were	the	same.	They	all	

undergo	 *CO	 coupling	 to	 generate	C–C	bonds	 instead	of	 *CH3	
coupling.	 Further	 support	 of	 this	 assertion	 comes	 from	 the	
observed	Raman	spectra	of	the	symmetric	stretching	vibrations	
of	 –CH2	 and	–CH3	 at	~2890	and~2920	cm–1	of	oxygen‐bound	
ethoxy	(*OCH2CH3)	on	ID‐Cu	which	is	an	intermediate	of	ethane	
formation	 (Figs.	6(c,d)).	Huang‐Fu	et	al.	 [80]	reported	 that	on	
Cu	electrodes,	C–H	stretching	vibration	peaks	corresponding	to	
surface‐adsorbed	ethoxy	intermediate	(Cu‐OCH2CH3)	at	–0.7	V	
vs.	SCE	were	observed	by	SFG	spectroscopy,	which	may	be	the	
surface	intermediate	species	for	the	generation	of	ethanol.	

4.	 	 The	role	of	CO	in	CO2RR	

CO	plays	 an	 important	 role	 in	 CO2RR.	Besides	 being	 a	 key	
intermediate	 for	 gas‐phase	 CO,	 CH4	 and	 C2+	 products,	 its	
adsorption	 configuration	 and	 coverage	 also	 affect	 the	
selectivity	 and	 activity	 of	 CO2RR.	 CO	 can	 also	 be	 used	 as	 a	
molecular	probe	to	indirectly	obtain	catalyst	surface	structures.	
There	 are	 two	 main	 adsorption	 configurations	 of	 CO	 on	 the	
metal	 electrode	 related	 to	 CO2RR:	 the	 linearly	 bonded	 CO	
(COtop)	 where	 CO	 binds	 to	 one	 metal	 atom	 and	 the	
bridge‐bonded	 CO	 (CObridge)	 where	 CO	 interacts	 with	 two	 or	
three	 metal	 atoms	 (here	 we	 do	 not	 intend	 to	 separate	 the	
bridge	and	hollow	adsorption	sites)	[81].	The	roles	of	the	two	
CO	adsorption	 configurations	 in	CO2RR	are	 still	 controversial.	
Some	studies	suggested	that	CObridge	is	inert,	and	acts	only	as	a	
spectator	 that	 does	 not	 participate	 in	 CO2RR	 due	 to	 CObridge	
stablized	 by	 the	 interfacial	 electric	 field	 [82].	 Others	 showed	
that	 CObridge	 is	 reactive	 with	 the	 assistance	 of	 COtop	 [83].	 To	
address	this	issue,	researchers	used	vibrational	spectroscopy	to	
explore	the	role	of	CO	with	different	adsorption	configurations,	
and	found	that	the	adsorption	configuration	of	CO	depends	on	
the	electrode,	coadsorbate	and	solution	pH	[81].	In	this	section,	
we	 discuss	 the	 effects	 of	 CO	 adsorption	 configuration	 and	
coverage	on	CO2RR,	and	the	use	of	CO	as	a	molecular	probe	in	
CO2RR.	

4.1.	 	 CO	adsorption	configuration	

It	has	been	well	documented	that	 the	C≡O	stretching	peak	
for	the	COtop	is	located	at	2130–2000	cm–1;	and	for	the	CObridge,	
it	is	at	2000–1650	cm–1	[81],	as	shown	in	Fig.	7.	The	adsorption	
configuration	and	adsorption	strength	of	CO	on	a	metal	depend	
on	the	electronic	structure	of	the	metal.	In	CO2RR,	although	CO	
is	a	key	intermediate,	the	role	of	CObridge	and	COtop	is	different.	

Using	in‐situ	ATR‐SEIRAS,	Wutting	et	al.	[84]	found	that	the	
surface	population	of	electrogenerated	CObridge	 is	much	higher	
than	 COtop	 on	 Au	 electrodes	 under	 the	 condition	 of	 CO2RR.	
However,	 COtop	 was	 an	 active	 intermediate	 of	 CO2RR	 on	 Au	
electrodes	 to	 generate	 gas‐phase	 CO,	 while	 CObridge	 was	
irreversibly	 adsorbed	 and	 could	 only	 be	 removed	 by	 positive	
potential	 oxidation	 (Fig.	 8(a)).	 Jiang	et	al.	 [85]	 found	 that	 the	
adsorption	of	CObridge	 on	Pd	electrodes	 is	much	 stronger	 than	
that	 of	 COtop.	 However,	 at	 higher	 overpotentials,	 COtop	 is	 an	
active	 intermediate	 to	 generate	 gas‐phase	 CO,	 while	 CObridge	
acts	as	a	bystander	and	does	not	participate	in	the	reaction	(Fig.	
8(b)).	 Gunathunge	 et	 al.	 [82]	 clarified	 the	 roles	 of	 COtop	 and	
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CObrigde	species	on	Cu	electrodes	during	CORR	with	the	aid	of	in	
situ	 ATR‐SEIRAS.	 In	 CO‐saturated	0.05	mol/L	 Li2CO3	 solution,	
when	the	potential	was	scanned	from	positive	to	negative,	COtop	
and	CObrigde	 appeared	at	 the	 same	potential	 (~–0.6	V	vs.	 SHE)	
and	 the	 integrated	 intensity	 for	both	bands	 increased.	During	
the	 reverse	 potential	 scan,	 the	 decline	 of	 the	 COtop	 band	
intensity	was	highly	reversible	while	the	intensity	change	of	the	
CObridge	exhibited	a	ramarkable	degree	of	hysteresis.	When	the	
CO‐saturated	solution	was	purged	by	Ar,	the	surface‐adsorbed	
COtop	intensity	decreased	while	the	CObrigde	intensity	monotonic	
increased	at	–1.1	V	vs.	SHE.	When	the	potential	was	stepped	to	
–1.75	 V	 vs.	 SHE,	 the	 CObrigde	 band	 intensity	 remained	 largely	
unchanged	while	the	COtop	band	disappeared.	DFT	calculations	
revealed	 that	 the	 hydrogenation	 of	 CObridge	 to	 *CHO	 (active	
intermediate	 for	CH4	 formation)	on	Cu(100)	needs	 to	 climb	a	
higher	 energy	 barrier	 than	 COtop.	 The	 authors	 further	
speculated	 that	a	part	of	COtop	may	be	converted	 into	CObridge,	
and	COtop	 is	the	reaction	intermediate	to	produce	multicarbon	
products	 instead	 of	 CObridge	 (Fig.	 8(c)).	 In	 addition,	 CObrigde	 is	
more	likely	to	appear	on	the	Cu	electrode	under	strong	alkaline	
conditions	 or	 potential‐induced	 surface	 reconstruction	 [82].	
Recently	 studies	 [86]	 reported	 that	 the	 CO	 adsorption	

configuration	depends	on	the	valence	state	of	Cu	under	CO2RR	
conditions	 (Fig.	8(d)),	 and	CObrigde	 is	 reactive	when	 it	 coexists	
with	 COtop.	 In	 situ	 ATR‐SEIRA	 spectra	 showed	 that	 on	 Cu	
electrodes	 with	 Cu(I),	 there	 was	 only	 COtop	 peak,	 and	 the	
product	 was	 mainly	 methane;	 while	 on	 Cu	 electrode	 with	
Cu(0),	there	was	only	CObridge	peak,	and	the	product	was	mainly	
H2.	 Interestingly,	both	COtop	and	CObrigde	were	observed	on	Cu	
electrode	 with	 both	 Cu(I)	 and	 Cu(0),	 and	 their	 co‐existence	
enhanced	 the	 CO2	 to	 ethylene	 selectivity.	 A	 surface	 Raman	
spectrocopic	report	by	Chang	et	al.	[87]	further	confirmed	that	
the	 CO	 adsorption	 configuration	 is	 related	 to	 the	 pH	 of	 the	
electrolyte	and	surface	composition	at	Cu	electrode.	

Recently,	Li	et	al.	[83]	found	that	the	selectivity	of	ethylene	
is	 related	 to	 the	 ratio	 of	 CO	 adsorption	 configuration	 (COtop/	
CObrigde)	on	tetrahydro‐bipyridine	modified	Cu	electrodes	using	
Raman	 spectroscopy	 during	 CO2RR.	 The	 experimental	 results	
showed	 that	when	 the	COtop/CObrigde	 ratio	 is	 between	0.4–0.5,	
the	 FE	 of	 ethylene	 can	 reach	 more	 than	 60%.	 Theoretical	
calculations	 further	 indicated	 that	 the	 dimerization	 between	
COtop	 and	 CObridge	 on	 Cu(111)	 has	 the	 lowest	 energy	 barrier,	
suggesting	 that	high	ethylene	selectivity	comes	 from	the	right	
amount	of	COtop	and	CObridge.	

4.2.	 	 CO	coverage	effect	

Adsorbed	 CO	 is	 a	 key	 intermediate	 of	 hydrocarbons,	
oxygenates	 and	 CO	 gas	 for	 CO2RR	 processes,	 hence	 the	 CO	
coverage	may	modulate	the	product	selectivity.	Zhan	et	al.	[88]	
used	in	situ	Raman	spectroscopy	to	establish	the	correlation	of	
C2+	 product	 selectivity	 and	 potential‐dependent	 CO	 surface	
coverage	on	Cu2O	nanocubes	under	CO2	reduction	conditions.	
Cu‐CO	 rotation	 (P1,	 ~280	 cm–1),	 Cu‐CO	 stretching	 vibration	
(P2,	 ~355–370	 cm–1)	 and	 C–O	 stretching	 vibration	
(~1970–2110	cm–1)	were	observed	in	the	Raman	spectra.	The	
authors	 used	 the	 intensity	 ratio	 of	 the	 two	 peaks	 P2/P1	 to	
represent	 the	 potential	 dependent	 CO	 coverage.	 As	 the	

2130‒2000 cm‒1 2000‒1650 cm‒1
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Fig.	7.	The	adsorption	configuration	of	CO	on	metal	electrodes	and	the
corresponding	positions	in	the	vibrational	spectrum.	

 
Fig.	8.	The	schematic	diagrams	showing	the	roles	of	COtop	and	CObrigde	on	different	electrodes.	(a)	Au	electrode.	Reprinted	with	permission	from	Ref.
[84].	Copyright	2016,	Proceedings	of	the	National	Academy	of	Sciences.	(b)	Pd	electrode.	Reprinted	with	permission	from	Ref.	[85].	Copyright	2021,	
American	 Chemical	 Society.	 (c)	 polycrystalline	 Cu	 electrode.	 Reprinted	 with	 permission	 from	 Ref.	 [82].	 Copyright	 2018,	 American	 Chemical	
Society.	(d)	Cu	electrode	with	Cu(0)	and	Cu(I).	Reprinted	with	permission	from	Ref.	[86].	Copyright	2020,	American	Chemical	Society.	
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potential	was	negatively	shifted	from	–0.6	to	–0.9	V	vs.	RHE,	the	
P2/P1	value	increased	from	0.7	to	1.4,	and	reached	a	maximum	
value	 at	 –1.0	 V,	 then	 decreased	 rapidly,	 showing	 a	
volcano‐shape	 trend.	 This	 spectral	 result	 is	 consistent	 with	 a	
previous	 report	 [89].	 The	 P2/P1	 ratio	 or	 CO	 coverage	 is	
correlated	 with	 the	 FE	 of	 C2+	 products,	 in	 which	 a	 low	 CO	
coverage	 is	 unfavorable	 for	 CO2	 to	 C2H4	 conversion.	
Gunathunge	et	al.	 [90]	 reported	 that	 at	 a	 sufficiently	 high	 CO	
coverage	 the	 interaction	 of	 CO	 with	 Cu	 may	 induce	 the	
reconstruction	of	the	Cu	surface	to	form	Cu	clusters	containing	
unsaturated	 sites,	 changing	 the	 product	 selectivity.	 The	
modification	 of	 Cu	 with	 N‐doped	 C	 (NxC)	 could	 enrich	 and	
activate	 interfacial	 CO2	via	 the	 specific	N‐CO2	 interaction,	 and	
the	 resultant	 higher	 CO	 coverage	 as	 monitored	 by	 IR	
spectroscopy	may	 promote	 the	 selective	 C2+	 formation	 on	 Cu	
[91].	 Recently,	 Wuttig	 et	 al.	 [92]	 revealed	 that	 competitive	
adsorption	 of	 water	 and	 anion	 affects	 CO	 coverage	 via	 a	
combined	 in	 situ	 infrared	 spectroscopy	 and	 voltammetry	
approach.	Reversible	CO	binding	to	Au	competes	with	adsorbed	
water,	and	 the	adsorption	of	water	can	release	COads	 from	Au	
catalysts,	 hindering	 its	 further	 reduction.	 In	 contrast,	 CO	
binding	to	Cu	requires	the	reductive	displacement	of	adsorbed	
carbonate	anions.	At	negative	potentials,	carbonate	desorption	
facilitates	 CO	 accumulation	 on	 Cu,	 allowing	 its	 further	
reduction	to	multicarbon	products.	

Notably,	 in	 a	 specially	 designed	 experiment	 with	 CO	
adsorption	and	reduction	under	controlled	stirring,	Malkani	et	
al.	 [93]	 reported	 that	 increasing	 the	mass	 transport	 increases	
the	overall	coverage	of	CO	on	Cu	electrode,	and	yet	 the	CORR	
product	 selectivity	 seems	not	 to	be	changed	significantly.	The	
authors	assigned	the	peculiar	result	to	the	random	distribution	
of	adsorbed	CO.	 	

4.3.	 	 CO	as	a	surface	probe	 	

Since	 C≡O	 stretching	 vibration	 frequency	 is	 very	 sensitive	
to	 the	 CO	 adsorption	 environment,	 CO	 can	 be	 used	 as	 a	
molecular	 probe	 to	monitor	 the	 surface	 structure	 of	 a	 CO2RR	
catalyst.	 For	 example,	 the	 C–O	 stretching	 band	 (CO)	 from	CO	
adsorbed	 on	 the	 defect	 sites	 of	 Cu	 is	 located	 in	 the	 high	
frequency	 region	 (~2080	 cm–1)	 [94],	where	 it	 is	 in	 the	 lower	
frequency	region	(~2040	cm–1)	for	CO	adsorbed	on	the	terrace	
sites	 [94].	 CO	 on	 Cu+	 sites	 has	 a	 CO	 band	 above	 2100	 cm–1	

[95–97],	while	that	on	Cu0	sites	is	located	at	~2050–2070	cm–1	

[96,97].	 	
Gunathunge	 et	 al.	 [94]	 identified	 atomic‐scale	 surface	

structures	on	 two	commonly	used	Cu	 thin	 films	 for	CO2RR	by	
infrared	spectroscopy	using	CO	as	the	probe.	Two	Cu	thin	films	
with	dominant	Cu(111)	and	Cu(100)	planes	were	prepared	by	
electrochemical	 deposition	 and	 chemical	 deposition,	
respectively.	 On	 the	 electrodeposited	 Cu	 film,	 the	 C–O	
stretching	peak	is	in	the	high	frequency	region	(2080	cm–1);	on	
the	chemically	deposited	Cu	film,	C–O	stretching	band	appears	
in	 both	 the	 low	 frequency	 region	 (2045	 cm–1)	 and	 the	 high	
frequency	region	(2080	cm–1).	These	observations	suggest	that	
the	chemically	deposited	Cu	films	have	various	adsorption	sites	
such	 as	 defects	 and	 terraces,	 while	 the	 electrodeposited	 Cu	
films	consist	of	more	defect	sites.	 	

An	 et	 al.	 [98]	 employed	 sub‐second	 time‐resolved	 Raman	
spectroscopy	to	identify	Cu	electrode	surface	reconstruction	by	
CO	molecules,	 and	 correlated	 CO	 adsorption	 sites	 on	 Cu	with	
CO2RR	 product	 selectivity.	 The	 authors	 found	 that	 on	
anodically	 oxidized	 Cu	 electrodes,	 different	 reduction	
potentials	 yielded	 different	 surface	 structures	 and	 different	
products	(Fig.	9).	When	the	potentail	was	stepped	to	–0.7	from	
+1.55	V	vs.	RHE	in	CO2‐saturated	0.1	mol/L	KHCO3,	a	CO	peak	
appeared	at	2058	cm–1	within	2	s	and	redshifted	in	the	first	7	s	
before	blueshifted	to	2092	cm–1	in	ca.	12	s.	The	lower	frequency	
band	was	assigned	to	CO	adsorbed	on	terrace‐like	sites	and	the	
higher	 frequency	 band	 to	 CO	 on	 isolated	 defect‐like	 sites.	
Together	 with	 the	 chronoamperometric	 results	 and	 Raman	
spectra	 at	 lower	 wavenumber	 region,	 the	 observed	 spectral	
transitions	 were	 explained	 in	 terms	 of	 redeposition	 of	
dissolved	 copper	 species,	 and	 the	 main	 CO	 adsoprtion	 site	
changes	from	terrace‐like	to	defect‐like	sites	induced	by	more	
dominat	OH	adsoprtion	due	 to	decreasing	 local	pH	caused	by	
hydrogen	 evolution	 reaction.	 The	 authors	 argued	 that	 the	 CO	
intermediates	 on	 isolated	 defect‐like	 sites	 can	 not	 couple	 to	
form	CO–CO	dimer,	 hence	 the	main	 CO2	 reduction	product	 at	
–0.7	V	vs.	RHE	is	CO.	Given	that	CO	adsorption	on	defect	sites	is	
stronger	 than	 on	 the	 terrace	 sites,	 it	 is	 intriguing	 that	 CO	
adsobed	on	terrace	sites	appeared	first.	When	the	potential	was	
stepped	 from	+1.55	 to	 –0.9	V	vs.	 RHE,	 the	 spectra	 in	 the	C–O	
stretching	 region	 were	 dominant	 by	 a	 band	 at	 aournd	 2050	
cm–1	 that	 was	 assigned	 to	 CO	 adsorbed	 on	 step‐edge	 defect	
sites,	which	are	similar	to	CO	adsorbed	on	terrace	sites.	These	

1s Cu reduction 7s

 
Fig.	9.	Schematic	diagrams	for	the	observed	processes	on	anodic	treatment	of	mechanically	polished	polycrystalline	Cu	electrode	during	CO2RR	using	
in	situ	time‐resolved	surface‐enhanced	Raman	spectroscopy.	Reprinted	with	permission	from	Ref.	[98].	Copyright	2021,	John	Wiley	and	Sons.	
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CO	 can	 be	 further	 coupled	 to	 generate	 C2+	 products	 such	 as	
ethylene.	These	results	illustrate	that	CO	dimerization	is	related	
to	its	adsorption	site	and	the	applied	reduction	potential.	 	

Malkani	 et	 al.	 [97]	 used	 CO	 adsorption	 to	 identify	 the	 Cu	
surface	 structure	 by	 infrared	 spectroscopy	 under	 alkaline	
conditions.	They	observed	three	peaks	at	2131,	2089,	and	2073	
cm–1	 for	 CO	 adsorption	 on	 polycrystalline	 Cu	 electrodes.	
Traditionally,	 the	 peak	 at	 2131	 cm–1	 was	 assigned	 to	 CO	
adsorbed	on	Cu+.	However,	as	argued	by	the	authors,	metallic	
Cu	could	not	be	oxidized	to	Cu2O	at	–0.4	V	vs.	RHE.	In	addition,	
no	 CO	 peak	 at	 2131	 cm–1	 was	 observed	 on	 an	 intentionally	
constructed	 CuOx	 surface	 or	 Au	 film.	 Thus,	 the	 authors	
proposed	 that	 the	peak	at	2131	cm–1	 is	 from	CO	adsorbed	on	
reconstructed	Cu	sites	instead	of	Cu+	sites.	

5.	 	 Influence	of	electrode	structure	and	composition	on	
CO2RR	

There	 have	 been	 numerous	 reports	 that	 CO2RR	 selectivity	
and	activity	depend	on	the	catalyst	structure	and	composition.	
However,	 identifying	 active	 sites	 of	 a	 catalyst	with	 an	 aim	 to	
improve	its	catalytic	performance	remains	challenging.	Among	
others,	 it	 is	 debatable	 what	 the	 active	 sites	 are	 for	
oxide‐derived	Cu‐based	catalysts,	Cu‐based	bimetallic	catalysts	
and	non‐metal	doped	Cu	catalysts.	This	section	summarizes	the	
key	 findings	 in	 recent	 literature	 on	 the	 fundamental	
understanding	 of	 the	 composition	 and	 structure	 effects	 of	
electrocatalytic	materials	on	CO2RR	performance.	

5.1.	 	 Oxide‐derived	Cu‐based	catalysts	(OD‐Cu)	

Since	 Kanan	 and	 coworkers	 [99]	 developed	 the	 OD‐Cu	

catalyst	to	facilitate	the	conversion	of	CO2	to	C2+	products,	more	
and	more	efforts	have	been	devoted	to	the	construction	of	Cu	
electrodes	containing	oxide	species	[100–102].	However,	it	has	
been	questioned	whether	surface	oxide	species	such	as	(CuOx,	
CuOx(OH)y)	can	exist	stably	under	CO2RR	conditions	[87].	Some	
studies	 suggest	 that	 Cuδ+	 is	 the	 active	 site	 of	 the	 catalyst	 on	
oxide‐derived	Cu	[103–106],	but	others	argued	that	the	defect	
sites,	 grain	 boundaries	 and	 crystal	 planes	 formed	 after	 rapid	
reduction	 of	 the	 surface	 oxidized	 Cu	 may	 be	 the	 active	 sites	
[101,107–110].	

5.1.1.	 	 Oxidation	state	of	Cu	
Interestingly,	 it	 has	 been	 proposed	 that	 under	 CO2RR	

conditions,	slightly	positively	charged	Cuδ+	on	the	Cu	surfaces	is	
the	active	site	for	the	formation	of	C2+	products	[100,103,112].	
Patra	et	al.	[111]	found	that	B‐doped	CuO	can	stabilize	the	Cuδ+	
species	 and	 enhance	 the	 C2+	 product	 selectivity.	 Three	 C–O	
stretching	peaks	at	2050,	2072	and	2080	cm–1	were	observed	
on	B‐CuO	electrode	during	CO2RR	by	ATR‐SEIRAS,	 suggesting	
that	 there	are	various	active	sites	on	 the	Cu	surface,	of	which	
2080	cm–1	belongs	 to	CO	adsorption	on	 low‐coordinated	sites	
on	the	Cuδ+	surface	(Fig.	10(a)).	However,	only	2050	cm–1	was	
observed	on	 CuO‐derived	 Cu	 electrode,	which	 arises	 from	CO	
adsorbed	 on	 the	 metallic	 Cu	 sites.	 The	 blue	 shift	 of	 the	 C‐O	
stretching	 frequency	 of	 CO	 adsorbed	 on	 B‐CuO‐derived	 Cu	
electrode	with	respect	to	that	on	CuO‐derived	Cu	electrode	was	
attributed	to	the	change	of	oxidation	state	caused	by	the	charge	
transfer	between	B	and	Cu.	The	intensity	of	the	Cuδ+	related	CO	
band	 at	 2072–2080	 cm–1	 increased	 with	 the	 increasing	
overpotential	 which	 the	 authors	 attributed	 to	 the	 stronger	
adsorption	of	*CO	on	the	Cuδ+	active	site	that	leads	to	a	higher	
CO	coverage.	They	concluded	that	multiple	CO	adsorption	sites	
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Fig.	10.	Controversial	views	on	OD‐Cu	catalysts	during	CO2RR.	(a)	Partially	positive‐charged	copper	(Cuδ+)	is	to	boost	the	formation	of	highly	valued	
multicarbon	 C2+	 products	 during	 CO2RR.	 Reprinted	 with	 permission	 from	 Ref.	 [111].	 Copyright	 2020,	 American	 Chemical	 Society.	 (b)	 The	
electrochemical	prereduction	process,	during	which	Cu2O	nanocubes	were	converted	into	metallic	Cu	phase	under	a	negative	potential	of	–0.34	V	vs.	
RHE.	Reprinted	with	permission	from	Ref.	[32].	Copyright	2020,	Proceedings	of	the	National	Academy	of	Sciences.	(c)	Cu(100)/Cu(111)	interfaces	as	
superior	active	sites	for	CO	dimerization	during	CO2RR.	Reprinted	with	permission	from	Ref.	[109].	Copyright	2021,	American	Chemical	Society.	(d)
Role	of	a	hydroxide	layer	on	Cu	electrodes	in	electrochemical	CO2	Reduction.	Reprinted	with	permission	from	Ref.	[95].	Copyright	2019,	American
Chemical	Society.	
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(Cu0	and	Cuδ+)	and	higher	CO	binding	energy	on	Cuδ+	facilitate	
the	CO	dimerization	which	improves	the	C2+	product	selectivity.	
It	should	be	mentioned	that	linking	the	C–O	vibrational	band	at	
2072–2080	cm–1	to	the	Cuδ+‐CO	is	not	a	concensus,	in	fact,	such	
a	species	has	been	referred	to	the	band	above	2100	cm–1	[97]	
and	 the	 observed	 band	 at	 ca.	 2080	 cm–1	 may	 be	 also	
attributable	to	CO	adsorption	on	Cu	defect	sites	[94].	 Iijima	et	
al.	 [96]	 found	 that	 methyl	 thiol	 desorption	 induced	 surface	
reconstruction	 and	 Cu+	 formation	 at	 high	 overpotentials	 on	
methyl	 thiol‐modified	 Cu	 (MT‐Cu)	 electrodes.	 Infrared	
spectroscopy	showed	that	on	the	MT‐Cu	electrode,	the	CO	peak	
broadened	 and	 shifted	 to	 higher	 wavenumbers	 at	 ca.	 2100	
cm–1.	The	authors	postulated	that	the	Cu	surface	reconstruction	
forms	a	variety	of	CO	adsorption	sites,	and	the	presence	of	Cu+	

improves	the	selectivity	of	CO2RR	to	ethylene.	Recently	Yang	et	
al.	[113]	synthesized	a	Cu2O	catalyst	with	porous	structure	that	
enables	 the	 efficient	 confinement	 of	 carbon‐related	
intermediates	including	*CO,	a	high	CO	coverage	on	the	surface	
slows	 down	 the	 reduction	 of	 Cu+	 to	 Cu(0).	 Moreover,	 such	
confined	 intermediates	 also	 promote	 C–C	 coupling	 inside	 the	
reactive	nanocavities,	giving	rise	to	the	high	C2+	selectivity.	

5.1.2.	 	 Grain	boundaries/crystal	plane	
Hori	 et	 al.	 [48]	 found	 that	 the	 product	 of	 CO2RR	 highly	

depends	on	the	Cu	crystal	orientation.	Among	them,	Cu(100)	is	
beneficial	to	reduce	the	energy	barrier	of	CO	dimerization	with	
ethylene	being	the	main	product,	while	Cu(111)	is	energetically	
unfavorable	for	CO	dimerization	with	methane	being	the	main	
product.	 More	 interestingly,	 the	 grain	 boundaries	 formed	
between	different	crystal	planes	have	been	shown	to	 improve	
the	 product	 C2+	 selectivity	 due	 to	 the	 changes	 of	 the	 local	
atomic	 arrangement	 and	 electronic	 structure	 [107,114,115].	
Along	 this	 line,	 the	 grain	 boundaries	 or	 new	 crystal	 planes	
formed	 on	 oxide‐derived	 Cu‐based	 catalysts	 during	 the	
reduction	 process	 were	 suggested	 to	 be	 responsible	 for	 the	
enhanced	C2+	product	selectivity	[107,116,117].	

Zhu	 et	al.	 [32]	 used	 time‐resolved	Raman	 spectroscopy	 to	
study	 the	 surface	 state	 changes	 of	 Cu2O	 nanocrystals	 with	
(100)	orientation	during	CO	reduction	reaction	(Fig.	10(b))	 in	
the	 context	 to	 simplify	 the	 study	 of	 CO2RR.	 At	 open	 circuit	
potential,	 Raman	 peaks	 characteristic	 of	 Cu2O	 nanocrystals	
were	detected	at	152,	219,	412,	542	and	630	cm–1,	with	the	one	
at	219	cm–1	as	 the	main	peak.	Upon	applying	–0.34	V	vs.	RHE	
during	 CORR,	 the	 peak	 intensity	 of	 the	 oxide	 gradually	
decreased	 and	 disappeared	 suggestive	 of	 the	 formation	 of	
metallic	Cu.	In	combination	with	DFT	calculations,	the	authors	
suggested	 that	 the	 coupling	 of	 Cu(100)	 terrace	 sites	 with	
adjacent	 step	 sites	along	 the	edge	contributes	 to	 the	 selective	
production	of	acetic	acid.	Malkani	et	al.	[97]	probed	the	change	
of	oxidation	 state	of	OD‐Cu	during	CO	electroreduction	under	
alkaline	 conditions	 by	 infrared	 spectroscopy.	 An	 additional	
peak	 at	 2058	 cm–1	 was	 observed,	 which	 is	 close	 to	 the	 peak	
position	 of	 CO	 adsorption	 on	 Cu(100).	 This	 observation	
suggests	that	there	are	exposed	Cu(100)	facets	on	OD‐Cu.	The	
authors	 proposed	 that	 the	 preferential	 adsorption	 of	 CO	 on	
exposed	 Cu	 (100)	 surface	 of	 OD‐Cu	 is	 the	 key	 reason	 for	 the	
increase	 of	 C2+	 product	 selectivity	 on	 OD‐Cu.	 Similar	

conclusions	 have	 been	 drawn	 in	 other	 related	 studies	 on	 Cu	
electrodes	 of	 different	 surface	 morphologies	 and	
crystallographic	orientations	[88,118].	

Recently,	Wu	et	al.	 [109]	prepared	Cu2O	nanocrystals	with	
controllable	 crystal	 facets,	 and	 obtained	 a	 series	 of	 Cu	
nanocrystals	 with	 adjustable	 ratios	 of	 Cu(100)	 and	 Cu(111)	
crystal	 facets	 after	 electroreduction,	 which	 improved	 the	 C2+	
product	 selectivity.	 In	 situ	 IR	 and	 Raman	 spectroscopies	 and	
theoretical	 calculations	 show	 that	 the	 Cu(100)/Cu(111)	
interface	has	an	optimal	electronic	structure	that	enhances	*CO	
adsorption	and	lowers	the	activation	energy	barrier	for	CO–CO	
dimerization	 (Fig.	 10(c)).	 Zhong	 et	 al.	 [108]	 found	 that	 for	
Cu(OH)2‐derived	 Cu	 catalysts	 all	 of	 the	 characteristic	 Raman	
bands	associated	with	Cu(OH)2,	CuO	and	Cu2O	disappear	after	
polarization	 at	 –0.5	 V	 vs.	 RHE	 in	 CO2‐saturated	 0.1	 mol/L	
KHCO3	 aqueous	 solution	 for	 several	 minutes.	 These	 results	
demonstrate	 that	 Cu(OH)2‐derived/Cu	 is	 reduced	 to	 metallic	
copper	during	CO2RR.	The	Cu(OH)2‐derived	Cu	catalysts	expose	
relatively	high	density	of	stepped	Cu(110)	and	Cu(100),	which	
are	 assembled	 into	 Cu(210)	 and	 Cu(310),	 promoting	 CO	
adsorption	 and	 CO	 dimerization	 and	 leading	 to	 improved	
CO2RR	catalytic	activity	to	C2+	products.	

5.1.3.	 	 Hydroxide	species	
For	 oxide‐derived	 Cu‐based	 catalysts,	 recent	 studies	 have	

also	found	that	the	surface	hydroxide	species	can	play	a	role	in	
the	 catalytic	 activity	 [95,119].	 Iijim	 et	 al.	 [95]	 found	 that	 on	
Cu(OH)2/Cu	electrodes,	OH	residing	on	the	Cu	surface	plays	an	
important	 role	 in	CO2RR	and	 the	 formation	of	C2+	products.	 It	
was	confirmed	by	 infrared	 spectroscopy	and	 isotopic	 labeling	
that	 although	 Cu2+	 or	 Cu(OH)2	 was	 reduced	 at	 negative	
potentials,	 the	 surface	 OH	 or	 OD	 species	 (2700	 cm–1)	 always	
existed,	occupying	the	bridge	and	hollow	sites	on	Cu,	hindering	
the	 CObridge	 adsorption	 (Fig.	 10(d)).	 The	 coupling	 of	 the	
adsorbed	 OH	 with	 the	 COtop	 may	 improve	 C2+	 selectivity.	
Recently,	He	et	al.	[119]	added	oxygen	or	hydrogen	peroxide	to	
the	CO2RR	system	to	 form	a	stable	surface	hydroxyl	group	on	
Cu	 surfaces,	 which	 significantly	 increased	 the	 partial	 current	
density	 of	 C2+	 products	 at	 certain	 potentials,	 and	 the	 onset	
potential	of	methane	generation	also	shifted	200	mV	positively.	
Theoretical	calculations	show	that	the	presence	of	OH	reduces	
the	 activation	 Gibbs	 free	 energy	 of	 the	 rate‐determining	 step	
for	 generating	multicarbon	 products	 and	methane.	 Enhanced	
rate	 of	 CO2RR	 reduction	 to	 CO	 was	 also	 observed	 on	 Ag	
electrodes	 where	 surface	 OxHy	 speceis	 were	 detected	 [120].	
Deng	et	al.	[121]	pointed	out	that	the	OH	species	on	Sn	surfaces	
promoted	 the	 CO2	 adsorption	 and	 enhanced	 the	 CO2RR	 to	
HCOOH	selectivity.	

5.2.	 	 Cu‐based	bimetallic	catalysts	

The	selectivity	for	a	specific	product	of	CO2RR	is	not	high	on	
monometallic	Cu	electrode.	Construction	of	Cu‐based	bimetallic	
catalysts	 by	 means	 of	 surface	 modification	 or	 alloying	 with	
another	 metal	 has	 attracted	 considerable	 interests.	 For	
instance,	an	increased	selectivity	towards	ethylene	production	
was	 attained	 on	 Ag	 decorated	 Cu	 catalysts	 [122–126],	 CuAg	
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alloy	 [127–129],	 and	 oxide‐derived	 CuZn	 [130].	 Studies	
suggested	 that	 the	 CO	 generated	 on	 Ag	 overflows	 to	 the	
surrounding	Cu	atoms,	and	is	further	utilized	by	the	Cu	atoms	
to	generate	multi‐carbon	products	[131–133].	Recently,	Herzog	
et	 al.	 [126]	 constructed	 Ag‐modified	 Cu2O	 nanocrystals	
(Ag/Cu2O)	and	explored	 the	synergistic	mechanism	of	Ag	and	
Cu.	 The	 reduction	 of	 Cu2O	 species	 and	 the	 adsorption	 of	 CO	
during	 the	 reaction	 were	 monitored	 by	 in	 situ	 Raman	
spectroscopy.	 The	 rotational	 and	 stretching	 vibrational	 peaks	
of	 Cu‐CO	 (at	 280	 and	 366	 cm−1)	 were	 observed	 on	 both	
Ag/Cu2O	and	Cu2O	catalysts.	On	Cu2O,	the	peak	intensity	of	the	
rotational	 and	 stretching	 vibrations	 of	 Cu‐CO	 were	 similar.	
However,	the	intensity	of	the	stretching	vibration	of	Cu‐CO	on	
Ag/Cu2O	is	much	stronger	than	that	of	the	rotational	vibration,	
indicating	 that	 the	 multiple	 sites	 constructed	 by	 Ag	
modification	constrain	the	rotational	vibration.	In	addition,	the	
stretching	 vibration	 peak	 intensity	 of	 Cu‐CO	 on	 Ag/Cu2O	
decreases	 with	 the	 negative	 shift	 of	 potential,	 indicating	 the	
consumption	 of	 CO,	 which	 also	 reflects	 that	 the	 stretching	
vibrational	 mode	 enhances	 the	 C–C	 coupling	 of	 adjacent	 CO	
molecules	 on	 Cu,	 thereby	 promoting	 the	 C2+	 products.	 In	 a	
similar	work,	Li	et	al.	[129]	found	that	in	Raman	spectra	the	CO	
peaks	from	CO	on	Ag/Cu	alloy	catalysts	were	wider	than	those	
on	 pristine	 Cu,	 indicating	 that	 the	 modified	 catalysts	 have	
multiple	reaction	sites	and	multiple	adsorbed	intermediates.	

Notably,	despite	the	fact	that	Cu,	Ag	and	Au	are	in	the	same	
IB	group,	Cu	is	markedly	different	from	Ag	and	Au	in	terms	of	
CO2RR	product	 distribution	given	 that	 the	 latter	 two	produce	
CO	predominantly.	 In	pursuit	of	 an	 exclusive	CO	evolution	on	
Cu‐based	electrodes,	atomically	deposited	Pd	layer	over	Cu	foil	
was	 reported	 to	 enhance	 CO2‐to‐CO	 conversion	 [134].	 The	 in	
situ	 infrared	 spectroscopy	 results	 show	 that	 the	 IR	 band	
corresponding	to	adsorbed	CO	appears	300	mV	more	positive	
on	CuPd	than	that	on	pure	Cu,	indicating	a	more	favorable	CO	
formation	 kinetics	 at	 the	 presence	 of	 Pd	 decoration.	 A	
predominant	 CO2RR	 to	 CO	 formation	 was	 reported	 on	 a	
Sb‐modified	 Cu	 electrodes	 (Sb‐Cu)	 [135].	 Electrochemical	
ATR‐SEIRAS	detected	a	relatively	weak	and	redshifted	CO	band	
on	 Sb‐Cu	 electrode	 as	 compared	 to	 that	 on	 Cu	 electrodes	 at	
CO2RR	potentials.	DFT	calculations	revealed	that	Sb	clusters	on	
the	 Cu	 surface	 change	 the	 electronic	 structures	 of	 Cu	 and	
adjacent	 Sb	 and	 thus	weaken	 the	 CO	 binding	 strength	 on	 Cu	
sites,	 consistent	with	 the	 observed	CO	 band	 feature	 and	 high	
CO	selectivity.	

5.3.	 	 Nonmetal	doping	

Nonmetal	 doping	 may	 also	 cause	 the	 structrural	
modification	 on	 a	 catalyst,	 which	 may	 affect	 the	 surface	
chemical	 properties	 of	 the	 catalyst	 and	 thus	 the	 activity	 and	
selectivity	 of	 CO2RR	 [136–138].	 It	 has	 been	 demostrated	 that	
S‐doped	 or	modified	 Cu‐based	 catalysts	 selectively	 converted	
CO2	 to	 formate	 [57,139–141].	 Using	 in	 situ	 infrared	
spectroscopy,	 Phillips	et	al.	 [57]	 reported	 that	 the	 adsorption	
strength	of	CO	on	S‐doped	Cu	(SD‐Cu)	electrode	was	enhanced	
with	negative	shift	of	potential,	which	 inhibited	the	 formation	
of	 HCOOads	 but	 promoted	 the	 direct	 reaction	 of	 CO2	with	 the	

adsorbed	 hydrogen	 coupled	 with	 electron	 transfer	 to	 form	
formate.	Deng	et	al.	 [139]	applied	 in	situ	Raman	spectroscopy	
to	 further	 explore	 the	 CO2	 electroreduction	 process	 on	 the	
Active‐CuSx	electrode.	Contrary	to	Phillips's	work,	the	authors	
did	 not	 observe	 the	 adsorbed	 CO	 (2080	 cm–1),	 and	 they	
proposed	 that	 S	 inhibited	 the	 adsorption	 of	 CO	 on	 Cu.	 In	
addition,	 the	 formate	 precursors	 HCOOads	 (2890	 cm–1)	 and	
DCOOads	 (2140	cm–1)	were	detected	on	 the	bare	Cu	electrode,	
but	 not	 on	 the	 Active‐CuSx	 electrode,	 which	 the	 authors	
attributed	to	the	high	HCOO–	conversion	rate.	Recently,	Pan	et	
al.	 [140]	 used	 the	 same	 approach	 to	 study	 the	 intermediate	
HCOO*	for	the	conversion	of	CO2	to	formate	on	S‐doped	Cu,	and	
argued	 that	 the	 doping	 of	 S	 enhanced	 the	 adsorption	 of	
carbonate	intermediate	during	CO2	electrolysis.	 	

The	Cu+	sites	on	the	Cu	surface	are	considered	as	the	active	
sites	 to	selective	CO2RR.	However,	Cu+	 is	unstable	at	negative	
potential,	and	the	doping	of	B	can	stabilize	Cu+.	Recently,	Zhou	
et	 al.	 [103]	 first	 reported	 that	 B‐doped	 Cu	 catalysts	 can	
improve	 C2+	 product	 selectivity.	 They	 used	 NaBH4	 as	 the	 B	
source	and	obtained	Cu‐B	catalysts	with	different	atomic	ratios	
of	 Cu/B	 by	 adjusting	 the	 amount	 of	 the	 Cu	 precursor.	
Theoretical	calculations	and	in	situ	X‐ray	near‐edge	absorption	
spectroscopy	 (XANES)	 confirmed	 that	 B	 stably	 exists	 in	 the	
subsurface	of	Cu	and	modulates	the	electronic	structure	of	Cu,	
keeping	 Cu	 in	 the	 Cuδ+	 valence	 state.	 The	 content	 of	 Cuδ+	
increases	 with	 increasing	 B	 concentration.	 The	 doping	 of	 B	
inhibits	the	conversion	of	CO2	to	C1	products,	by	increasing	the	
reaction	energy	barrier	of	*CO	+	*H		CHO*,	but	promotes	the	
conversion	 of	 CO2	 to	 C2+	 products	 by	 lowering	 the	 reaction	
energy	 barrier	 of	 *CO	 +	 *CO	 	 OCCO*.	 Song	 et	 al.	 [142]	
reported	that	B‐doped	Cu‐Zn	catalysts	can	stabilize	Cu+	under	
CO2RR	 condition	 by	 using	 in	 situ	 Raman	 spectroscopy.	 The	
retained	 Cu+	 species	 and	 the	 lower	 overpotential	 for	 *OCO	
formation	upon	incorporation	of	Zn,	which	lead	to	the	excellent	
conversion	of	CO2	to	C2+	products	on	B‐Cu‐Zn	GDEs.	Patra	et	al.	
[111]	also	observed	multiple	adsorbed	CO	sites	and	enhanced	
*CO	adsorption	strength	on	the	B‐doped	Cuδ+	surface	by	means	
of	in	situ	ATR‐SEIRAS,	which	are	the	key	factors	to	improve	the	
selectivity	 of	 C2+	 products.	 Although	 some	 studies	 attributed	
the	enhancement	of	C2+	product	selectivity	to	 the	stabilization	
of	 Cu+	 by	 B‐doping,	 Li	 et	 al.	 [136]	 found	 that	 there’s	 no	
detectable	 Cu(I)	 species	 in	 electroplated	 Cu‐B	 electrode	 via	
combined	 X‐ray	 photoelectron	 spectroscopy	 and	 synchrotron	
radiated	absorption	spectroscopy.	The	authors	suggested	 that	
the	B	doping	affects	the	binding	energy	of	Cu‐CO	and	promotes	
the	generation	rate	of	C2+	products.	In	situ	ATR‐SEIRAS	results	
revealed	 a	 more	 facile	 conversion/depletion	 of	 the	 *CO	
intermediate	 after	 B‐doping,	 correlating	 the	 rate	 of	 *CO	
consumption	with	C2+	partial	current	at	molecular	level.	 	

6.	 	 Electrolyte	effect	on	CO2RR	

The	 catalytic	 selectivity	 and	 activity	 of	 electrochemical	
interfaces	can	be	affected	by	the	supporting	electrolyte	ions.	It	
has	 been	 shown	 that	 with	 increasing	 radius	 of	 alkali	 metal	
cation,	 the	 CO2RR	 reactivity	 was	 significantly	 improved,	
especially	 the	 current	 density	 and	 the	 selectivity	 of	 C2+	
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products	 [143].	 Some	 studies	 suggest	 that	 the	 influence	 of	
cations	 on	 CO2RR	 reflects	 the	 changes	 in	 the	 local	
microenvironment,	 such	 as	 local	 electric	 field	 strength,	
interfacial	CO2	concentration,	interfacial	pH,	etc	[144–149].	The	
electrostatic	interaction	between	cations	and	adsorbed	species	
has	 been	 suggested	 to	 stabilize	 reaction	 intermediates	
[150,151].	 In	 addition	 to	 acting	 as	 a	 buffer,	 the	 anions	 in	 the	
electrolyte	 can	 also	 be	 specifically	 adsorbed	 on	 the	 electrode	
surface,	 affecting	 the	 coverage	 of	 CO	 and	 changing	 the	
selectivity	of	the	products	[152].	It	has	also	been	reported	that	
bicarbonate	 participates	 in	 the	 CO2RR	 reaction	 [34,55,153].	
This	 subsection	 summarizes	 the	 application	 of	 in	 situ	
vibrational	 spectroscopies	 in	 the	 understanding	 of	 ion	 effects	
on	the	electrocatalytic	CO2RR.	

6.1.	 	 Cation	effect	

Gunathunge	et	al.	[149]	applied	in	situ	infrared	spectroscopy	
to	monitor	 the	 effects	 of	 alkali	metal	 cations	 on	 CO	 coverage	
and	local	electric	field	strength	on	polycrystalline	Cu	electrodes	
(Fig.	11(a)).	It	was	found	that	in	electrolytes	containing	K+	and	
Cs+,	 νCO	 shifted	 to	 lower	 frequencies	 compared	 to	 that	 in	
electrolytes	 containing	 Li+	 (Fig.	 11(b)).	 This	 observation	
suggests	 that	with	 the	 increase	 of	 the	 size	 of	 the	 alkali	metal	
cation,	 the	 local	 electric	 field	 also	 increases,	 which	 induces	 a	
red	 shift	 of	 the	 CO	 stretching	 frequency.	 At	 higher	
overpotentials,	 in	 electrolytes	 containing	 K+	 and	 Cs+,	 the	 CO	
coverage	 on	 Cu	 electrodes	 decreased	 significantly	 until	

approaching	 0.	 while	 in	 Li+	 electrolytes,	 the	 CO	 coverage	
remained	~0.5.	This	observation	indicates	that	CORR	reaction	
rate	is	accelerated	in	the	electrolyte	containing	K+	and	Cs+.	This	
finding	provides	a	strategy	to	 improve	the	catalytic	selectivity	
of	CO2RR	on	metal	electrodes	with	poor	selectivity.	

Malkani	et	al.	 [145]	and	Ayemoba	et	al.	 [154]	 followed	the	
model	 proposed	 by	 Singh	 et	 al.	 [148]	 for	 cation‐enhanced	
CO2RR,	 estimating	 the	 interfacial	 local	 pH	 and	 CO2	
concentration	 by	 in	 situ	 infrared	 spectroscopy.	 By	 integrating	
the	 peak	 intensities	 of	 dissolved	 CO2	 (2340	 cm–1)	 and	
bicarbonate	 (1650	 cm–1),	 Ayemoba	 et	al.	 [154]	 calculated	 the	
local	pH	near	Au	electrodes	 in	 the	presence	of	different	alkali	
metal	 cations	 (Fig.	 11(c,d)).	 The	 results	 show	 that	 Li+	 has	 a	
much	lower	buffering	capacity	than	Cs+,	because	the	hydrolysis	
pKa	 of	 Cs+	 is	 smaller	 than	 that	 of	 Li+,	 which	 experimentally	
verifies	 Singh's	 simulation	 results.	 However,	 Malkani	 et	 al.	
[145]	found	that	the	local	CO2	concentration	near	Au	electrodes	
decreased	 with	 the	 increase	 of	 alkali	 metal	 cation	 radius,	
contradicting	 the	 predictions	 of	 Singh	 et	 al.	 based	 on	 the	
interfacial	 pKa	 theory.	 Compared	 with	 other	 alkali	 metal	
cations,	 the	 local	 CO2	 concentration	near	Au	 electrodes	 is	 the	
lowest	in	the	electrolytes	containing	Cs+,	which	was	explained	
in	terms	of	rapid	conversion	of	CO2	to	CO	in	the	presence	of	Cs+.	

Alkali	 metal	 cations	 were	 also	 reported	 to	 stabilize	
CO2RR‐generated	 intermediates.	 Pérez‐Gallent	 et	 al.	 [151]	
found	 that	 at	 low	 overpotentials	 in	 alkaline	 electrolytes	
containing	Li+,	Na+,	and	K+,	the	hydrogenation	dimer	(*OCCOH)	
existed	as	indicated	by	the	observation	of	a	peak	at	1191	cm–1	

 
Fig.	11.	(a)	Schematic	illustration	of	the	effect	of	alkali	metal	cations	on	the	local	interfacial	electric	field	on	Cu	electrodes.	(b)	Peak	frequencies	of	the	
CO	stretch	band	of	linearly‐bonded	CO	as	a	function	of	applied	potential	in	CO‐saturated	0.1	mol/L	alkali	metal	bicarbonates	as	indicated.	Reprinted	
with	permission	from	Ref.	[149].	Copyright	2017,	The	Royal	Society	of	Chemistry.	(c)	Schematic	illustration	of	the	effect	of	alkali	metal	cations	on	local	
pH	on	Cu	electrodes.	(d)	Steady‐state	pH	at	the	metal‐electrolyte	interface	during	the	electroreduction	of	CO2	at	–1.0	V	vs.	RHE	in	CO2‐saturated	0.05	
mol/L	M2CO3	solutions	(M	=	Li+,	Na+,	K+,	Cs+).	Reprinted	with	permission	from	Ref.	[154].	Copyright	2017,	American	Chemical	Society.	



	 Hong	Li	et	al.	/	Chinese	Journal	of	Catalysis	43	(2022)	0–0	 15	

attributed	 to	 the	 stretching	 vibration	 of	 CO	 in	 the	 dimer.	
However,	 in	Rb+	or	Cs+‐containing	solution,	 this	peak	was	not	
detected.	 The	 C–O	 stretching	 band	 intensity	 of	 the	
hydrogenated	 dimer	 decreases	 from	 Li+	 to	 K+,	 indicating	 that	
the	 formation	of	 this	 intermediate	depends	on	 the	 size	of	 the	
cation.	 For	 Rb+	 and	 Cs+,	 a	 new	 peak	 appeared	 at	 1407	 cm–1,	
which	 may	 be	 assigned	 to	 formaldehyde.	 DFT	 calculations	
show	that	the	cations	enhance	the	adsorption	of	C–C	containing	
species	 more	 than	 that	 of	 the	 C1	 intermediate,	 lowering	 the	
energy	 barrier	 for	 the	 reductive	 coupling	 of	 *CO.	 In	 addition,	
larger	cations	such	as	Cs+	can	stabilize	C2+	intermediates	more	
efficiently	 than	 smaller	 cations	 (Li+).	 Recent	 experimental	
results	 by	 Monteiro	 et	 al.	 [155]	 and	 Ye	 et	 al.	 [156]	 also	
suggested	 that	 partially	 desolvated	 metal	 cations	 stabilize	
CO2‐intermediates	 through	 short‐range	 electrostatic	
interactions,	thereby	promoting	CO2	reduction.	

In	addition	to	the	size	effect	of	cations,	the	concentration	of	
cations	affects	the	CO2RR	reactivity.	Li	et	al.	[157]	found	that	by	
adding	NaClO4	to	increase	the	concentration	of	Na+	in	0.1	mol/L	
NaOH	solution	while	maintaining	the	bulk	pH	of	the	electrolyte,	
the	 partial	 current	 density	 and	 FE	 of	 C2+	 products	 were	
significantly	 increased.	The	authors	concluded	that	 in	alkaline	
electrolytes,	high	concentration	of	Na+	is	the	key	to	improving	
CO2RR	performance	rather	than	high	concentration	of	OH–.	This	
is	different	from	the	traditional	view	that	"electrolyte	pH	affects	
the	 reaction	 kinetics	 of	 CO/CO2RR".	 The	 authors	 used	 crown	
ether	 to	 chelate	 Na+	 in	 the	 solution	 to	 keep	 the	 OH–	 of	 the	
solution	 unchanged	 while	 reduce	 the	 free	 Na+	 concentration,	
and	 the	 partial	 current	 density	 and	 FE	 of	 the	 C2+	 product	
decreased	 significantly,	 confirming	 the	 Na+	 concentration	
effect.	 No	 obvious	 change	 in	 the	 Stark	 tuning	 rate	 of	 CO	
adsorbed	 on	 Cu	 with	 increasing	 Na+	 concentration	 was	
observed	in	the	infrared	spectra,	which	rules	out	the	influence	
of	 specific	 adsorption	 of	 cations	 or	 change	 in	 electric	 field	
strength	on	product	selectivity.	

Cations	 also	 alter	 the	 CO2RR	 reactivity	 by	 affecting	 the	
structure	of	interfacial	water	that	interacts	with	electrode.	Li	et	
al.	 [158]	used	bulky	 tetraalkyl	quaternary	ammonium	cations	
to	 study	 the	 effect	 of	 the	 electrode	 and	 interfacial	 water	
interaction	 on	 CO2RR	 performance.	 In	 the	 CO‐saturated	
electrolyte	with	D2O,	a	peak	at	2710	cm–1	was	observed	owing	
to	the	formation	of	O–D	bonds	between	CO	adsorbed	on	the	Cu	
electrode	and	interfacial	D2O.	The	peak	intensity	of	O–D	stretch	
decreases	 with	 the	 increase	 of	 the	 quaternary	 ammonium	
cation	 radius	 until	 it	 disappears.	 It	was	 concluded	 that	 larger	
quaternary	 ammonium	 cations	 replace	 the	 water	 layer,	
blocking	the	interaction	of	adsorbed	CO	with	interfacial	water.	
Hussain	 et	 al.	 [146]	 also	 confirmed	 the	 conclusion	 by	
combining	infrared	spectroscopy	and	AMID	simulation	method,	
revealing	 that	 cations	 affect	 the	 orientation	 of	 the	 interfacial	
water	 dipole,	 which	 results	 in	 different	 hydrogen	 bonding	
between	 the	 interfacial	 water	 and	 the	 adsorbed	 CO	
intermediate.	

6.2.	 	 Anion	effect	

Bicarbonate	plays	an	important	role	in	the	CO2RR	process	as	

a	common	electrolyte,	acting	as	a	pH	buffer	and	a	proton	donor	
[159].	Recently,	Zhu	et	al.	 [59]	provided	new	insights	 into	the	
reaction	mechanism	and	origin	of	bicarbonate	effect	in	CO2RR	
on	 Cu	 electrodes	 by	 in	 situ	 ATR‐SEIRAS	 in	 conjunction	 with	
isotope	 labeling.	CO2RR	was	performed	at	–0.6	V	vs.	RHE	 in	a	
0.1	 mol/L	 KH13CO3	 solution	 saturated	 with	 12CO2.	 The	
time‐resolved	 IR	 spectra	 revealed	 the	 consumed	 13CO2	 (2277	
cm–1)	 and	 generated	 adsorbed	 13CO	 (2005	 cm–1)	 peaks	
appeared	 first,	 and	 then	 the	peaks	 for	 12CO2	 (2343	 cm–1)	 and	
*12CO	(2052	cm–1)	showed	up,	indicating	that	the	CO2	involved	
in	 the	 reaction	 on	 the	 Cu	 surface	 comes	 from	 the	 rapid	
exchange	of	near‐surface	bicarbonate	and	solution‐phase	CO2,	
rather	than	directly	from	the	bulk	solution.	Dunwell	et	al.	[160]	
found	 that	 bicarbonate	 is	 the	 main	 carbon	 source	 for	 CO	
production	on	Au	electrodes	through	the	exchange	equilibrium	
of	bicarbonate	with	dissolved	CO2.	

In	 the	 CO2RR	 process,	 with	 the	 negative	 shift	 of	 the	
potential,	both	the	hydrogen	evolution	reaction	and	the	CO2RR	
require	 the	 participation	 of	 protons,	 resulting	 in	 the	 rapid	
consumption	of	H+	on	 the	 electrode	 surface	 and	 the	dramatic	
change	 of	 the	 local	 pH	 near	 the	 electrode	 [161].	 Anions	with	
buffering	ability	are	often	used	as	electrolytes.	Yang	et	al.	[161]	
monitored	 the	 local	 pH	 near	 electrodes	 in	 phosphate	
electrolytes	with	 strong	 buffering	 capacity	 by	 in	 situ	 infrared	
spectroscopy.	 In	 CO2‐saturated	 0.2	 mol/L	 phosphate	
(H2PO4−/HPO42−)	 buffer	 solutions,	 the	 phosphate	 buffer	
showed	almost	no	apparent	buffer	region,	and	the	local	pH	also	
increased	 significantly	 with	 increasing	 current	 density.	 This	
demonstrates	 that	 even	 a	 strong	 buffer	 such	 as	 phosphate	
solutions	cannot	maintain	the	local	pH.	The	high	local	pH	leads	
to	the	direct	reaction	of	liquid‐phase	CO2	with	OH–	to	generate	
carbonate	 species,	 resulting	 in	 a	 dramatic	 decrease	 in	 CO2	
concentration	 rather	 which	 hinders	 CO2RR.	 Therefore,	 mass	
transport	needs	 to	be	enhanced	when	evaluating	 the	 intrinsic	
activity	and	kinetic	parameters	of	CO2RR.	

In	addition	to	using	buffering	anions	as	electrolytes,	anions	
with	specific	adsorption	such	as	halogens	are	also	used	in	the	
CO2RR	 reaction.	 For	 example,	 Gao	 et	 al.	 [162]	 found	 that	 in	
electrolytes	containing	I–,	CuI	crystals	with	specific	morphology	
were	spontaneously	formed	on	the	surface	of	the	copper	oxide	
catalyst,	and	part	of	the	CuI	could	exist	stably	during	the	CO2RR	
process.	 Under	 such	 conditions,	 more	 reactive	 surface	 Cu+	
species	 was	 introduced,	 and	 at	 the	 same	 time	 highly	 rough	
catalyst	surfaces	were	formed	on	which	CO	adsorption	is	much	
stronger.	These	electrolyte‐induced	catalyst	structural	changes	
were	taken	as	the	reasons	for	the	high	selectivity	of	CO2RR	to	
multicarbon	products.	Using	infrared	spectroscopy,	Ovalle	et	al.	
[163]	found	that	high	concentration	of	Cl–	would	compet	with	
CO	to	adsorb	on	Cu,	which	in	turn	affect	the	structure	of	the	Cu	
electrode,	the	adsorption	configuration	of	CO,	and	the	coverage	
of	 CO.	 However,	 lacking	 direct	 spectroscopic	 evidence,	 the	
authors	did	not	correlate	the	effects	of	anions	on	CO	coverage	
with	CO2RR	products.	 	

7.	 	 Summary	and	outlook	

This	review	summarizes	 the	applications	of	 in	situ	 electro‐
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chemical	vibrational	spectroscopies	to	the	fundamental	aspects	
related	 to	 CO2RR,	 by	 elucidating	 the	 reaction	 intermediates	
involved	 in	different	pathways,	 the	effects	of	 catalyst,	 electro‐
lyte	and	adsorbed	CO	on	directing	reaction	selectivity	and	ac‐
tivity.	 It	 should	 be	 noted	 that	 solid	 assignments	 of	 observed	
spectra	 feature	 and	 reactive	 intermediates	 rely	 on	 the	 ad‐
vanced	 theoretical	 simulations,	 careful	 isotope	 labeling	 and	
comprehensive	 spectroelectrochemical	 validation.	 The	 com‐
plexity	of	CO2RR	presents	many	more	challenges	and	opportu‐
nities	for	future	research	in	this	field	and	our	understanding	of	
this	system	is	far	from	satisfactory.	To	end	this	review,	we	put	
forward	 the	 following	 outlooks	 for	 the	 implementation	 of	 in	
situ	vibrational	 spectroscopy	 toward	deeper	understanding	of	
CO2RR:	

7.1.	 	 Developing	high‐sensitivity	wide‐frequency	vibrational	
spectroscopy	for	the	fingerprint	analysis	of	intermediates	 	

Among	all	 in	situ	 characterization	techniques,	 in	situ	vibra‐
tional	spectroscopy	can	directly	capture	CO2RR	reaction	inter‐
mediates	and	reveal	the	reaction	pathway.	However,	 its	appli‐
cation	also	bears	 limitations.	Taken	 infrared	spectra	as	an	ex‐
ample,	when	Si	is	used	as	the	IR	window,	the	absorption	peak	
of	 Si–O	 at	 ~1200	 cm–1	 and	 the	 significant	 optical	 absorption	
below	∼1000	cm–1	 largely	hinder	reliable	assignments	of	 sur‐
face	 adsorbed	 C2+	 species.	 Therefore,	 developing	 high‐quality	
and	 wide‐frequency	 vibrational	 spectroelectrochemical	meth‐
ods	is	highly	desirable	for	tracking	the	dynamic	behavior	of	key	
intermediate	inter‐conversion	during	CO2RR.	

7.2.	 	 Coupling	spectroelectrochemical	methods	toward	deeper	
understanding	of	the	structure‐performance	relationship	of	
CO2RR	catalysts	

As	discussed	above,	 each	 spectroscopic	method	 could	 cap‐
ture	some	pieces	of	CO2RR	information,	while	a	comprehensive	
understanding	of	the	CO2RR	mechanism	as	well	as	the	complex	

structure‐performance	 relationship	 relies	 on	 the	 combination	
of	multiple	 in	situ	spectroelectrochemcial	approaches	and	the‐
oretical	 simulations.	 For	 example,	 combine	 in	 situ	 IR,	 Raman	
spectroscopies	 and	 online	mass	 spectrometry	 to	monitor	 ad‐
sorbed	and	non‐adsorbed	key	 intermediate	species	and	prod‐
ucts	 of	 CO2RR;	 combine	 theoretical	 calculation	methods	with	
experimental	results	to	clarify	the	reaction	process	and	estab‐
lish	 the	 relationship	 between	 surface	 interfaces/species,	 and	
reaction	selectivity/activity;	use	X‐ray	spectroscopy	character‐
ization	(operando	X‐ray	absorption	spectroscopy,	X‐ray	photo‐
electron	spectroscopy,	etc.)	to	analyze	the	structural	changes	of	
electrocatalyst,	 valence	 state,	 lattice	 structure,	 coordination	
structure,	density	of	defect	sites,	etc.	

7.3.	 	 Implementing	operando	vibrational	spectroscopies	in	
CO2RR	electrolyzers	

So	far,	most	of	the	reported	vibrational	spectroscopic	stud‐
ies	on	CO2RR	have	been	carried	out	in	H‐type	electrolyzers	at	a	
current	 density	 of	milli‐amps,	whereas	mechanistic	 investiga‐
tions	 of	 operando	 CO2RR	 under	 industrial‐scale	 reaction	 rate	
(current	density)	are	 lacking.	Therefore,	 it	 is	necessary	 to	de‐
velop	 spectroelectrochemical	 techniques	 in	 gas	diffusion	elec‐
trode	under	operando	conditions	of	MEA	electrolyzer,	studying	
the	 effect	 of	 the	membrane	 electrode	 structure	on	 the	CO2RR	
activity	and	selectivity,	and	correlating	the	real‐time	tri‐phase	
boundary	 information	with	the	observed	CO2RR	performance.	
The	 feedback	 loop	 between	 molecular	 level	 understandings	
and	the	MEA	performance	at	operando	CO2RR	conditions	could	
aid	the	development	of	more	efficient	electrolyzer	reactors.	
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CO2电还原反应中的基础问题及原位振动光谱的对策 

李  宏a, 蒋  昆b, 邹受忠c,#, 蔡文斌a,* 
a复旦大学化学系, 能源材料化学协同创新中心, 上海市分子催化与功能材料表面重点实验室, 上海200438, 中国 

b上海交通大学机械与动力工程学院, 上海200240, 中国 
c美利坚大学化学系, 华盛顿, 哥伦比亚特区, 美国 

摘要: 近年来, 全世界达成了减少温室气体排放、防止气候恶化的共识.  二氧化碳电还原(CO2RR)是利用可再生能源产生

的电能将CO2气体转化为高能量密度化学品的方案, 可实现CO2的有效利用和可再生能源的存储, 是实现碳循环的有效途

径.  CO2RR过程涉及多个电子转移与质子耦合.  由于该反应体系复杂、中间产物覆盖度低等因素, 电催化机理研究长期以

来是个挑战性难题.  同时, CO2RR过程中催化剂结构演变、活性位点的识别、电解质的作用机制和吸附态CO角色等问题仍

存在争议.  原位振动光谱可用于监测界面上CO2还原反应过程中催化剂结构演变、捕获弱吸附的中间产物, 能够为理清反
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应机制和反应路径提供关键信息.   

本综述介绍了原位振动光谱包括红外、拉曼和和频光谱等对CO2RR中关键基本问题的解决策略, 主要包括: (1)揭示了

不同电极上CO2RR的反应中间体和反应路径; (2)探讨了CO在CO2RR中的角色, 包括CO的吸附构型、覆盖度以及作为分子

探针的作用; (3)明确了催化剂(主要Cu基催化剂)的结构与组成对CO2RR活性和选择性的影响; (4)讨论了CO2RR过程阴、阳

离子对界面局部电场和pH, 以及反应中间体的影响.   

CO2RR过程的复杂性为该领域的研究带来了更多的挑战和机遇, 本文对原位振动光谱的未来发展和应用策略提出以

下建议: (1)发展和应用能涵盖指纹区检测的高灵敏宽频红外光谱技术, 获取更多更可靠的中间物种和产物信息; (2)耦合多

种原位和在线谱学方法深入揭示CO2还原催化剂构效关系; (3)发展和应用适合于膜电极体系的振动光谱技术, 探索工况条

件下的CO2RR反应机制.   
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