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ABSTRACT:	Developing	highly	efficient	oxygen	evolution	reaction	(OER)	electrocatalysts	based	on	earth-abundant	elements	
is	critical	to	improve	the	efficiency	of	water	electrolysis	but	remains	challenge.	Herein,	an	amorphous	ternary	oxides	compo-
sites	FeNiCoOx/CoOx	with	rich	oxygen	vacancies	are	developed	through	a	low-cost	wet	chemical	deposition	strategy	towards	
this	challenge.	Benefiting	from	synergistic	effect	of	multi-metal	atoms	interaction	and	high	exposure	of	active	sites	caused	by	
oxygen	vacancies	and	amorphous	structure,	the	as-developed	FeNiCoOx/CoOx	electrocatalyst	exhibits	an	exceptional	catalytic	
performance	with	a	low	overpotential	of	only	221	mV	at	a	current	density	of	100	mA	cm−2,	and	negligible	performance	deg-
radation	 over	 240	 hours.	 Furthermore,	 the	 FeNiCoOx/CoOx-assembled	 anion	 exchange	 membrane	 water	 electrolyzer	
(AEMWE)	can	achieve	a	high	current	density	of	1	A	cm−2	at	a	low	voltage	of	1.765	V,	demonstrating	its	great	potential	for	
practical	application.	

Water	electrolysis	has	been	regarded	as	one	of	the	most	
economical,	sustainable	and	environmental-friendly	energy	
conversion	and	storage	technologies	for	relieving	the	con-
flict	 between	 energy	 demand	 and	 sustainable	 develop-
ment.1–4	Nevertheless,	the	anodic	oxygen	evolution	reaction	
(OER)	suffers	 from	sluggish	kinetics	 caused	by	multi-step	
proton-coupled	electron	transfer	processes,	which	severely	
restrict	the	overall	efficiency	of	water	electrolysis.5–7	Conse-
quently,	electrocatalysts	that	can	accelerate	kinetics	and	re-
duce	energy	barrier	are	key	points	to	improve	electrolysis	
efficiency.8-9	 Unfortunately,	 the	 state-of-the-art	 OER	 elec-
trocatalysts	based	on	noble	metals	(e.g.	Ir	and	Ru)	could	not	
support	large-scale	application	of	water	electrolysis	on	ac-
count	of	limited	resource	and	high	price.10–13	Therefore,	it	is	
highly	urgent	to	design	low-cost	OER	electrocatalysts	with	
high	performance	for	the	implementation	of	water	splitting.	
Transition	metal	oxides	have	been	widely	investigated	as	

OER	electrocatalysts	due	to	their	low	costs	and	tunable	elec-
tronic	structures.14–16	Considerable	efforts	have	been	made	
on	optimizing	component	collocation,	adjusting	crystal	and	
electron	 structure,	 and	 regulating	 morphology	 to	 further	
improve	 their	 catalytic	performance.17–19	 In	particular,	 in-
troducing	 different	metal	 elements	 to	 form	muti-metallic	
oxides	is	considered	as	an	effective	approach	to	enhance	in-
trinsic	 activities.20–22	 Compared	with	 individual	metal	 ox-
ides,	the	electronic	structures	in	multi-metallic	oxide	cata-
lysts	 could	 be	 intensively	 modulated	 to	 optimize	 the	 ad-
sorption	 energy	 of	 intermediates,	 thus	 demonstrating	 re-
markable	OER	 activities.23–25	 For	 instance,	Duan	 et	 al.	 de-
signed	ZnCo1.2Ni0.8O4	oxides	and	found	that	Ni	substitution	

modified	intrinsic	property	of	the	relative	position	between	
O	p-band	center	and	MOh	d-band	center,	resulting	in	an	en-
hanced	OER	activity.26	Antink	et	al.	synthesized	a	high-en-
tropy	oxide	(CrFeCoNiMo)3O4	and	verified	that	the	incorpo-
ration	of	high-valence	Cr	and	Mo	could	activate	lattice	oxy-
gen	by	weakening	metal-oxygen	bond.	The	as-synthesized	
catalyst	displayed	a	low	overpotential	of	255.3	mV	at	a	cur-
rent	density	of	10	mA	cm−2	and	excellent	stability.27	
The	introduction	of	oxygen	vacancies	is	regarded	as	an-

other	effective	strategy	to	enhance	OER	electrocatalytic	ac-
tivities.28,29	It	has	been	well	recognized	that	oxygen	vacan-
cies	could	promote	exposure	of	active	sites,	 improve	con-
ductivity	and	mass	transfer,	and	thus	are	benefit	to	OER	per-
formances.30,31	For	example,	Kang	et	al.	prepared	Co-based	
catalysts	with	abundant	oxygen	vacancies,	which	exhibited	
an	improved	OER	performance	owing	to	accelerated	kinet-
ics	 and	 charge	 transfer.32	 Li	 et	 al.	 synthesized	 a	 series	 of	
Bi0.15Sr0.85Co1−xFexO3−δ	 perovskites	 and	 found	 that	 oxygen	
vacancies	promoted	the	generation	of	reconstructed	active	
layers,	 delivering	 a	 current	 density	 of	 10	mA	 cm−2	 at	 the	
overpotential	of	290	mV.33	
Recently,	 it	has	been	demonstrated	that	short-range	or-

dered	 structure	 and	 remarkable	 flexibility	 of	 amorphous	
surface	could	provide	abundant	unsaturated	sites,	acceler-
ating	both	ion	diffusion	and	electron	transfer.34-36	Addition-
ally,	 amorphous	 structure	 possesses	 plentiful	 dangling	
bonds,	leading	to	relatively	higher	surface	energy	compared	
to	crystalline	structure,	which	is	favorable	to	the	adsorption	
processes	of	catalytic	reactions.37–39	Liu	et	al.	constructed	a	
composite	 catalyst	with	 amorphous	 surface	 of	 cobalt	 and	
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iron	oxides	and	found	that	the	adaptive	amorphous	surface	
structure	 was	 responsible	 for	 its	 good	 catalytic	 perfor-
mance.40	Li	et	al.	reported	an	amorphous	Co(OH)2/WOx	cat-
alyst,	affording	a	current	density	of	10	mA	cm−2	at	an	over-
potential	 of	 208	 mV.	 41	 Although	 prominent	 advantages	
have	been	made,	the	integration	of	multiple	metal	compo-
nents,	oxygen	vacancies	and	amorphous	structures	to	boost	
OER	catalytic	activity	has	rarely	been	achieved.	
Herein,	we	creatively	developed	a	convenient	wet	chemi-

cal	 deposition	method	 to	 synthesize	 a	 composite	 catalyst	
constructed	 by	 amorphous	 ternary	metal	 oxide	 FeNiCoOx	
with	abundant	oxygen	vacancies	on	CoOx	supported	by	car-
bon	paper	(denoted	as	FeNiCoOx/CoOx/CP).	Owing	to	accel-
erated	electron	transfer	by	synergistic	interactions	among	
Fe,	Ni	and	Co	components,	optimized	electronic	 structure	
and	 highly	 exposed	 active	 sites,	 the	 as-synthesized	
FeNiCoOx/CoOx/CP	 exhibited	 a	 remarkable	 OER	 activity,	
with	an	ultra-low	overpotential	of	221	mV	at	a	current	den-
sity	of	100	mA	cm−2	and	a	small	Tafel	slope	of	30	mV	dec−1.	
More	importantly,	the	FeNiCoOx/CoOx/CP-assembled	anion	
exchange	 membrane	 water	 electrolyzer	 (AEMWE)	 could	
drive	a	high	current	density	of	1	A	cm−2	at	an	impressively	
low	voltage	of	only	1.765	V.	
The	 amorphous	 FeNiCoOx/CoOx/CP	 was	 synthesized	

through	a	two-step	wet	chemical	deposition	process,	as	il-
lustrated	in	Figure	S1.	Initially,	CoOx	was	prepared	onto	the	
carbon	paper	(CP)	substrate.	As	shown	in	the	field-emission	
scanning	electron	microscopy	(FESEM)	images	(Figure	S2a	
and	S2b),	rough	surface	with	uniformly	dispersed	particles	
of	~8	nm	could	be	observed,	which	would	be	used	as	active	
nucleation	 sites	 in	 the	 subsequent	 chemical	deposition	of	
FeNiCoOx.	As	depicted	in	Figure	1a	and	1b,	the	ternary	metal	
oxide	FeNiCoOx	exhibits	a	uniform	three-dimensional	(3D)	
porous	network	structure.	Binary	metal	oxides	FeCoOx	and	
NiCoOx	prepared	through	similar	methods	show	similar	3D	
porous	 network	 (Figure	 S2c	 and	 S2d).	 The	 cross-section	
FESEM	images	(Figure	1c	and	Figure	S3)	clearly	display	the	
distinct	 morphological	 differences	 between	 CoOx	 and	
FeNiCoOx	 layer.	 The	 optimized	 thicknesses	 of	 CoOx	 (~2.8	
µm)	and	FeNiCoOx	layer	(~2.5	µm)	exhibit	the	best	perfor-
mance	 (Figure	S4).	Nitrogen	physisorption	methods	were	
used	to	evaluate	specific	surface	areas	and	pore	sizes	of	the	
samples.	As	 shown	Figure	S5a,	 the	adsorption-desorption	
curve	 of	 FeNiCoOx/CoOx/CP	 is	 a	 type-IV	 isotherm	with	 a	
hysteresis	 loop	 at	 0.4	 of	 P/P0,	 indicating	 its	 mesoporous	
structure.42	 The	 pore	 size	 distribution	 determined	 by	 the	
Barrett-Joyner-Halenda	(BJH)	model	exhibits	the	mesopore	
feature	of	the	as-synthesized	FeNiCoOx/CoOx	ranging	from	
2	 to	 50	 nm	 (Figure	 S5b),	 effectively	 promoting	 the	mass	
transport.43,44	 The	 Brunauer-Emmett-Teller	 (BET)	 surface	
area	of	FeNiCoOx/CoOx	 is	13.868 m2	g−1,	much	higher	than	
that	of	CoOx/CP	 (5.323 m2	 g−1)	 (Figure	S5c	and	S5d),	 sug-
gesting	more	 exposed	 active	 sites	 after	 the	 deposition	 of	
FeNiCoOx.	 Surface	 charges	 of	 the	 materials	 measured	 by	
zeta	potentials	(Figure	S6)	indicate	that	they	have	a	negligi-
ble	effect	on	the	catalytic	performance.	To	evaluate	the	hy-
drophilicity	 of	 the	 surface	 of	 catalyst,	 the	 contact	 angles	
were	also	measured.	As	shown	in	Figure	S7,	the	contact	an-
gle	of	FeNiCoOx/CoOx/CP	is	69.5°,	much	lower	than	those	of	
CoOx/CP	(133.9°)	and	pure	CP	(143.3°).	The	improved	hy-
drophilicity	may	 significantly	 promote	 charge	 transfer	 as	
well	as	the	release	of	oxygen	bubbles.	

X-ray	diffraction	(XRD)	was	carried	out	to	determine	the	
phase	structures	of	as-synthesized	catalysts.	As	depicted	in	
Figure	1d	and	Figure	S8,	no	diffraction	peak	could	be	ob-
served	in	all	samples,	 indicating	the	possible	formation	of	
amorphous	structure.45	The	amorphous	FeNiCoOx/CoOx	and	
CoOx	 structures	were	 further	 investigated	by	high	 resolu-
tion	transmission	electron	microscopy	(HRTEM).	As	shown	
in	Figure	1e	and	Figure	S9a,	 the	absence	of	 lattice	 fringes	
along	with	ring-like	characteristic	observed	in	selected	area	
electron	diffraction	(SAED)	patterns	(Figure	1f	and	Figure	
S9b)	 further	 verify	 the	 amorphous	 phases	 of	 both	
FeNiCoOx/CoOx	 and	 CoOx.	 High-angle	 annular	 dark-field	
scanning	transmission	electron	microscopy	(HAADF-STEM)	
and	 corresponding	 energy-dispersive	 spectroscopy	 (EDS)	
elemental	 mapping	 images	 and	 spectrum	 (Figure	 1g	 and	
Figure	S10)	 reveal	 the	co-existence	and	uniform	distribu-
tion	of	Fe,	Co,	Ni	and	O	elements	throughout	the	sample.	

	

Figure	1.	(a,	b)	FESEM	images	of	FeNiCoOx/CoOx/CP	at	different	
magnifications.	 (c)	 Cross-section	 SEM	 image	 of	
FeNiCoOx/CoOx/CP.	 (d)	 XRD	 patterns	 of	 FeNiCoOx/CoOx/CP,	
CoOx/CP	and	pure	CP.	(e)	TEM	image	of	FeNiCoOx/CoOx/CP.	(f)	
HRTEM	image	and	SAED	pattern	(inset)	of	FeNiCoOx/CoOx/CP.	
(g)	 HAADF-STEM	 image	 and	 corresponding	 EDS	 elemental	
mapping	images	of	FeNiCoOx/CoOx/CP.	

The	 surface	 element	 composition	 and	 chemical	 state	of	
samples	 were	 investigated	 through	 X-ray	 photoelectron	
spectroscopy	 (XPS).	The	XPS	survey	spectra(Figure	S11a)	
further	confirm	the	presence	of	Co	and	O	on	the	surface	of	
CoOx,	and	Fe,	Co,	Ni	and	O	on	the	surface	of	FeNiCoOx/CoOx.	
The	deconvoluted	high-resolution	Fe	2p,	Ni	2p,	Co	2p	and	O	
1s	XPS	spectra	in	Figure	S11b–S11e	demonstrate	the	exist-
ence	of	oxide	states	of	all	metal	elements.	Specifically,	peaks	
located	 at	 712.1	 eV	 and	714.3	 eV	 can	be	 ascribed	 to	 Fe2+	
2p3/2	 and	 Fe3+	 2p3/2	 states,	 respectively	 (Figure	 S11b).	
Similarly,	the	binding	energies	of	855.9	eV	and	857.1	eV	cor-
respond	to	2p3/2	orbitals	of	Ni2+	and	Ni3+,	respectively	(Fig-
ure	S11c).	Co	2p	XPS	spectra	could	be	deconvoluted	into	the	
characteristic	 peaks	 of	 Co2+	 2p3/2	 (780.9	 eV)	 and	 Co2+	
2p3/2	(792.7	eV)	(Figure	S11d).	No	shift	could	be	observed	
in	Co	2p	peak	positions	between	CoOx	and	FeNiCoOx/CoOx.	
However,	owing	to	the	introduction	of	Fe	and	Ni,	more	Co2+	
and	less	Co3+	exist	in	FeNiCoOx/CoOx	compared	to	CoOx,	sug-
gesting	that	partial	oxidation	of	Co	may	occur.	The	O	1s	XPS	
spectra	(Figure	S11e)	exhibit	prominent	M-O	peaks	at	529.3	
eV,	accompanied	by	peaks	at	531.2	eV	related	to	oxygen	va-
cancy.	 The	 amount	 of	 oxygen	 vacancies	 dramatically	
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increased	after	the	formation	of	FeNiCoOx	layer,	attributed	
to	the	reductive	Na2S2O3	ingredients.	Quantitative	analysis	
of	XPS	results	was	shown	in	Figure	S11f	and	Table	S1.	The	
surface	composition	of	Fe,	Ni,	and	Co	is	found	to	be	around	
1:1:1,	 while	 the	 metal-to-oxygen	 concentration	 ratio	 ap-
proximates	 to	be	3:4.	The	concentration	of	oxygen	vacan-
cies	was	 further	 determined	using	 electron	paramagnetic	
resonance	(EPR).	As	shown	in	Figure	S12,	the	content	of	ox-
ygen	vacancies	for	FeNiCoOx/CoOx	is	much	higher	than	that	
for	CoOx,	being	consistent	with	XPS	results.	
Oxygen	evolution	reaction	(OER)	activity	of	the	samples	

and	commercial	RuO2/CP	were	evaluated	in	1	M	KOH	elec-
trolyte	using	three-electrode	system.	As	depicted	in	Figure	
2a,	FeNiCoOx/CoOx/CP	requires	a	low	overpotential	of	221	
mV	 to	 reach	 100	mA	 cm−2	 (with	 50%	 iR	 compensation),	
which	 not	 only	 surpasses	 NiCoOx/CoOx/CP	 (289	 mV),	
FeCoOx/CoOx/CP	(395	mV)	and	CoOx/CP	(404	mV)	but	also	
is	 superior	 to	 commercial	 RuO2/CP	 (378	 mV)	 across	 all	
ranges.	 The	 reaction	 kinetics	 of	 catalysts	 was	 assessed	
based	 on	 Tafel	 plots.	 As	 illustrated	 in	 Figure	 2b,	
FeNiCoOx/CoOx/CP	exhibited	a	Tafel	slope	of	30	mV	dec−1,	
significantly	 lower	 than	 those	of	NiCoOx/CoOx/CP	 (63	mV	
dec−1),	FeCoOx/CoOx/CP	(82	mV	dec−1),	CoOx/CP	(167	mV	
dec−1)	 and	 commercial	 RuO2/CP	 (72	mV	 dec−1).	 The	 OER	
electrocatalytic	 performance	 of	 the	 as-prepared	
FeNiCoOx/CoOx/CP	 is	 also	better	 than	 those	of	previously	
reported	 non-noble-metal-based	 amorphous	 electrocata-
lysts	(Figure	2c	and	Table	S3).46–58	Faradaic	efficiency	(FE)	
of	FeNiCoOx/CoOx/CP	was	examined	to	evaluate	the	selec-
tivity	in	OER.	The	evolution	of	O2	gas	over	time	under	con-
stant	current	was	quantified.	As	shown	in	Figure	2d	and	Ta-
ble	S4,	FE	of	FeNiCoOx/CoOx/CP	is	determined	to	be	98.47%,	
indicating	 the	 excellent	 selectivity	 of	 FeNiCoOx/CoOx/CP	
with	 almost	no	 side	 reactions.	Electrical	 impedance	 spec-
troscopy	 (EIS)	 investigations	 (Figure	 S13e)	 suggest	 that	
FeNiCoOx/CoOx/CP	 catalyst	 demonstrates	 the	 lowest	
charge	 transfer	 resistance	 (Rct)	value	of	1.63	Ω	compared	
with	NiCoOx/CoOx/CP	 (1.69	Ω),	 FeCoOx/CoOx/CP	 (1.76	Ω)	
and	 CoOx/CP	 (1.97	 Ω)	 catalysts,	 revealing	 its	 superior	
charge	transfer	capability,	which	may	be	related	to	the	de-
localized	electronic	state	resulting	from	synergistic	interac-
tion	among	three	different	metals.	The	electrochemical	ac-
tive	surface	area	(ECSA)	being	proportion	to	the	number	of	
active	sites	was	also	assessed	by	measuring	electrochemical	
double-layer	capacitance	(Cdl)	(Figure	S14).	As	depicted	in	
Figure	2e,	FeNiCoOx/CoOx/CP	presented	highest	Cdl	of	58.39	
mF	cm−2	in	comparison	of	NiCoOx/CoOx/CP	(42.58	mF	cm−2),	
FeCoOx/CoOx/CP	(39.08	mF	cm−2),	CoOx/CP	(12.57	mF	cm−2)	
and	CP	(2.15	mF	cm−2),	 implying	more	exposure	of	active	
sites.	
Stability	is	another	crucial	parameter	to	evaluate	practi-

cal	application	potential	of	catalysts.	The	chronoamperom-
etry	measurement	was	 conducted	 at	 the	 overpotential	 of	
250	mV,	as	shown	in	Figure	2f.	FeNiCoOx/CoOx/CP	catalyst	
exhibits	negligible	degradation	after	continuous	operation	
up	to	240	hours,	indicating	its	exceptional	electrochemical	
stability.	 The	 LSV	 curves	 before	 and	 after	 the	 chronoam-
perometry	test	also	verify	 its	remarkable	stability	(Figure	
S15a).	Notably,	the	overpotential	at	100	mA	cm−2	increases	
by	only	4	mV	after	the	stability	test.	Moreover,	the	3D	net-
work	morphology	and	amorphous	structure	are	well	main-
tained	 (Figure	 S15b–d),	 further	 demonstrating	 its	

exceptional	 structural	 robustness.	 Figure	 S13f	 shows	 the	
multi-step	chronopotentiometry	for	FeNiCoOx/CoOx/CP.	All	
the	 voltage	 signals	 respond	 quickly	 and	 subsequently	 be	
stable	for	4	hours	when	the	current	densities	switch	from	
10	 to	 300	mA	 cm−2	 followed	 by	 a	 return	 to	 10	mA	 cm−2,	
demonstrating	 its	excellent	stability	at	different	densities.	
Note	that	when	the	current	density	returns	to	initial	value	
of	 10	mA	 cm−2,	 negligible	 voltage	 difference	 could	 be	 ob-
served,	 indicating	 the	 outstanding	 mass	 transfer	 perfor-
mance	 and	 mechanical	 robustness	 of	 the	
FeNiCoOx/CoOx/CP	electrode.	

	
Figure	 2.	 Electrocatalytic	 measurements	 of	 commercial	
RuO2/CP,	CoOx/CP,	FeCoOx/CoOx/CP,	NiCoOx/CoOx/CP	and	
FeNiCoOx/CoOx/CP	for	OER	in	1	M	KOH	solution	at	25	℃:	(a)	
LSV	curves	with	50%	iR	compensation	and	(b)	Tafel	plots.	
(c)	Comparisons	of	overpotential	at	10	mA	cm−2	and	Tafel	
slope	 of	 FeNiCoOx/CoOx/CP	 with	 other	 recently	 reported	
amorphous	 catalysts.	 (d)	 Faradaic	 efficiency	 of	
FeNiCoOx/CoOx/CP	for	60	minutes.	(e)	Variations	of	double-
layer	charging	current	as	a	function	of	scanning	rates.	(f)	i-t	
curve	of	FeNiCoOx/CoOx/CP	for	240	hours	at	the	overpoten-
tial	of	250	mV.	

To	elucidate	the	effect	of	amorphous	structure	on	electro-
catalytic	activity,	FeNiCoOx/CoOx/CP	and	CoOx/CP	were	an-
nealed	at	600	°C,	forming	a	crystalline	structure	(named	as	
FeNiCoO4/Co3O4/CP	 and	 Co3O4/CP)	 (Figure	 S16).	 During	
the	process,	numerous	particles	aggregate	together,	 form-
ing	irregular	chunks	to	bury	plenty	of	active	sites.	Moreover,	
EPR	 analyses	 reveal	 that	 the	 concentration	 of	 oxygen	 va-
cancy	decreases	after	annealing,	attributed	to	partial	oxida-
tion.	The	crystalline	FeNiCoO4/Co3O4/CP	exhibits	an	over-
potential	of	307	mV	at	100	mA	cm−2	and	a	Tafel	slope	of	94	
mV	 dec−1,	 inferior	 to	 those	 of	 FeNiCoOx/CoOx/CP	 (Figure	
S17a	and	S17b).	Rct	value	of	FeNiCoOx/CoOx/CP	is	also	lower	
than	 that	 of	 FeNiCoO4/Co3O4/CP,	 suggesting	 that	 disor-
dered	 amorphous	 structure	 facilitates	 charge	 transfer	
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better	 than	 ordered	 crystal	 structure.	 Lower	 Cdl	 value	 of	
FeNiCoO4/Co3O4/CP	(28.03	mF	cm−2)	implying	fewer	active	
sites.	After	48-hour	stability	test,	only	85.4%	initial	current	
density	 could	 be	 preserved	 for	 FeNiCoO4/Co3O4/CP,	
whereas	the	current	density	of	FeNiCoOx/CoOx/CP	remains	
unchanged,	suggesting	better	stability	of	amorphous	struc-
ture	(Figure	S17e).	Additionally,	EPR	results	reveal	a	reduc-
tion	 of	 oxygen	 vacancy	 concentration	 in	
FeNiCoO4/Co3O4/CP	after	the	OER	operation.	These	results	
demonstrate	that	amorphous	structure	is	benefit	to	the	ex-
posure	and	maintenance	of	active	sites	in	the	catalyst.	
Samples	with	different	concentrations	of	oxygen	vacan-

cies	were	synthesized	by	varying	the	addition	of	reductant	
Na2S2O3	 (denoted	 as	 FeNiCoOx/CoOx/CP-20	 mmol,	
FeNiCoOx/CoOx/CP-10	 mmol	 and	 FeNiCoOx/CoOx/CP-5	
mmol).	EPR	spectra	of	as-prepared	samples	(Figure	S18a)	
confirm	successful	 control	 in	 the	 concentration	of	oxygen	
vacancy.	 Subsequently,	 the	 surface	 redox	 chemistry	 of	
FeNiCoOx/CoOx/CP-20	mmol	,	FeNiCoOx/CoOx/CP-10	mmol	
and	FeNiCoOx/CoOx/CP-5	mmol	were	activated	through	CV	
tests.	As	revealed	by	CV	curves,	distinct	oxidation	peaks	at	
approximately	 1.41	 V	 were	 observed	 during	 the	 anodic	
sweep,	associated	with	self-surface	reconstruction	in	elec-
trochemical	activation	process	(Figure	S18b).59	As	the	con-
centration	 of	 oxygen	 vacancies	 increases,	 the	 oxidation	
peak	exhibits	a	negative	shift,	indicating	lower	external	en-
ergy	required	to	activate.60	Moreover,	the	integrated	area	of	
anodic	peak	of	CV	curve	for	FeNiCoOx/CoOx/CP-20	mmol	is	
significantly	 larger	 than	 those	 for	 FeNiCoOx/CoOx/CP-5	
mmol	 and	 FeNiCoOx/CoOx/CP-10	 mmol,	 demonstrating	
more	active	sites	at	 the	surface.61	Consequently,	 the	pres-
ence	of	oxygen	vacancies	facilities	both	kinetic	and	thermo-
dynamic	oxidative	reconfiguration	process.	
The	 X-ray	 absorption	 near-edge	 spectroscopy	 (XANES)	

was	employed	to	investigate	the	electronic	structures	of	Fe,	
Ni	and	Co	in	FeNiCoOx/CoOx/CP	before	and	after	OER	pro-
cess.	Figure	3a	shows	spectra	lines	consisting	of	Fe	L3-edge	
region	ranging	from	707	to	715	eV	and	Fe	L2-edge	region	
ranging	from	720	to	726	eV.	It	is	reported	that	the	intensity	
ratio	of	two	peaks	in	L2-edge	serves	as	a	reliable	indicator	
to	determine	oxidation	state	of	the	detected	element.62	After	
normalizing	the	peak	at	723.3	eV,	it	is	evident	that	peak	in-
tensity	of	FeNiCoOx/CoOx/CP	at	721.5	eV	after	OER	process	
decreases,	indicating	a	reduction	in	relative	content	of	Fe2+.	
Similarly,	in	Ni	L-edge	spectra	(Figure	3b),	peak	intensity	of	
FeNiCoOx/CoOx/CP	at	879.9	eV	after	OER	process	is	signifi-
cantly	lower,	illustrating	a	decline	in	Ni2+	content.	Co	L-edge	
spectra	in	Figure	3c	consist	of	two	distinct	regions:	L3-edge	
at	 around780	 eV	 and	 L2-edge	 at	 approximate	 793	 eV,	 at-
tributed	 to	 spin-orbital	 splitting	of	 Co	2p	 core	hole.	After	
OER	process,	 a	positive	 shift	 is	 observed,	 owing	 to	 an	 in-
crease	in	oxidation	state	of	Co.	XPS	measurements	were	also	
conducted	 to	 analyze	 the	 changes	 of	 chemical	 state	 for	
FeNiCoOx/CoOx/CP	 electrocatalyst.	 In	 the	 high-resolution	
Fe	2p	XPS	spectra	(Figure	S19b),	the	decreased	Fe2+	propor-
tion	indicating	elevated	oxidation	state	of	Fe,	which	is	con-
sistent	with	the	result	obtained	from	NEXAFS	analysis.	For	
Ni	2p	and	Co	2p	XPS	spectra,	similar	phenomena	are	also	
observed	(Figure	S19c	and	S19d).	The	increased	oxidation	
states	of	metals	owing	to	surface	reconstruction,	which	are	
believed	to	significantly	enhance	OER	activity.	In	O	1s	spec-
tra	 (Figure	3d),	 a	distinct	peak	at	530.8	eV	emerges	after	

OER	 process,	 indicating	 the	 formation	 of	 hydroxyl.63,64	 A	
small	negative	shifts	appear	for	all	three	metals,	while	a	pos-
itive	shift	 is	observed	for	O	element.	The	increase	in	elec-
tron	density	surrounding	metal	atoms	and	a	corresponding	
decrease	 in	 electron	 density	 around	O	 atoms	 suggest	 the	
electron	 transfer	 from	 oxygen	 to	metal	 species.	 The	 EPR	
spectra,	Raman	spectra	and	XPS	spectra	characterizations	
after	 long-term	 stability	 test	 further	 confirm	 the	 recon-
struction	of	the	catalyst	(Figure	S20).	

	
Figure	3.	NEXAFS	spectra	of	FeNiCoOx/CoOx/CP	catalyst	be-
fore	and	after	OER	test	of:	(a)	Fe	L-edge,	(b)	Ni	L-edge	and	
(c)	Co	L-edge.	(d)	XPS	spectra	of	FeNiCoOx/CoOx/CP	catalyst	
before	and	after	OER	test	of	O	1s.	(e)	In	situ	Raman	spectra	
of	FeNiCoOx/CoOx/CP	under	increasing	potential	from	1.25	
to	1.60	V	(vs.	RHE).	
To	further	monitor	active	phase	and	dynamic	surface	re-

construction	throughout	OER	process,	we	have	conducted	
in-situ	 Raman	 spectroscopy	measurement.65	 As	 shown	 in	
Figure	3e,	at	open	circuit	potential	(OCP),	the	catalyst	exhib-
its	characteristic	peaks	at	453	and	527 cm−1	corresponding	
to	NiII-O	and	characteristic	peak	at	615	cm−1	corresponding	
to	 CoIII-O.66	 Upon	 exceeding	 a	 potential	 of	 1.25	 V,	 recon-
struction	 occurs.	When	 the	 voltage	 surpasses	 1.30	 V,	 ob-
served	frequencies	of	469	and	557	cm−1	correspond	well	to	
Eg	 bending	 and	 A1g	 stretching	 vibrations	 of	 NiIII-O	 in	 γ-
NiOOH,	 respectively.67,68	When	 the	 voltage	 reaches	 1.5	 V,	
characteristic	peak	of	β-FeOOH	emerges	at	714	cm−1,	exhib-
iting	an	enhanced	intensity	proportional	to	applied	voltage	
increment.69,70	Both	FeOOH	and	NiOOH	are	formed	as	volt-
age	 rising,	whereas	NiOOH	 is	 initially	generated.	Further-
more,	only	NiOOH	peaks	was	observed	after	OER	test.	Con-
sequently,	in-situ	activated	NiOOH	is	more	likely	to	function	
as	authentic	active	species	during	OER	process.	
To	obtain	insights	into	catalytic	mechanism,	density	func-

tional	theory	(DFT)	calculations	combined	with	Hubbard	U	
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(DFT	+	U)	approach	were	implemented.71	Figure	4a	exhibits	
four-step	OER	pathway	proposed	by	Nørskov	et	al.72	The	ad-
sorption	 configurations	 of	 the	OER-involved	 intermediate	
species	for	all	computed	models	are	shown	in	Figure	S21.	
The	 calculated	 Gibbs	 free	 energies	 (ΔG)	 of	 each	 step	 in-
volved	for	all	structural	models	at	U	=	0	V	vs.	RHE	and	U	=	
1.23	V	vs.	RHE	are	presented	in	Figure	4b	and	Figure	S22a–
S22c.	When	Ni	is	active	site,	rate-determining	step	(RDS)	is	
the	transformation	of	OH*	into	O*	(step	II).	The	introduction	
of	Fe	and	Co	results	in	lower	energy	of	O*	species,	leading	to	
lower	Gibbs	energy	required.	This	can	be	attributed	to	syn-
ergistic	compositions	that	stabilize	O*	intermediate	species.	
ΔG	value	of	OER	process	on	Ni	active	site	for	FeNiCoOOH	is	
0.307	 eV,	 lower	 than	 those	 for	 NiCoOOH	 (0.880	 eV)	 and	
NiOOH	(1.065	eV).	The	 low	ΔG	manifests	a	decreased	en-
ergy	 barrier,	 thereby	 enhancing	 OER	 performance.	While	
for	models	with	Fe	active	site,	RDS	is	the	transformation	of	
O*	 into	OOH*	(step	III).	The	substantial	decrease	 in	Gibbs	
free	 energies	 of	 FeNiCoOOH	 and	 FeCoOOH	 compared	 to	
FeOOH	also	verifies	the	synergistic	effect	among	metal	ele-
ments.	It	is	noteworthy	that	in	the	same	FeNiCoOOH	model,	
the	Ni	active	site	exhibits	a	lower	barrier	than	Fe	site,	indi-
cating	that	it	may	be	the	active	site.	This	calculation	conclu-
sion	is	in	accordance	with	the	results	obtained	from	in-situ	
Raman	analysis.		

	
Figure	4.	(a)	Schematic	diagram	of	OER	process.	(b)	Free-
energy	diagram	for	the	four	steps	of	OER	at	1.23	V	of	Ni	site	
in	NiOOH,	NiCoOOH	and	FeNiCoOOH.	(c)	PDOS	for	Ni	sites	
in	FeNiCoOOH,	NiCoOOH	and	NiOOH.	
The	electronic	structures	of	Ni	and	Fe	sites	in	the	models	

were	 further	 investigated	through	density	of	states	(DOS)	
(Figure	4c	and	Figure	S22d-S22f).	An	evident	disparity	 in	
projected	density	of	 states	 (PDOS)	plots	between	 spin-up	
and	spin-down	electrons	can	be	observed,	suggesting	that	
all	metal	 atoms	are	 in	 spin-polarized	 states.	With	 the	up-
shifting	of	d-band	center	to	Fermi	level,	it	is	more	effective	
to	modulate	electronic	structure	of	metal	sites	which	con-
tain	more	anti-bonding	states	and	higher	valence	states,	an-
ticipated	to	enhance	OER	activity.	With	d-band	center	being	
closest	to	Fermi	level,	Ni	sites	in	FeNiCoOOH	demonstrate	
superior	 catalytic	 performance.	 The	 band	 structures	 of	
NiOOH	 and	 FeCoNiOOH	 were	 also	 represented	 in	 Figure	
S23.	A	small	band	gap	exists	between	valence	band	maxima	
(VBM)	and	conduction	band	minima	(CBM)	of	NiOOH	and	

Fermi	level	is	located	inside	the	gap	between	CBM	and	VBM.	
For	FeCoNiOOH,	there	is	no	appreciable	band	gap,	indicat-
ing	that	it	holds	metal-like	properties	with	significant	con-
ductivity	and	efficient	charge	transportation.		

	
Figure	 5.	 (a)	 Schematic	 diagrams	 of	 AEMWE.	 (b)	 Photo-
graphs	of	AEMWE.	(c)	Polarization	curves	of	AEMWE	with	
different	electrocatalysts	in	1	M	KOH	at	60	°C.	(d)	Cell	volt-
ages	at	different	current	densities.	(e)	Faradaic	efficiency	of	
FeNiCoOx/CoOx/CP-assembled	AEMWE	for	60	minutes.	 (f)	
Durability	 test	 at	 100	 mA	 cm−2	 up	 to	 60	 hours	 for	
FeNiCoOx/CoOx/CP-assembled	AEMWE.		
The	as-developed	catalyst	coupling	with	Pt/C	shows	good	

performance	 (1.584	 V	@	 100	mA	 cm−2)	 and	 stability	 for	
overall	water	splitting	(Figure	S24).	Furthermore,	a	real	an-
ion-exchange-membrane	water	electrolyzer	(AEMWE)	with	
the	FeNiCoOx/CoOx/CP	used	as	anode	OER	catalyst	and	Pt	
mesh	employed	as	cathode	HER	catalyst	(Figure	5a	and	5b).	
CoOx/CP	 and	 commercial	 IrO2/CP-based	 AEMWEs	 were	
also	assembled	for	comparison.	The	polarization	curves	of	
the	AEMWE	devices	with	different	electrocatalysts	are	de-
picted	 in	 Figure	 5c.	 Impressively,	 FeNiCoOx/CoOx/CP-
assembled	electrolyzer	could	afford	a	current	density	of	1	A	
cm−2	at	a	cell	voltage	of	1.765	V	at	60	°C	in	1	M	KOH	solution	
without	iR	compensation	(Figure	5d),	which	is	superior	to	
those	 of	 IrO2/CP	 (1.879	V)	 and	most	 previously	 reported	
AEMWE	(Figure	S25a	and	Table	S8).	The	Faradaic	efficiency	
of	 FeNiCoOx/CoOx/CP-assembled	 AEMWE	 device	 was	 ex-
amined	to	be	98.69%	(Figure	5e	and	Table	S9),	suggesting	a	
high	 selectivity.	 Moreover,	 the	 device	 exhibits	 negligible	
performance	 degradation	 over	 a	 duration	 of	 60	 hours	
throughout	 continuous	 operation	 under	 constant	 current	
density	of	100	mA	cm−2	(Figure	5f),	indicating	an	excellent	
stability	of	the	FeNiCoOx/CoOx/CP	anode	in	practical	elec-
trolyzer.	Figure	S25c	shows	the	polarization	curves	before	
and	after	stability	test,	further	verifying	its	remarkable	sta-
bility.		
In	 summary,	we	developed	a	 facile	method	 to	 fabricate	

amorphous	 trinary	 metal	 oxide	 FeNiCoOx/CoOx/CP	 with	
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abundant	oxygen	vacancies.	The	 interaction	among	Fe,	Ni	
and	 Co	 components	 not	 only	 facilitates	 electron	 transfer	
process	but	also	optimizes	adsorption	energy	of	intermedi-
ates,	while	amorphous	structures	and	abundant	oxygen	va-
cancies	are	benefit	to	the	exposure	of	active	sites.	Accord-
ingly,	the	as-synthesized	FeNiCoOx/CoOx/CP	catalyst	exhib-
its	an	exceptional	performance	in	alkaline	solution,	achiev-
ing	a	current	density	of	100	mA	cm−2	at	a	low	overpotential	
of	221	mV	as	well	as	a	remarkable	long-term	stability.	More	
importantly,	 the	 FeNiCoOx/CoOx/CP-assembled	 AEMWE	
could	afford	a	current	density	of	1	A	cm−2	at	a	low	voltage	of	
1.765	V,	demonstrating	its	significant	practical	application	
potential.	The	findings	in	this	work	may	pave	a	new	avenue	
for	the	rational	design	of	high-performance	OER	electrocat-
alyst	based	on	earth-abundant	transition	metals.	
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