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  Electrocatalytic	reduction	of	oxygen	is	a	growing	synthetic	technique	for	the	sustainable	production	
of	hydrogen	peroxide	 (H2O2).	The	current	challenges	concern	seeking	 low‐cost,	highly	active,	and	
selective	 electrocatalysts.	 Cobalt‐nitrogen‐doped	 carbon	 containing	 catalytically	 active	 co‐
balt‐nitrogen	(Co‐Nx)	sites	is	an	emerging	class	of	materials	that	can	promote	the	electrochemical	
generation	 of	 H2O2.	 Here,	 we	 report	 a	 straightforward	 method	 for	 the	 preparation	 of	 co‐
balt‐nitrogen‐doped	 carbon	 composed	of	 a	number	 of	 Co‐Nx	moieties	using	 low‐energy	dry‐state	
ball	milling,	followed	by	controlled	pyrolysis.	This	scalable	method	uses	inexpensive	materials	con‐
taining	 cobalt	 acetate,	 2‐methylimidazole,	 and	 Ketjenblack	 EC‐600JD	 as	 the	metal,	 nitrogen,	 and	
carbon	 precursors,	 respectively.	 Electrochemical	 measurements	 in	 an	 acidic	 medium	 show	 the	
present	material	 exhibits	 a	 significant	 increase	 in	 the	oxygen	 reduction	 reaction	 current	 density,	
accompanied	by	shifting	the	onset	potential	into	the	positive	direction.	The	current	catalyst	has	also	
demonstrated	an	approximate	90	%	selectivity	towards	H2O2	across	a	wide	range	of	potential.	The	
H2O2	production	rate,	as	measured	by	H2O2	bulk	electrolysis,	has	reached	100	mmol	gcat.–1	h–1	with	
high	H2O2	faradaic	efficiency	close	to	85%	(for	2	h	at	0.3	V	vs.	RHE).	Lastly,	the	catalyst	durability	
has	been	tested	(for	6	h	at	0.3	V	vs.	RHE).	The	catalyst	has	shown	relatively	consistent	performance,	
while	the	overall	 faradic	efficiency	reaches	approximate	85%	throughout	the	test	cycle	 indicating	
the	promising	catalyst	durability	for	practical	applications.	The	formed	Co‐Nx	moieties,	along	with	
other	parameters,	including	the	acidic	environment	and	the	applied	potential,	likely	are	the	primary	
reasons	for	such	high	activity	and	selectivity	to	H2O2	production.	
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1.	 	 Introduction	

Hydrogen	peroxide	(H2O2)	is	a	promising	oxidant	for	green	
and	sustainable	chemistry,	also	considered	a	valuable	product	
for	 the	 industry	 [1].	 The	 industrial	 H2O2	synthesis	 relies	 pri‐
marily	on	a	multi‐step	anthraquinone	oxidation	 (AO)	process.	
Despite	its	large‐scale	and	high‐purity	production,	the	process	
still	 faces	 major	 sustainability	 and	 safety	 issues	 in	 terms	 of	
energy	 use,	 industrial	 waste	management,	 as	 well	 as	 storage	

and	transport	costs	[2].	Another	route	that	has	been	studied	is	
the	direct	synthesis	of	H2O2	from	molecular	oxygen	and	hydro‐
gen.	This	alternative	method,	however,	faces	challenges	such	as	
operating	 potentially	 explosive	 mixtures	 of	 H2/O2,	 inevitable	
side	reactions,	and	the	need	of	a	platinum‐based	metal	catalyst	
[3].	Therefore,	 novel,	 sustainable,	 safe,	 and	 ecofriendly	 routes	
to	H2O2	generation	are	highly	needed.	 	

Employing	electrochemical	processes	for	chemicals	synthe‐
sis	has	become	an	attractive	route	mostly	for	its	sustainability	
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and	efficiency	[4].	A	major	focus	is	on	the	electrocatalytic	oxy‐
gen	reduction	reaction	(ORR)	to	synthesize	hydrogen	peroxide.	
At	 the	 cathode	of	 an	electrochemical	 cell,	 oxygen	could	be	 ei‐
ther	 reduced	 to	 H2O	 or	 H2O2	 through	 a	 competing	 four‐	 or	
two‐electron	transfer	pathway,	respectively.		

The	 four‐electron	 electrochemical	 reduction	 of	 O2	 to	 H2O	
proceeds	 in	 an	 acidic	 electrolyte,	 according	 to	Eq.	 (1).	Or,	 the	
two‐electron	partial	reduction	of	O2	to	H2O2	occurs	primarily	by	
Eq.	(2)	

O2	+	4H+	+4e–	→	 2H2O	 	 	 	 	 	 E0	=	1.23	V	 	 	 	 	 	 	 (1)	
O2	 +	 2H+	 +2e–	→	 H2O2	 	 	 	 	 	 E0	 =	 0.7	 V	 	 	 	 	 	 (2)	

The	 four‐electron	 pathway	 seemed	 to	 have	 gained	 consid‐
erable	 interest	 for	 various	 energy	 conversion	 or	 storage	 pur‐
poses,	like	those	for	fuel	cells	and	metal‐air	batteries	[5].	Much	
work	is	currently	focused	on	developing	advanced	catalysts	to	
promote	 the	 four‐electron	 route	 between	 the	 O2	 and	 H2O	 to	
improve	the	devices'	energy	conversion	efficiency.	On	the	other	
hand,	 a	highly	 selective	 two‐electron	 reduction	 into	hydrogen	
peroxide	may	also	be	desirable,	as	it	could	cogenerate	a	valua‐
ble	commodity	and	electricity	[6].	

This	H2O2	electrosynthesis	route	prevents	the	danger	of	ex‐
plosion	 by	 feeding	 the	 H2	 and	 O2	 into	 two	 distinct	 compart‐
ments	separated	by	an	ion‐exchange	membrane.	Furthermore,	
generating	H2O2	in	a	fuel	cell	configuration	using	H2	oxidation	
at	 the	 anode	 would	 be	 an	 efficient	 process	 by	 cogenerating	
electrical	 energy	 during	 the	 reaction.	 Alternatively,	 H2	 mole‐
cules	 can	be	 removed	entirely	by	using	an	electrolytic	 cell.	 In	
this	 mode,	 water	 will	 substitute	 H2	 as	 a	 proton	 formation	
source,	and	oxygen	evolves	at	the	anode	[7].	Besides	the	scala‐
bility	 of	 electrochemical	 devices,	 this	 approach	 allows	 in	 situ	
generations	 of	 H2O2	 from	 renewable	 energy	 sources,	 thereby	
reducing	energy	consumption	as	well	as	storage	and	transport	
costs.	

The	 performance	 of	 electrochemical	 devices	 to	 generate	
H2O2	 is	often	 linked	 to	 the	catalyst	activity	at	 the	electrode.	A	
successful	 electrocatalyst	needs	 to	be	highly	 selective	 and	 ac‐
tive,	as	well	as	ensure	high	levels	of	stability	and	durability	for	
long‐term	 operation	 [8].	 Currently,	 state‐of‐the‐art	 catalysts	
contain	 precious	 platinum	 or	palladium	metals,	 which	 are	
atomically	distributed	on	the	support	matrix.	They	rely	on	iso‐
lated	 sites	 of	 reactive	 atoms,	 Pt	 or	Pd,	surrounded	 by	 more	
inert	 atoms,	N,	 S,	 and	C	or	 through	 the	use	of	 inactive	metals	
such	as	Hg	 to	produce	metal	 alloys	 (Pt‐Hg,	Pd‐Hg	and	Ag‐Hg)	
[4,8,9].	 However,	 the	 complex	 synthesis	 and	 associated	 high	
cost	of	the	precious‐metals	and,	more	importantly,	the	possible	
agglomeration	 of	 Pt	 atoms,	 Pt	 cluster	 formation,	 favoring	 the	
four‐electron	 pathway	 are	 crucial	 obstacles	 in	 a	 practical	 ap‐
plication	of	electrochemical	H2O2	synthesis	[10].	

Several	 cathode	 catalysts	have	been	proposed,	 and	 carbon	
materials	 are	 considered	 as	 promising	 alternative	 ORR	 cata‐
lysts	 for	 H2O2	 electrochemical	 production,	 apparently	 due	 to	
the	 use	 of	 abundant	 precursors,	 high	 selectivity,	 acceptable	
stability,	and	simple	preparation	[11–13].	The	incorporation	of	
heteroatom	 dopants,	 more	 specifically,	 nitrogen	 atoms	 can	
further	improve	the	H2O2	selectivity,	which	can	be	attributed	to	
the	 special	 electronic	 properties	 arise	 from	 the	 conjugation	
between	the	nitrogen‐lone‐pair	electrons	orbitals	and	the	gra‐

phitic	structure	[14].		
Despite	the	achieved	performance,	nitrogen‐doped	carbons	

have	concerns	associated	with	their	very	high	ORR	overpoten‐
tial	resulting	in	low	energy	efficiency	to	produce	H2O2	[15–17].	
Much	effort	has	been	made	to	enhance	the	very	low	ORR	activ‐
ity	 of	 pure	nitrogen‐doped,	 particularly	 by	 incorporating	 spe‐
cific	transition	metals	into	its	structure,	creating	M‐Nx	reactive	
sites	that	can	improve	catalytic	activity.			

Among	 the	 various	 transition	 metal‐containing	 Nx	 chelate	
macrocycles,	 Co‐porphyrins	 and	 ‐phthalocyanins	 with	
well‐defined	 Co‐Nx	 active	 sites	 showed	 considerable	 activity	
and	 selectivity	 for	 H2O2	 production	 [18–20].	 However,	 the	
complicated	syntheses	of	Co‐Nx	macrocycles,	plus	the	high	cost	
of	some	key	precursors,	have	restrained	their	practical	use	for	
peroxide	 production	 [21,22].	 In	 addition,	 it	 is	 not	 clear	 if	 Co	
nanoparticles	 (Co‐NPs)	 exist	 in	 the	 catalytic	 system,	 and	 the	
contributions	 of	 Co‐NP	 and	 Co‐Nx	 to	 the	H2O2	 synthesis	 from	
partial	oxygen	reduction	need	be	clarified.	It,	therefore,	seems	
highly	 desirable	 to	 develop	 a	 simple,	 affordable,	 and	 scalable	
approach	 for	 Co‐N‐C	 synthesis	 that	 can	 selectively	 perform	
ORR	to	produce	H2O2.	

Herein,	 we	 reported	 a	 straightforward	 preparation	 of	 co‐
balt‐N‐doped	carbon	(Co‐N‐KB),	including	some	Co‐Nx	moieties	
developed	 on	 the	 catalyst	 matrix	 using	 dry‐state	 low	 energy	
ball	 milling,	 preceded	 by	 controlled	 pyrolysis.	 This	 scalable	
procedure	used	low‐cost	materials	containing	cobalt	acetate	as	
the	metal	precursor	and	2‐methylimidazole	as	nitrogen	sources	
and	Ketjenblack	EC‐600JD	carbon	(KB)	as	the	catalyst	support.	
The	Co‐N‐KB	exhibited	outstanding	electrocatalytic	behavior	to	
reduce	 oxygen	 to	 H2O2	 in	 acidic	 medium.	 Rotating	 ring‐disk	
electrode	(RRDE)	measurements	were	employed	to	investigate	
the	 catalyst	 activity	 and	 selectivity	 towards	 H2O2	 generation	
from	O2	reduction.	Moreover,	the	Co‐N‐KB	electrocatalytic	per‐
formance	was	 compared	with	 nitrogen	 doped	 carbon	 (N‐KB),	
pristine	carbon	(KB)	in	order	to	separately	examine	the	role	of	
the	 embedded	 Co	 and	 N	 dopants	 on	 the	 catalytic	 behavior.	
Furthermore,	a	comparative	analysis	was	carried	out	to	explore	
the	role	of	the	embedded	Co‐NPs	in	H2O2	synthesis	by	evaluat‐
ing	the	electrocatalytic	activity	of	Co‐N‐KB	toward	H2O2	before	
and	 after	 the	 acid	 treatment	 in	 combination	 with	 testing	 the	
ORR	 activity	 of	 commercial	 Co‐NPs	 under	 the	 same	 experi‐
mental	conditions.	Finally,	the	Co‐N‐KB	catalyst	was	tested	in	a	
batch	 electrolysis	 cell	 to	 evaluate	 its	 capability	 and	 durability	
for	practical	H2O2	production.	

2.	 	 Experimental	 	 	 	

2.1.	 	 Material	preparation	

In	a	typical	procedure,	approximately	250	mg	of	Ketjenblack	
EC‐600JD,	 KB	 (AkzoNobel),	 45	mg	 of	 cobalt	 (II)	 acetate	 (Sig‐
ma‐Aldrich),	 and	 400	 mg	 of	 2‐methylimidazole	 (Sig‐
ma‐Aldrich),	 the	nitrogen	source,	were	added	and	then	mixed	
via	a	low	energy	ball	milling	(CryoMill,	Retsch)	for	20	min.	The	
purple	mixture	was	pyrolyzed	 in	a	 tube	 furnace	 for	2	h	 in	Ar	
gas	at	850	°C,	where	this	temperature	is	optimal	for	gains	in	N	
and	 moderate	 metal	 contents	 [23,24].	 The	 cobalt‐nitrogen	
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doped	carbon	catalyst	(Co‐N‐KB)	was	collected	without	further	
treatments.	 The	 acid‐washed	 sample	 (Acid‐W/Co‐N‐KB)	 was	
further	 treated	 in	0.5	M	HClO4	at	80	°C	 for	3	h	 to	remove	 the	
most	of	Co‐NPs,	as	well	as	unstable	cobalt	species	on	the	cata‐
lyst	surface.	The	sample	was	then	washed	with	DI	water	for	3	
times,	 centrifuged,	 filtered,	 and	 overnight	 dried	 at	 60	 °C.	 For	
the	nitrogen	doped	carbon	 (N‐KB)	 sample,	 the	 same	Co‐N‐KB	
procedure	was	 followed,	with	 the	exception	of	adding	 the	 co‐
balt	 precursor.	 Finally,	 commercial	 Co‐NPs	 (US	 Research	 Na‐
nomaterials,	 Inc.)	 on	N‐KB	 catalyst	was	 prepared	 by	 physical	
mixing	of	Co‐NPs	and	N‐KB	without	any	further	treatment.	 	 	 	 	

2.2.	 	 Material	characterization	

The	 structural	morphologies	 of	 the	 catalysts	 were	 charac‐
terized	by	FEI	Quanta	250	scanning	electron	microscopy	(SEM)	
and	 200kV	 JEOL	 2100	 transmission	 electron	 microscopy	
(TEM).	Powder	X‐ray	diffraction	(XRD)	patterns	were	obtained	
from	a	Rigaku	Ultima	IV	X‐ray	diffraction	XRD	systems	with	Cu	
Kα	radiation	(λ	=	1.54056	Å),	in	the	range	from	15°	to	90°.	The	
surface	compositions	and	their	corresponding	various	binding	
energy	peaks	were	identified	by	X‐ray	photoelectron	spectros‐
copy	 (XPS)	with	Mg	Kα	 alpha	 X‐ray	 (1253.6	 eV)	 (Kratos	Ami‐
cus/ESCA	3400).	

2.3.	 	 Electrocatalytic	characterization	

The	 electrochemical	 measurements	 were	 carried	 out	 in	
home‐made‐three‐electrode	electrochemical	cells	connected	to	
a	 multi‐channel	 potentiostat	 (Biological)	 and	 a	 rotator	 (Pine	
MSR:AFMSR636A).	The	three‐electrode	setup	consists	of	a	ro‐
tating	 disk	 electrode	 (working	 electrode),	 coiled	 platinum	
(counter	electrode),	and	a	silver/silver	chloride	(Ag/AgCl)	ref‐
erence	electrode	 in	an	acidic	 solution	of	0.5	M	H2SO4.	For	 the	
working	 electrode	 fabrication,	 the	 catalyst	 ink,	 a	mixture	of	 a	
dispersed	 catalyst	 powder,	 water,	 isopropanol,	 and	 5	 wt%	
Nafion	(Sigma‐Aldrich)	solution,	was	dropped	onto	the	surface	
of	 the	 RRDE	 (electrode	 area	 of	 0.19625	 cm2)	 with	 a	 catalyst	
loading	 of	 50	 ug	 cm‒2.	 In	 this	 study,	 all	 electrode	 potentials	
were	converted	to	RHE.	

The	 ORR	 activity	 of	 the	 catalyst	 was	 examined	 via	 linear	
sweep	 voltammetry	 (LSV),	which	was	 performed	 at	 5	mV	 s‒1	
scan	 rate	 in	 O2‐saturated	 electrolyte.	 Before	 the	 ORR	 meas‐
urements,	Pt	ring	electrode	of	the	RRDE	was	electrochemically	
cleaned	by	carrying	out	multiple	CVs	between	1.2	and	−0.1	VRHE	
at	 a	 scan	 rate	of	20	mV	 s‒1	 in	Ar	 saturated	electrolyte	until	 a	
stable	 curve	was	 obtained.	 Then,	 the	 capacitive	 (non‐faradic)	
current	of	the	RRDE	disk	was	collected	via	LSV	between	1.1	and	
−0.1	VRHE	at	a	scan	rate	of	5	mV	s‒1	in	Ar‐saturated	0.5	M	H2SO4	
solution.	Next,	O2	was	purged	 for	30	min	to	saturate	the	elec‐
trolyte	 before	 studying	 the	 ORR	 activity	 through	 conducting	
LSV	between	1.1	and	−0.1	VRHE	at	a	scan	rate	of	5	mV	s‒1	and	
1600	rpm	with	a	fixed	Pt	ring	potential	of	1.2	VRHE	to	detect	the	
RRDE	disk	electrode	generated	H2O2.	The	ORR	faradic	current	
was	 corrected	 via	 subtracting	 the	 non‐faradic	 current	 meas‐
ured	previously	via	LSVs	in	an	Ar‐saturated	electrolyte.	 	

Based	 on	 currents	 generated	 on	 the	 disk	 (Id)	 and	 the	 ring	

(Ir).	 The	 H2O2	 selectivity	 and	 the	 number	 of	 electron	 trans‐
ferred	(n)	were	calculated	using	the	following	equations:	

200Id/(N│Id│+ Ir)H2O2 (%)	=	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3)	
4Id/(│Id│+ Ir/N)n =	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (4)	

The	collection	efficiency	(N)	was	experimentally	determined	
to	be	18.5%.	 	

2.3.1.	 	 Hydrogen	peroxide	bulk	electrolysis	
A	 custom	 two‐compartments	Cell	 (H‐Cell)	 separated	by	an	

ion‐exchange	 membrane	 (Nafion	 212)	 was	 used	 to	 evaluate	
bulk	H2O2	production.	The	membrane	was	pretreated	sequen‐
tially	with	1	M	H2O2	and	1	M	H2SO4	at	a	temperature	of	80	°C	
for	1	h.	Both	compartments	had	0.5	M	H2SO4	 solutions,	while	
the	 catalyst	 load	was	maintained	at	100	ug	 cm−2.	Prior	 to	 the	
electrochemical	 measurements,	 the	 manual	 IR	 compensation	
(MIR)	 method	 was	 employed	 to	 correct	 the	 electrolyte	 re‐
sistance.	Then,	chronoamperometry	(CA)	technique	at	0.2	and	
0.3	VRHE	was	applied	in	O2	saturated	electrolyte	stirred	at	250	
rpm	for	2	h.	 	

The	catalyst	durability	was	performed	at	a	constant	poten‐
tial	of	0.3	VRHE	in	O2	saturated	H2SO4	for	6	h.	The	test	was	con‐
ducted	 in	 two‐hour	 intervals,	with	 fresh	H2SO4	 solution	being	
added	 to	 replace	 the	previous	 solution	before	 the	 subsequent	
test.	

For	quantification	of	the	H2O2	concentration,	samples	were	
initially	 collected	 at	 certain	 time	 intervals	 and	 then	 analyzed	
using	 the	 iodide/UV‐Vis	 spectroscopy	 method.	 Details	 of	 the	
iodometric	spectrophotometry	were	given	elsewhere	[25].	The	
sample	of	H2O2	was	added	to	equal	amounts	of	solutions	A	and	
B	 and	 left	 to	 mix	 for	 3	 min.	 Next,	 the	 UV‐Vis	 measurements	
were	 carried	out	 at	351	nm,	 and	 then	 the	hydrogen	peroxide	
concentrations	were	calculated	based	on	the	calibration	curve	
constructed	 using	 a	 standard	 H2O2	 solution.	 The	 Faradic	 effi‐
ciency	of	H2O2	was	determined	using	the	following	equation:	

H2O2	 Faradic	 efficiency	 (%)	 =	 2	 	 	 	 	 	 	 (5)	

Where	V	 is	 the	 electrolyte	 volume	 (L),	 volume,	C	 is	 the	H2O2	
generated	concentration	(mol	L−1),	F	is	the	faraday	constant	(C	
mol−1),	and	Q	is	the	sum	of	passed	charge	(C).	 	

3.	 	 Results	and	discussion	

3.1.	 	 Material	synthesis	

The	 synthesis	 procedure	 of	 the	 Co‐N‐KB	 catalyst	 is	 illus‐
trated	in	Fig.	1.	Briefly,	the	catalyst,	which	contains	Ketjenblack	
carbon,	 EC‐600JD	 (KB)	 as	 the	 catalyst	 support,	
2‐methylimidazole	 for	 nitrogen	 doping,	 and	 cobalt	 acetate	 as	
the	metal	 precursor	 for	 the	Co‐Nx	moieties,	was	 prepared	 via	
dry	state	low‐energy	ball	milling	and	pyrolyzed	in	Ar	gas	at	850	
°C	 for	 2	 h,	 to	 achieve	 the	 Co‐N‐KB	 catalyst	 without	 further	
treatment.	Detailed	synthesis	is	presented	in	the	experimental	
section.	It	is	worth	mentioning	that,	for	its	high	electroconduc‐
tivity	and	 its	BET	surface	 area	 (~400	m2/g).	Ketjenblack	was	
chosen	as	a	carbon	support.	 	

3.2.	 	 Material	characterization	
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The	Co‐N‐KB	catalyst	structural	morphology	was	examined	
by	 SEM	 and	TEM.	The	 SEM	 images	 (Figs.	 2(a‒c))	 of	 Co‐N‐KB,	
N‐KB,	and	KB,	respectively,	demonstrated	the	presence	of	sim‐
ilar	 structures	 of	 highly	 dense	 carbon	 aggregates.	 The	 SEM	
results	confirmed	no	morphological	changes	upon	 incorporat‐
ing	Co	or	N	doping.	Additionally,	TEM	analysis	(Figs.	3(a)	and	
(b)	showed	that	the	Co‐N‐KB	catalyst	contained	Co	nanoparti‐
cles	(Co‐NPs)	embedded	in	the	N	doped	carbon	matrix,	primar‐
ily	 within	 the	 10–25	 nm	 size	 range.	 The	 Co‐NPs	were	 rarely	
aggregated,	 suggesting	 a	 good	 dispersion	 in	 the	 carbon	 layer.	
Furthermore,	 The	HR‐TEM	 image	 (Fig.	 3(c))	 showed	 that	 the	
core	Co‐NP	was	encapsulated	inside	the	N‐doped	carbon	shell,	
which	may	effectively	keep	the	Co‐NPs	from	agglomerating	or	
oxidizing	excessively	[26,27].	

The	XRD	peaks	of	the	samples	(Fig.	4)	were	also	measured.	
The	XRD	measurements	 for	 Co‐N	 and	N‐doped	 samples	were	
very	similar	to	the	pristine	sample	with	two	prominent	broad,	

amorphous	 carbon	 diffraction	 peaks	 centered	 at	 24°	 and	 43°	
[28].	 This	 result	 suggested	 no	 significant	 structural	 change	
during	the	doping	process,	and	this	is	in	good	agreement	with	
the	observed	SEM	images.	XRD	also	detected	some	metallic	Co	
residuals	 for	 the	Co‐N‐KB	sample,	but	no	sign	of	metal	oxides	
was	noted.	

The	 surface	 chemical	 composition	 of	 the	 Co‐N‐KB	was	 ex‐
amined	using	XPS.	Fig.	5	 shows	a	wide‐scan	XPS	survey	spec‐
trum	with	a	series	of	peaks	corresponding	to	C	1s	(284.4	eV),	N	
1s	(398.5	eV),	O	1s	(532.3	eV),	and	Co	2p	(780.4	eV).	XPS	also	
estimated	C,	N,	O,	 and	Co	compositions	 to	be	94.66	at%,	2.11	
at%,	 2.93	 at%,	 and	 0.29	 at%,	 respectively.	 For	N‐KB	 catalyst,	
XPS	spectra	confirmed	the	formation	of	similar	peaks	of	C	1s,	N	
1s,	and	O	1s	(except	Co	2p	peak)	near	the	catalyst's	surface.	

The	narrow	 scan	N	1s	 spectrum	of	 Co‐N‐KB	 shown	 in	 Fig.	
6(a)	evidences	the	formation	of	Co‐Nx	moieties	(398.84	eV),	as	
well	pyridinic‐N	(398.24	eV),	pyrrolic‐N	(400.24	eV),	and	gra‐
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Fig.	1.	Synthesis	scheme	of	the	Co‐N‐KB	catalyst.	
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Fig.	2.	SEM	images	of	Co‐N‐KB	(a),	N‐KB	(b),	and	KB	(c).  	
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Fig.	3.	TEM	image	(a),	cobalt	nanoparticles	particle	size	distribution	calculated	from	TEM	images	(b),	and	HR‐TEM	image	(c)	of	Co‐N‐KB	catalyst.	
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phitic‐N	(401.34	eV).	Table	1	shows	the	atomic	percentages	of	
N	 species	of	 Co‐Nx	 (25.08	 at%),	pyridinic‐N	 (32.67	 at%),	 pyr‐
rolic‐N	(20.87	at%),	and	graphitic‐N	(21.39	at%)	[29–31].	 	

High‐resolution	Co	2p3/2	spectrum	in	Fig.	6(b)	observed	two	
key	 components	 corresponding	 to	 Co‐Nx	 and	 CoO,	 including	
shake‐up	(satellite)	peaks.	The	first	maximum	peak	is	located	at	
780.31	 eV,	 consistent	with	 the	 Co	 2p3/2	binding	 energy	 of	 Co	
coordinated	 Nx,	 suggesting	 the	 development	 of	 Co‐Nx	 active	
sites	 on	 the	 N‐doped	 carbon	 framework	 [32,33].	 The	 second	
maximum	peak	centered	at	779.21	eV	corresponds	with	the	Co	
2p3/2	 binding	 energy	 of	 CoO	 [4].	 The	 Coo	 nanoclusters	 are	
air‐sensitive,	and	therefore,	due	to	Co	NP	exposure	to	ambient	
air,	a	thin	 layer	of	Co‐oxides	could	be	formed	[27,34].	XPS	has	
not	found	a	zero‐valent	Co	confirming	the	encapsulation	of	Co	
nanoparticles	within	 the	 carbon	 system.	Table	2	 presents	 the	
XPS	 composition	 analysis	 of	 Co,	 showing	 the	 dominant	 exist‐
ence	of	Co‐Nx	with	(72.98	at%).	This	result	supports	the	preva‐
lence	 of	 Co‐Nx	 moieties	 near	 the	 catalyst	 surface.	 The	
High‐resolution	 XPS	 spectrum	 for	 the	 Co‐N‐KB	 samples	 con‐
firmed	the	existence	of	dense	Nx	coordinating	Co	moieties	near	
the	surface,	which	is	likely	to	boost	the	ORR	behavior	for	H2O2	
[18,35].	 	

3.3.	 	 Electrocatalytic	analysis	

3.3.1.	 	 H2O2	selectivity	and	the	number	of	transferred	electrons	
In	 order	 to	 examine	 the	 ORR	 activity,	 LSV	 approach	 was	

employed	 to	perform	a	 comparative	analysis	on	 the	Co‐N‐KB,	
N‐doped‐KB,	and	pristine	KB.	Fig.	7	plots	the	disk	current	den‐
sity	 and	 the	 ring	 current	 of	 all	 samples	 collected	 from	 RRDE	
measurements.	With	a	current	density	of	0.05	mA	cm2,	the	on‐
set	 potential	 of	 N‐doped‐KB	 shifted	 positively	 to	 0.355	 VRHE	
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Fig.	4.	XRD	patterns	of	KB	(bottom),	N‐KB	(middle)	and	Co‐N‐KB	(top)
catalysts.	
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Fig.	5.	XPS	survey	spectra	of	N‐KB	(bottom)	and	Co‐N‐KB	(top).	
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Fig.	6.	High‐resolution	XPS	spectra	of	N	1s	 (a)	and	Co	2P3/2	(b)	of	 the	
Co‐N‐KB	catalyst.	

Table	1	
Elemental	 composition	 of	 the	 Co‐N‐KB	 catalyst	 from	 high‐resolution	
XPS	spectra	of	N	1s.	

Catalyst	 Binding	energy	(eV)	
Atomic	percentage	

(%)	

Pyridinic‐N	 398.24	 32.67	
Co‐Nx	 398.84	 25.08	
Pyrrolic‐N	 400.24	 20.87	
Graphite‐N	 401.34	 21.39	

	

Table	2	
Elemental	 composition	 of	 the	 Co‐N‐KB	 catalyst	 from	 high‐resolution	
XPS	spectra	of	Co	2p3/2.	

Catalyst	 Binding	energy	(eV)	
Atomic	percentage	

(%)	

Co	 778.21	 	 —	
CoO	 779.21	 	 27.01	
Co‐Nx	 780.31	 	 72.98	
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from	0.096	VRHE.	The	N	doped	sample	also	 improved	 the	cur‐
rent	 ORR	 densities,	 such	 as	 the	 notable	 increase	 from	 0.163	
mA/cm2	to	0.771	mA/cm2	at	0	VRHE.	The	results	indicated	that	
the	incorporation	of	heteroatoms,	in	particular	N	dopants,	im‐
proved	the	ORR	activities	over	the	pristine	sample.	Graphic	N	
and	 pyridine	 N	 formation	 on	 the	 carbon	 framework	 (Fig.	 8)	
could	 serve	 as	 active	 sites	 enhancing	 the	 ORR	 performance.	
Some	 previous	 studies	 have	 reported	 that	 pyridinic	 N	 could	
increase	 the	ORR	onset	potential,	while	graphitic	N	could	sig‐
nificantly	boost	the	limiting	current	density	[27,36].	

Furthermore,	simultaneous	integration	of	Co	and	N	further	
improved	the	ORR	activity,	with	an	onset	potential	of	0.58	VRHE	
and	 a	 current	 ORR	 density	 of	 1.93	 mA/cm2	 at	 0	 VRHE.	 The	
Co‐N‐KB	catalyst	outperformed	the	metal‐free	N	doped	sample	
by	positively	shifting	the	onset	potential	with	255	mV	as	well	as	
increasing	current	density	around	2.5	folds.		

In	 addition	 to	 the	 adequate	 ORR	 current	 density	 and	 im‐
provement	in	the	onset	potential,	the	Co‐N‐KB	catalyst	showed	

by	 far	 the	 highest	 ring	 current,	 0.049	mA	 at	 0	 VRHE,	 thereby	
demonstrating	 a	 good	 balance	 between	ORR	 catalytic	 activity	
and	high	selectivity	towards	the	generation	of	H2O2.		

To	further	explore	the	ORR	catalytic	pathway	toward	H2O2	
generation	 and	 its	 associated	 reaction	 mechanism,	 measure‐
ments	 of	 H2O2	 selectivity	 and	 transferred	 electron	 number	
were	performed	on	Co‐N‐KB	and	N‐KB	samples.	Figs.	9(a)	and	
(b)	shows	the	H2O2	selectivity	and	transferred	electron	number	
profiles	for	Co‐N‐KB	and	N‐KB,	respectively.	

The	 N	 dopant	 sample	 exhibited	 higher	 H2O2	 selectivity	 as	
applied	 potential	 increased.	 The	 result	 implies	 that	 the	 N‐KB	
catalyst	 experienced	 high	 ORR	 overpotential,	 narrowing	 the	
selectivity	 window	 at	 a	 more	 negative	 potential.	 Conversely,	
the	Co‐N‐KB	catalyst	exhibited	higher	H2O2	selectivity	with	the	
applied	 potential	 decreased,	 implying	 the	 Co	 incorporation	
could	 lower	 the	ORR	overpotential,	 likely	promoting	 the	H2O2	
generation	 at	 more	 positive	 potentials.	 The	 number	 of	 elec‐
trons	transferred	showed	an	opposite	trend	indicating	that	the	
Co‐N‐KB	catalyst	 favoring	 the	 two	electrons	ORR	pathway	 for	
H2O2	production	as	the	potential	lowered	[37].	

To	 better	 understand	 Co‐integration,	 the	 H2O2	 selectivity	 	
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Fig.	7.	Ring	currents	measured	on	the	Pt‐ring	at	1.2	VRHE	(top)	the	disk
current	density	 (bottom)	of	KB,	N‐KB	and	Co‐N‐KB	catalysts	with	 the
same	catalyst	loading	measured	by	RRDE	at	1600	rpm	in	O2	saturated	
0.5	M	H2SO4.	
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Fig.	8.	High‐resolution	XPS	spectra	of	N	1s	of	the	N‐KB	catalyst.	
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Fig.	9.	H2O2	selectivity	and	the	number	of	 transferred	electrons	(n)	profiles	of	Co‐N‐KB	(a)	and	N‐KB	(b)	catalysts	with	 the	same	catalyst	 loading	
measured	by	RRDE	at	1600	rpm	in	O2	saturated	0.5	M	H2SO4	at	different	potential	range.  	
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and	transferred	electron	number	 for	Co‐N‐KB	and	N‐KB	were	
evaluated	in	Fig.	10	at	0.2	and	0.3	VRHE,	where	the	Co	function	
can	be	distinguished.	

The	N‐KB	samples	 showed	 the	 selectivity	under	85%	with	
transferred	electron	numbers	 close	 to	 2.5.	 The	N	doping	may	
play	 a	 critical	 role	 to	 promote	 the	 H2O2	 generation	 in	 acidic	
mediums	 [38].	 Furthermore,	 incorporating	 Co‐into	 N‐KB	
structure	 further	 enhanced	 the	H2O2	 selectivity	 (nearly	 90%)	
with	 the	 transferred	 electron	 number	 slightly	 above	 2.	 The	
increased	activity	and	selectivity	could	be	due	to	the	formation	
of	 Co‐Nx	 active	 sites	 in	 the	 catalyst	 structure.	 This	 finding	 is	
consistent	with	the	previous	studies	in	which	Co‐Nx	active	sites	
promote	 H2O2	 generation	 in	 acidic	 solutions	 [39,40].	 These	
results	 suggested	 that	 the	 synthesized	 Co‐N‐KB	 catalyst	 is	 a	
promising	catalyst	 for	promoting	the	two‐electron	pathway	to	
H2O2	in	acid	solutions.	

3.3.2.	 	 The	effect	of	the	encapsulated	Co‐NPs	on	H2O2	selectivity	
The	role	of	the	embedded	core	Co‐NPs	was	investigated	to	

examine	whether	 the	 Co‐NPs	were	 able	 to	 improve	 the	 H2O2	
selectivity.	The	Co‐N‐KB	sample	was	treated	with	0.5	M	HClO4	
at	80	 °C	 for	3	h	 to	 leach	out	most	of	Co‐NPs.	The	TEM	 image	
(Fig.	 11)	 shows	 that	 the	 acid‐treatment	washed	most	 Co	NPs	
aggregates	except	for	a	few	remaining	in	the	carbon	structure.	
Next,	a	comparative	analysis	via	RRDE	was	carried	out	to	study	
the	H2O2	selectivity	pre	and	post	 the	 leaching	process.	Fig.	12	
presents	 the	 H2O2	 selectivity	 of	 (Co‐N‐KB)	 and	 (Ac‐
id‐W/Co‐N‐KB)	 samples.	 It	 can	be	observed	 that	 the	H2O2	 se‐
lectivity	 was	 not	 significantly	 changed	 even	 after	 some	 of	
Co‐NPs	being	removed	with	acid.	 In	addition,	an	extra	control	
RRDE	measurements	 (Fig.	 13)	 examined	 under	 the	 same	 ex‐
perimental	 conditions	 showed	 similar	 oxygen	 reduction	 reac‐
tion	 activity	 was	 observed	 on	 N‐KB	 and	 commercial	 Co‐NPs	
with	 a	 mean	 particle	 size	 of	 ~28	 nm	 which	 were	 physically	
supported	on	N‐KB	with	loadings	of	2	and	50	μgCo	cm‒2.These	
findings	 indicated	 that	 the	 embedded	 Co‐nanoparticles	 in	 the	
Co‐N‐KB	matrix	could	have	negligible	activity	toward	the	par‐

tial	ORR	to	H2O2,	suggesting	that	the	stable	Co‐Nx	moieties	may	
be	primarily	 responsible	 for	promoting	 the	H2O2	selectivity	 in	
both	untreated	and	acid‐treated	samples.	 	

3.3.3.	 	 H2O2	bulk	electrolysis	and	durability	 	
The	practical	generation	of	H2O2	on	the	Co‐N‐KB	was	exam‐

ined	in	an	H‐type	electrolysis	cell	with	an	acidic	electrolyte.	Fig.	
14	show	the	accumulated	H2O2	amounts,	and	the	H2O2	 faradic	
efficiency	(FE,	%)	of	the	Co‐N‐KB	catalyst	at	applied	potentials	
of	0.3	VRHE	in	O2	saturated	0.5	M	H2SO4	for	2	h	tests.	Remarka‐
bly,	 the	catalyst	achieved	a	high	production	rate	of	100	mmol	
gcat.−1	h−1	with	H2O2	faradaic	efficiency	close	to	85%	at	0.3	VRHE.	
Furthermore,	catalyst	durability	was	examined	under	the	same	
conditions	for	6	h	at	2	h	intervals.	Based	on	the	results,	the	cat‐
alyst	 had	 an	 almost	 consistent	 performance	 with	 a	 minimal	
decrease	in	the	current,	while	the	average	faradic	efficiency	for	
the	entire	test	period	was	nearly	over	85%.	

This	 outstanding	 performance	 was	 equivalent	 or	 slightly	
better	than	several	of	recorded	the	ORR	carbon‐based	catalysts	
modified	with	N	dopant	and	transition	metals,	suggesting	that	
the	 Co‐N‐KB	 catalyst	 would	 be	 a	 great	 candidate	 to	 generate	
H2O2	for	practical	operations	(Table	3).	

3.4.	 	 The	role	of	Co	in	enhancing	H2O2	selectivity	and	generation	

The	 involvement	 of	 Co	 in	 promoting	 ORR	 to	water	 or	 hy‐
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Fig.	 10.	 H2O2	 selectivity	 and	 the	 number	 of	 transferred	 electrons	 of	
N‐KB	and	Co‐N‐KB	catalysts	with	 the	same	catalyst	 loading	measured	
by	RRDE	with	1600	rpm	in	O2	saturated	0.5	M	H2SO4	at	0.2	and	0.3	VRHE.

 
Fig.	11.	TEM	image	of	Acid‐W/Co‐N‐KB	sample.	
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Fig.	12.	H2O2	selectivity	of	Co‐N‐KB	and	Acid‐W/Co‐N‐KB	catalysts	with	
the	same	catalyst	loading	measured	by	RRDE	with	1600	rpm	in	O2	sat‐
urated	0.5	M	H2SO4.	
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drogen	 peroxide	 remains	 a	 debate.	Most	 of	 the	 published	 re‐
search	has	shown	that	Co‐encapsulated	nitrogen‐doped	carbon	
promotes	ORR	 to	water	 in	 alkaline	 solution	 [26,27,29].	 It	 ap‐
peared	that	the	synergic	interaction	between	Co	and	N‐dopants	
played	 a	 significant	 role	 in	 enhancing	 the	 catalytic	 activity	 of	
Co‐N‐C	catalysts.	However,	 the	particular	 function	of	 the	vari‐
ous	Co	phases	has	not	yet	been	fully	understood.	Furthermore,	
the	size	of	the	Co	molecule	is	not	as	critical	as	the	prominent	Co	
phase	developed	in	the	carbon	structure.	Co‐N‐C	catalysts	have	
shown	 an	 improved	 four‐electron	 ORR,	 with	 zero‐valent	 Co	
being	the	most	prominent	Co	phase.	Besides,	several	Co‐	phas‐
es	 such	 as	 Co‐Nx	 could	 be	 formed	 that	 did	 not	 seem	 directly	
facilitating	water	formation	as	Co0.	

In	the	majority	of	cases,	the	Co‐N‐C	promoting	four‐electron	
ORR	was	 synthesized	with	 a	high	Co	 loading.	 The	addition	of	
high	quantities	of	Co	could	result	in	the	development	of	several	
phases	of	Co,	but	more	 importantly,	 the	Co0	active	sites	could	
be	 increased,	 thereby	 benefiting	 the	 4e−	 pathway	 [27].	 Low	

Co‐loading,	 on	 the	 other	 hand,	 showed	 a	 greater	 affinity	 for	
H2O2	 generation,	 apparently	 because	 of	 very	 little	 to	 no	 Co0	

growth	on	the	carbon	surface,	as	shown	in	the	study	and	in	line	
with	the	other	papers	[37,39].	In	this	case,	Co‐Nx	could	proba‐
bly	 be	 the	most	 prominent	 active	 site	 that	 can	 selectively	 re‐
duce	oxygen	to	H2O2.	

It	could	be	presumed	that	low	Co	loading	has	a	slight	or	no	
contribution	 to	 H2O2	 generation	 through	 ORR,	 and	 nitro‐
gen‐doped	 carbon	 is	 the	 actual	 active	 site.	 Here	we	 hypothe‐
sized	that	Co‐Nx	is	the	primary	active	site	since	the	characteri‐
zation	techniques	have	shown	the	formation	of	Co‐Nx	with	few	
metallic	Co	residuals.	Experimentally,	the	Co‐N‐KB	was	able	to	
generate	 H2O2	 at	 a	 very	 positive	 potential	 (0.5	 VRHE).	 In	 con‐
trast,	the	N‐KB	sample	did	not	experience	ORR	activity	until	the	
potential	reached	0.2	VRHE,	mainly	due	to	its	high	overpotential	
preventing	O2	from	being	reduced	to	H2O2.	Moreover,	the	H2O2	
bulk	 electrolysis	 at	 0.3	 VRHE	 on	 both	 Co‐N‐KB	 and	 N‐KB	 (not	
shown)	 were	 tested,	 and	 the	 cobalt‐doped	 sample	 produced	
100	mmol	 gcat.−1	 h−1	while	 the	N‐KB	was	not	 able	 to	 generate	
H2O2	 due	 to	 the	 potential	 limitation.	 This	 means	 that	 Co‐Nx	
might	be	the	primary	active	site	in	the	Co‐N‐KB	catalyst,	specif‐
ically	at	0.3	VRHE	or	higher	when	N‐dopants	have	no	contribu‐
tion	on	ORR.	Furthermore,	in	a	recent	study,	the	role	of	Co‐Nx	in	
promoting	ORR	to	H2O2	has	been	analyzed	by	density	function‐
al	 theory	 (DFT).	 The	 study	 reported	 that	 Co‐coordinated	 Nx	
could	facilitate	the	binding	of	O2	disassociation	product	(*OOH)	
that	will	 later	be	 converted	 into	H2O2.	Additionally,	 the	Co‐Nx	
sites	exhibited	faster	kinetics	for	H2O2	dissociation	than	for	the	
H2O2	decomposition	to	water	[39].	
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Fig.	13.	Ring	currents	measured	on	the	Pt‐ring	at	1.2	VRHE	(top),	the	disk	
current	(bottom)	of	N‐KB,	and	commercial	Co‐NPs	on	N‐KB	with	load‐
ing	of	2	and	50	μgCo	cm−2	by	RRDE	at	1600	rpm	in	O2	saturated	0.5	M
H2SO4.	

Table	3	
Comparison	of	H2O2	production	rate	and	faradic	efficiency	at	acidic	pH.

Catalyst	 pH
Potential	
(VRHE)	

H2O2	
(mmol	
gcat.−1	h−1)	

H2O2	faradic	
efficiency	
(%)	

Ref.	

N‐doped‐CMK‐3 	 0.3 0.2	 ~101.66	 ~73	 [38]	
Co‐N‐C	 	 0.3 0.3	 ~84.2	 ~60	 [39]	
Co‐NC‐im	 1	 0.5	 ~49	 >95	 [37]	
Co/carbon	 0	 	 0.25	 ~5	 ~80	 [41]	
Co‐N‐KB	 	 0.3 0.3	 	 ~100	 ~85	 This	work
	

 
Fig.	14.	H2O2	accumulated	concentration	standardized	by	catalyst	load‐
ing	over	time	(left)	and	H2O2	faradaic	efficiency	(right)	of	Co‐N‐KB	cat‐
alyst	in	O2	saturated	0.5	M	H2SO4	at	0.3	VRHE	with	250	rpm.	
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Fig.	15.	Durability	test:	ORR	reduction	current	(left)	and	H2O2	faradaic	
efficiency	(right)	of	Co‐N‐KB	catalyst	in	O2	saturated	0.5	M	H2SO4	at	0.3	
VRHE	with	250	rpm	for	6	h.	
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4.	 	 Conclusions	 	

We	have	demonstrated	the	successful	synthesis	of	Co‐N‐KB	
with	 some	 catalytically	 active	 Co‐Nx	 sites	 using	 a	 facile	 and	
cost‐effective	method.	 Experimental	 findings	 showed	 that	 the	
formed	Co‐Nx	moieties	within	 the	Co‐N‐KB	catalyst	highly	en‐
hanced	 the	 electrocatalytic	 ORR	 activity	 towards	 H2O2	 than	
those	of	non‐metallic	N‐doped‐KB.	Under	acidic	conditions,	the	
Co‐N‐KB	 showed	 a	 substantial	 increase	 in	 the	 peak	 current	
density	of	O2	reduction,	along	with	a	significant	shift	of	the	on‐
set	 potential	 toward	 the	 positive	 direction.	 Moreover,	 H2O2	
selectivity	 of	 about	 90%	 was	 observed	 at	 a	 broad	 potential	
range	with	 the	 electron	 transfer	 number	marginally	 above	 2.	
Co‐NPs	showed	similar	activity	towards	partial	ORR	to	H2O2	as	
the	N‐KB	support,	indicating	that	Co‐Nx	was	possibly	the	main	
active	element.	Furthermore,	 the	catalyst	 long‐term	durability	
and	its	bulk	H2O2	electrolysis	confirmed	the	practical	capability	
of	Co‐N‐KB	with	an	incredibly	high	H2O2	production	rate	of	100	
mmol	gcat.−1	h−1	and	enhanced	H2O2	faradaic	efficiency	of	85%	at	
0.3	VRHE.	Accordingly,	 our	material	 is	 a	 promising	 catalyst	 for	
the	electrochemical	reduction	of	O2	that	generates	H2O2,	and	it	
likely	could	be	incorporated	into	the	cathode	of	more	practical	
cells	as	a	flow‐cell	electrolyzer,	because	carbon	black	has	been	
widely	used	in	fuel	cell	electrodes.	The	findings	presented	here	
significantly	broaden	the	scope	of	carbon‐based	electrocatalyst	
synthesis	with	the	correct	set	of	 features	to	promote	the	ORR	
two‐electron	 pathway.	 Further	 studies	 are	 planned	 to	 study	
various	 aspects	 to	 enhance	 the	 current	 catalyst.	 The	 stated	
feasible	 synthesis	 procedure	 allowed	 us	 to	 integrate	multiple	
heteroatom	dopants,	or	metal	oxides	precursors,	or	change	the	
catalyst	 structure	 to	 further	 increase	 the	 catalytic	 activity	 to	
H2O2	 synthesis.	 Additional	 electrochemical	 measures	 such	 as	
pH	 effect	 and	 stability	 of	 the	 catalyst	 or	 electrolyzer	 design	
modification	by	means	of	introducing	decoupled	reactions	will	
also	 be	 needed	 for	 a	 thorough	 understanding	 of	 the	 catalyst	
and	its	performance.	
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氮掺杂碳包埋钴纳米粒子电催化合成过氧化氢 

Basil Sabri Rawah a,b, 李文震 a,* 
a爱荷华州立大学, 化学和生物工程系, 生物可再生能源研究实验室, 艾姆斯, 美国 

b吉达大学化学与材料工程学院, 吉达, 沙特阿拉伯 

摘要: 电催化还原氧是一种新兴的可持续生产过氧化氢(H2O2)的合成技术, 寻找低成本、高活性和高选择性的电催化剂是

该技术实际应用的关键.  钴氮掺杂的碳材料因含有钴氮(Co-Nx)催化活性位, 成为一类新兴的可促进H2O2电化学合成的材

料.   

本文采用低能耗干式球磨外加控制热解的方法来制备包含许多Co-Nx结构的钴氮掺杂碳材料.  该方法使用材料廉价, 

即将醋酸钴、2-甲基咪唑和Ketjenblack EC-600JD高纯度且导电的碳黑分别作为金属、氮和碳的前体.  在酸性介质中的电化

学测试结果表明, 该材料的氧还原反应电流密度明显增加, 同时起始电位向正方向移动.  该催化剂在较大电位范围内对

H2O2的选择性约为90%.  H2O2整体电解实验表明, H2O2产率达到100 mmol gcat
−1 h−1, H2O2法拉第效率达到85% (0.3 V vs. RHE

条件下2 h).  耐久性测试(在0.3 V vs. RHE条件下6 h)表明, 催化剂表现出相对稳定的性能, 且在整个测试循环中, 法拉第效率

达到约85%, 表明催化剂在实际应用中具有良好的耐久性.  催化剂表现出较高的电催化合成H2O2活性和选择性可能是由于

形成了Co-Nx活性位, 以及酸性环境和应用电位等其它因素的影响.  

关键词: 过氧化氢; 双电子氧还原; 碳催化剂; 电催化 
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