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ABSTRACT: The  incorporation  of  oxygen  functional  groups
(OFGs)  into  cobalt-nitrogen-carbon  (CoNC)  catalysts  is  widely
regarded  as  a  promising  strategy  for  enhancing  hydrogen
peroxide  (H2O2)  electrosynthesis  via  the  two-electron  oxygen
reduction reaction (2e− ORR). However, the roles and effects of
OFGs  in  CoNC  catalysts  on  H2O2  electrosynthesis,  especially
on the actual production, remain unclear. Herein, we conducted
a  comprehensive  investigation  into  a  series  of  typical  CoNC
catalysts  with  or  without  OFGs  for  H2O2  electrosynthesis.
Contrary to  the traditional  insight,  our  finding demonstrates that  the incorporation of  OFGs into CoNC leads to  a notable
decline  in  actual  H2O2  productivity.  Remarkably,  this  phenomenon  occurs  across  diverse  oxidizing  agents  and  CoNC
catalysts, indicating its generality. Mechanistic investigations reveal that the OFGs regulate the surface chemical states and
interfacial hydrophobicities of CoNC, resulting in hindered O2 diffusion, thus harming H2O2 productivity. This study not only
clarifies  the  complex  role  of  OFGs in  CoNC catalysts  for  H2O2  electro-synthesis  but  also  promotes  their  more  extensive
application in the field of electrocatalyst development.
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 1    Introduction
Hydrogen peroxide (H2O2) is one of the most important chemicals
with  wide  applications,  including  industries,  medicine,
papermaking,  and  polluted  water  treatment  [1−4].  Currently,  the
majority of H2O2 is produced via an anthraquinone method, which
involves complex procedures and huge energy input, and generates
lots  of  organic  waste  [1−5].  Recently,  the  emergence  of  the
electrosynthesis  process  through  a  two-electron  oxygen  reduction
reaction  has  attracted  extensive  attention.  It  requires  only  oxygen
(from  the  air),  electrolytes,  and  electricity  for  the  green  and

sustainable  generation  of  H2O2 that  is  energy-efficient  and
environmentally  friendly  [6−12].  However,  the  key  reaction of  the
two-electron  oxygen  reduction  reaction  (2e− ORR)  often  suffers
from  slow  kinetics,  high  overpotential,  and  the  competitive  four-
electron  (4e−)  pathway  [1−12].  Thus,  robust  electrocatalysts  have
been intensively pursued.

Among  all  the  candidates,  the  oxygen  functionalized  or
coordinated  cobalt-nitrogen-carbon  (O-CoNC)  catalysts  reveal
great  potential  for  the  electrosynthesis  of  H2O2 due  to  the  earth-
abundance,  considerable  ORR  activity,  and  most  importantly,
much-enhanced  2e− selectivity  [4, 13−34].  However,  these  results
are  mostly  assessed  through  the  rotating  ring-disk  electrode
(RRDE)  technique.  However,  the  projection  of  RRDE-obtained
results  often  only  represents  the  trends,  not  absolute  actual
performance values [35]. For H2O2 electrosynthesis, the RRDE can
measure  the  ORR  activity  and  2e− selectivity  value,  but  can  not
determine  the  H2O2 yield  rate  (YR)  of  catalysts.  At  this  point,
another  measurement  of  the  gas  diffusion  electrode  (GDE)  is
required  [36−39].  Unlike  the  disk  generation  and  ring in-situ
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detection  mode  of  RRDE,  the  products  of  GDE  naturally  diffuse
into  the  solution  for  further  collection  or  detection  [40−43].  This
more  resembles  the  actual  application  and  enables  researchers  to
test the productivity of the catalysts. However, compared to RRDE,
GDE  measurement  requires  a  larger  quantity  of  catalyst,  a  more
intricate  process,  and  a  longer  duration.  Therefore,  RRDE  is
typically employed for the initial screening of numerous promising
catalyst  materials,  while  GDE  is  only  used  to  demonstrate  the
practical  performance  of  the  most  crucial  sample.  As  exhibited  in
Table S1 in the Electronic Supplementary Material (ESM), previous
studies reveal that the oxygenated CoNC significantly enhances the
H2O2 selectivity of pristine catalysts. Note that despite variations in
preparation  conditions  and  test  protocols,  the  conclusions  drawn
are  surprisingly  consistent.  However,  they  typically  only  tested  the
RRDE  performance  but  neglected  to  compare  their  GDE
performance. Consequently, doubts linger in our minds. How does
the  H2O2 production  performance  in  a  real  device  differ  between
CoNC  catalysts  with  and  without  oxygen  functional  groups
(OFGs)?  Has  the  H2O2 electrosynthesis  performance  of  CoNC
catalysts  with  OFG  modification  been  genuinely  improved  when
compared  to  their  pristine  counterparts?  The  true  functions  and
effects of OFGs on CoNC catalysts in the synthesis of H2O2 remain
unclear.

With  these  questions  in  mind,  we  conducted  a  comprehensive
investigation  into  the  performance  of  a  series  of  typical  CoNC
catalysts modified with or without OFGs for H2O2 electrosynthesis.
Our  results  reveal  that  the  incorporation  of  OFGs  into  CoNC
markedly  reduces  the  H2O2 yield,  a  trend  consistently  observed
across  various  oxidizing  agents  and  CoNC  systems,  underscoring
its  general  applicability.  Comprehensive  analysis  indicates  that
surface OFGs disrupt the local Co coordination environment, alter
the  surface  chemical  state,  and  enhance  hydrophilicity,  leading  to
the  destruction  of  the  three-phase  interface  and  hindering  the
transportation  of  O2.  Impressively,  the  removal  of  OFGs  restores
the  surface  interface  structure  and  significantly  recovers,  or  even
improves,  the  H2O2 productivity.  This  work  contributes  to  the
recognition  and  understanding  of  the  effects  of  OFGs  on  CoNC
catalysts  for  H2O2 electrosynthesis,  and  most  importantly,  aims  to
encourage  a  more  widespread  use  of  practical  devices  in  the
evaluation of the catalyst performance.

 2    Experimental
 

 2.1    Preparation  of  zeolitic  imidazolate  framework-67
(ZIF-67) precursors
Typically,  5.910  g  of  2-methylimidazole  and  5.244  g  of
Co(NO3)2·6H2O  were  dissolved  in  60  mL  of  methanol  to  form
solutions  A  and  B,  respectively.  After  that,  solution  A  was  rapidly
added  to  solution  B  with  vigorous  stirring  for  10  s.  Subsequently,
the  resulting  mixture  was  allowed to  age  at  room temperature  for
24  h.  Finally,  the  purple  precipitate  was  gathered  through
centrifugation and subjected to washes with methanol and ethanol.
The collected precipitate was then dried in a vacuum oven at 60 °C
to obtain the ZIF-67 precursor powder.

 2.2    Preparation of CoNC catalysts
The ZIF-67 precursor was transferred to a porcelain boat and then
inserted into a tube furnace. After passing for 20 min at a flow rate
of 100 mL·min−1, the temperature was increased to 900 °C at a rate
of 5 °C·min−1 under an Ar atmosphere for 3 h. After fully grinding

the carbonized product, it was acid-washed in 0.5 M H2SO4 at 60 °C
for  6  h  to  remove  cobalt  particles.  The  sample  was  collected  by
filtration, washed with ultrapure water until the pH reached 7, and
then  dried  under  vacuum  overnight.  The  resulting  black  powder
was named CoNC.

To  confirm  the  universality,  other  types  of  CoNC-X catalysts
(X = 1–6) were also prepared using different methods:

200 mg of commercial graphene oxide (GO) was added to 30 mL
of ultra-pure water. After ultrasonic dispersion for 30 min, 3 mL of
CoCl2 solution  (with  3  wt.%  Co  content)  was  added  under  an
ultrasonic  environment  for  1  h  and  freeze-drying.  The  precursor
was heated to 800 °C at 5 °C·min−1 in an NH3 atmosphere (gas flow
rate: 150 mL·min−1 Ar and 50 mL·min−1 NH3) for 1 h. After pickling,
washing, and drying, the CoNC-1 was obtained.

1.019 g of Co(NO3)2·6H2O, 2.943 g of dicyandiamide, and 2 mL
of anhydrous ethanol were added to the agate mortar and ground
continuously  until  the  mixture  formed  a  uniform  pink  paste.  The
resulting  mixture  was  transferred  to  the  porcelain  boat  and  then
heated to 800 °C at a heating rate of 3 °C·min−1 with a flow rate of
100  mL·min−1 in  the  Ar  atmosphere  for  3.5  h.  After  pickling,
washing, and drying, the CoNC-2 was obtained.

The ZIF-67 precursor  was heated to 900 °C at  2  °C·min−1 in  an
Ar/H2 (10 vol.%) atmosphere with a flow rate of 100 mL·min−1 for
1 h. After pickling, washing, and drying, the CoNC-3 was obtained.

The commercial carbon nanotubes (CNTs) were pre-oxidized by
concentrated  nitric  acid  at  80  °C  for  10  h  with  magnetic  stirring.
Then,  100 mg of  pre-oxidized CNTs and 10 mg of  cetyl  trimethyl
ammonium bromide (CTAB) were added to the mixed solution of
15  mL of  ultra-pure  water  and 15  mL of  ethanol.  After  ultrasonic
dispersion  for  30  min,  0.249  g  of  Co(NO3)2·6H2O  and  0.497  g  of
dicyandiamide  were  added  at  intervals  of  10  min  under  an
ultrasonic  environment  for  30  min.  The  precursor  was  heated  to
550  °C  at  2  °C·min−1 for  1  h  and  subsequently  to  800  °C  at
5  °C·min−1 for  2  h  under  an  Ar  atmosphere  with  a  flow  rate  of
100 mL·min−1. After pickling, washing, and drying, the CoNC-4 was
obtained.

0.249 g  of  Co(CH3COO)2·4H2O and 0.8408 g  of  dicyandiamide
were added to the mixed solution of 10 mL of ultra-pure water and
10  mL  of  ethanol.  After  drying  by  magnetic  stirring  at  60  °C,  the
precursor was heated to 800 °C at  5 °C·min−1 for 2 h under an Ar
atmosphere  with  a  flow  rate  of  100  mL·min−1.  After  pickling,
washing, and drying, the CoNC-5 was obtained.

The commercial carbon black of Vulcan XC-72 was pre-oxidized
by concentrated nitric acid at 80 °C for 10 h with magnetic stirring.
Then,  100  mg  of  pre-oxidized  XC-72  was  added  to  the  mixed
solution of 10 mL of ultra-pure water and 10 mL of ethanol. After
ultrasonic dispersion for 30 min, 2 mL of Co(NO3)2·6H2O solution
(with  2  wt.%  Co  content)  was  added  under  an  ultrasonic
environment for 1 h. Subsequently, 1 g of dicyandiamide and dried
precursor  were  respectively  placed  upstream  and  downstream  of
the  Ar  flow with  a  flow rate  of  100  mL·min−1 in  the  tube  furnace,
and heated to 800 °C at 5 °C·min−1 for 1 h. After pickling, washing,
and drying, the CoNC-6 was obtained.

 2.3    Preparation of oxygen-functionalized CoNC catalysts
The  O-CoNC  was  obtained  using  a  commercial  30  wt.%  H2O2
solution  as  an  oxidizing  agent  in  an  acidic  medium.  Specifically,
50  mg of  CoNC catalyst  was  dispersed  in  50  mL of  0.5  M H2SO4
and  heated  to  90  °C.  Then,  5  mL  of  30  wt.%  H2O2 solution  was
gradually  added  to  the  above  mixture  every  20  min  for  2  h.  The
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content of H2O2 in the reaction solution was 11 wt.%. Finally, the O-
CoNC  (also  named  O-CoNC(11)  and  O-CoNC(H2O2))  catalysts
were  collected  by  filtration,  rinsed  with  deionized  (DI)  water,  and
dried overnight in a vacuum oven at 60 °C.

The  CoNC-X (X =  1–6)  catalyst  prepared  using  different
methods  was  also  functionalized  under  the  same  conditions  to
prepare the O-CoNC-X (X = 1–6) sample.

To  explore  the  effect  of  oxidation  degree  on  the  structure  and
property  of  the  catalysts,  O-CoNC-Y (Y =  3  wt.%  and  6  wt.%  of
H2O2)  catalysts  were  prepared  under  the  same  conditions  of  O-
CoNC,  except  for  adding  1  and  2  mL  of  30  wt.%  H2O2 solution
every 20 min for 2 h, respectively.

50 mg of CoNC catalyst was dispersed in 30 mL of concentrated
nitric acid solution and heated to 50 °C for 6 h. The treated samples
were collected by filtration, rinsed with deionized water,  and dried
overnight  in  a  vacuum  oven  at  60  °C  to  obtain  the  O-
CoNC(HNO3) catalysts.

100 mg of CoNC catalyst was heated to 200 °C at 5 °C·min−1 for
1 h in an air atmosphere to obtain the O-CoNC(air) catalysts.

 2.4    Preparation of reduced CoNC catalysts
50 mg of O-CoNC sample was heated to 300 °C at 2 °C·min−1 in an
Ar/H2 (10 vol.%) atmosphere with a flow rate of 100 mL·min−1 for
1 h to obtain the R-CoNC catalysts.

 2.5    Preparation of single-atom dispersed CoNC catalysts
The  single-atom  dispersed  CoNC,  denoted  as  SA-CoNC,  was
obtained  by  the  same  conditions  as  CoNC,  except  for  pyrolyzed
under a 10 vol.% H2/Ar atmosphere [41].

 2.6    Electrochemical measurements
The ORR polarization curves of all catalysts were tested by a typical
three-electrode  method  with  a  rotating  ring-disk  electrode  as  the
working  electrode,  and  the  collection  coefficient  was  corrected  to
0.37, as shown in Fig. S1 in the ESM.

 3    Results and discussion
Figure 1 briefly illustrates the preparation procedure of CoNC and
O-CoNC catalysts. The pristine CoNC catalyst (denoted as CoNC)
was  prepared  by  the  pyrolysis  of  2-methylimidazole  cobalt  salt
(ZIF-67), followed by acid treatment to remove the impurities and
residual  metal  species.  The  CoNC  was  then  subjected  to  a  certain
concentration  of  H2O2 solution  (11  wt.%)  and  heat-treated  at  a

temperature  of  90  °C  for  2  h.  After  cooling  and  washing  with  DI
water,  the  oxygen-functionalized  CoNC  catalyst  (marked  as  O-
CoNC) was obtained.

The  morphologies  of  CoNC  and  O-CoNC  samples  were
investigated  by  scanning  electron  microscopy  (SEM)  and
transmission  electron  microscopy  (TEM)  techniques.  The  SEM
images  in  Fig.  S2  in  the  ESM  reveal  that  the  two  samples  almost
keep  the  same  morphology  as  the  typical  ZIF-67  frameworks.
Notably, despite the catalyst being subjected to acid washing during
the  preparation  process  to  remove  unstable  impurities  and  cobalt
nanoparticles as much as possible, the TEM images in Fig. 2(a) and
Fig.  S3  in  the  ESM  reveal  that  CoNC  contains  obvious  metal
nanoparticles  ranging  from a  few to  tens  of  nanometers.  This  can
be attributed to the catalytic effect of Co on the graphitization of the
carbon  under  high-temperature  conditions,  and  some  cobalt
nanoparticles are encapsulated by the carbon layer, as shown in Fig.
S4  in  the  ESM  [20, 41, 42].  In  contrast,  no  obvious  metal
nanoparticles are observed in O-CoNC (Fig. 2(b) and Fig. S5 in the
ESM).  The  high-angle  annular  dark-field  scanning  transmission
electron  microscopy  (HAADF-STEM)  images  and  energy-
dispersive  X-ray  spectroscopy (EDS)  mapping results  in  Fig.  S6  in
the ESM further reveal that the O-CoNC exhibits significantly fewer
aggregated Co particles compared to CoNC. This indicates that the
oxidation treatment facilitates  the elimination of  Co nanoparticles.
Notably,  the  inductively  coupled  plasma  mass  spectrometry  (ICP-
MS) results in Table S2 in the ESM show that the Co content of O-
CoNC  (4.3  wt.%)  is  slightly  lower  than  that  of  CoNC  (5.1  wt.%),
suggesting that a small amount of Co dissolves during the oxidation
treatment, but most remains in the catalysts. Their X-ray diffraction
(XRD)  patterns  in  Fig.  S7  in  the  ESM  show  two  broad  peaks
around 26° and 43°, corresponding to the (002) and (100) lattice of
graphitic  carbon,  respectively.  In  addition,  two  metallic  Co
diffraction  peaks  at  44.2°  and  51.5°  are  also  observed,  where  the
CoNC  shows  a  stronger  intensity  of  Co(111)  plane  (0.43
normalized  to  the  C(002)  peak)  compared  to  O-CoNC  (0.25
normalized to the C(002) peak), indicating a stronger crystallinity of
metallic  Co,  in  great  consistent  with  the  above  TEM  result.  Our
previous  works  have  demonstrated  that  the  elimination  of  metal
nanoparticles in CoNC catalysts enhances their selectivity for H2O2
production [20, 41, 42].

Raman  spectra  were  performed  to  investigate  the  defect
information of the catalysts. As shown in Fig. S8 in the ESM, both
CoNC  and  O-CoNC  contain  two  broad  bands  near  1350  and
1600 cm−1, corresponding to the defects (D band) and the graphitic

 

Figure 1    Schematic illustration of the preparation of CoNC and O-CoNC.

Nano Research | Vol. 19, No. 5 Zhang et al.

94908416 (3 of 10) Nano Research, 2026, 19, 94908416

https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416


lattice  (G  band)  of  carbon,  respectively.  The  calculated  intensity
ratio  of  the  D  band  and  G  band  (ID/IG)  is  1.01  for  CoNC  and
1.02  for  O-CoNC,  indicating  a  similar  defect  degree  [44−46].  To
further  probe  the  principal  types  of  defects  in  the  catalysts,  the
Raman spectra were deconvoluted into five bands near 1200, 1350,
1500, 1580, and 1620 cm–1, corresponding to the polyene, graphene
edges, amorphous, graphite lattice, and graphene layers, respectively
[47].  The fitting results  in  Table  S3 in  the ESM reveal  that  the  O-
CoNC contains almost the same content as the CoNC, except for a
slightly  decreased D4 band and increased D1 band.  This  indicates
that  the  oxidation  treatment  contributes  to  the  transformation  of
polyene to graphene edges of the carbon matrix, and the graphene
edges are reported to be intrinsically selective for 2e– ORR.

The surface state and chemical environment of the catalysts were
investigated  via  Fourier  transform  infrared  (FTIR),  X-ray
photoelectron spectroscopy (XPS), near-edge X-ray absorption fine
structure  (NEXAFS),  and  Fourier  transform  extended  X-ray
absorption  fine  structure  (FT-EXAFS).  As  shown  in  the  FTIR
spectra (Fig. S9 in the ESM), the four main oxygenated groups can
be  assigned  to  stretching  vibration  of  hydroxyl  (υ(OH))  at  3440
cm–1,  stretching  vibration  of  ketones  (υ(C=O))  at  1700  cm−1,
deformation  vibration  of  hydroxyl  (δ(OH))  at  1380  cm–1,  and
asymmetric stretching vibration of ethers (υ(C–O–C)) at 1057 cm−1

[47−49].  The  O-CoNC  has  a  relatively  higher  intensity  of  peaks
compared to CoNC, which may indicate a higher content of oxygen
functional  groups.  This  is  further  supported  by  the  XPS  results.
Fig.  S10  in  the  ESM  shows  peaks  around  284.8,  400.8,  532.7,  and

782.8  eV,  corresponding  to  C  1s,  N  1s,  O  1s,  and  Co  2p,
respectively.  The  XPS  survey  spectra  reveal  that  the  surface  O
content  increases  from  4.34  at.%  for  CoNC  to  10.25  at.%  for  O-
CoNC,  and  the  surface  Co  content  decreases  from  0.34  at.%  for
CoNC  to  0.18  at.%  for  O-CoNC  (Fig.  2(c) and  Table  S4  in  the
ESM),  suggesting  that  OFGs  cover  the  catalysts  surface,  thereby
reducing the relative content of Co. The O 1s spectra were further
deconvoluted  into  OI (C=O  related  groups)  at  531.35  eV,  OII
(C–O–C or  COOH) at  532.8  eV,  OIII (C–O(H))  at  534.0  eV,  and
OIV (physically  adsorbed  H2O  and  O2)  at  535.6  eV  [47−49].  The
fitting results  in Fig.  2(d) and Table S5 in the ESM reveal  that  the
content  of  OI decreased  and  OIII increased  significantly  after  the
oxidation treatment, suggesting the decrease of C=O related groups
and  increase  of  C–O(H)  groups,  which  can  cause  the  deeper
coverage of OFGs owing to the longer bond length. In addition, the
N  1s  spectra  were  deconvoluted  into  pyridinic-N  (Py-N)  at
398.3  eV,  Co-Nx at  399.1  eV,  pyrrolic-N  (Pr-N)  at  400.1  eV,
graphitic-N (Gr-N) at 401.3 eV, and oxidized-N (Ox-N) at 403.5 eV
[4, 5, 24, 41, 50]. The fitting results in Fig. 2(e) and Table S6 in the
ESM reveal that the content of Gr-N decreased and Pr-N increased
significantly after the oxidation treatment. This may be attributed to
the  reactive  oxygen  species  (such  as  hydroxyl  radical)  generated
during the oxidation treatment that cleave partially unstable bonds
(such  as  Gr-N  with  weak  coordination  to  Co)  [47].  The  Pr-N
coordinated  Co site  was  reported  to  be  mainly  responsible  for  2e–

ORR [16]. Moreover, the Co 2p spectra were deconvoluted into Co0

(778.8  and  794.3  eV),  Co2+ (780.5  and  796.0  eV),  and  Co3+ (782.5

 

Figure 2    TEM images of (a) CoNC and (b) O-CoNC. (c) Co and O contents from XPS survey spectra. Deconvoluted (d) O 1s, (e) N 1s, and (f) Co 2p. (g) C K-edge
NEXAFS spectra of CoNC and O-CoNC catalyst. (h) Co K-edge NEXAFS and (i) FT-EXAFS spectra of Co foil, CoO, CoNC, and O-CoNC in R space.
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and 798.0 eV) [4, 24, 41]. The fitting results in Fig. 2(f) and Table S7
in the ESM reveal that the atomic content of all types of Co species
in  CoNC  decreases  after  oxidation.  This  phenomenon  can  be
attributed  to  the  enrichment  of  oxygen  species  on  the  catalyst
surface,  which  leads  to  the  coverage  of  Co  active  sites.  The  C  K-
edge  NEXAFS  spectra  (Fig.  2(g))  reveal  unoccupied  π*  and  σ*
states,  with  the  peaks  around  286,  288.5,  and  292.5  eV
corresponding  to  π*  (C=C),  π*  (C=O),  and  σ*  (C–C)  transitions,
respectively  [5].  The  intensity  of  the  π*  (C=O)  increased
significantly after the oxidation treatment, indicating a higher C=O
content  in  O-CoNC  compared  to  CoNC,  which  is  in  great
consistency with the XPS results. The Co K-edge NEXAFS spectra
(Fig. 2(h)) show that the absorption edge positions of CoNC and O-
CoNC are nearly identical,  with both located between those of  Co
foil  (metallic  Co0 reference)  and  CoO  (oxidized  Co2+ reference),
suggesting  their  partially  oxidized  state  [4, 41].  The  FT-EXAFS
spectra  in R space  (Fig.  2(i))  provide  further  insight  into  the  local
coordination  environment  of  cobalt  in  the  samples.  The  Co  foil
exhibits  a  prominent  second-shell  peak  around 2.2  Å.  In  contrast,
both CoNC and O-CoNC display  a  single  dominant  peak around
2 Å, which is negatively shifted relative to the typical Co–Co bond
distance.  This  observation  indicates  that  partial  cobalt  is
coordinated  mainly  with  light  atoms  such  as  N  or  O  [4, 26, 41].
Notably,  the  amplitude  of  the  dominant  peak  around  2  Å  in  O-
CoNC  is  slightly  higher  than  that  in  CoNC,  suggesting  an
enhancement  in  coordination  strength.  Additionally,  the  shoulder
peak around 1.4 Å (corresponding to Co–N/O coordination) in O-
CoNC  is  stronger  than  that  in  CoNC,  further  confirming  the
enhanced coordination environment [16].

To further describe the variation of electrochemical performance
of  the  samples  with  or  without  oxidation  treatment,  the  pristine
CoNC  catalyst  was  also  oxidized  at  the  H2O2 with  different
concentrations of 3 wt.%, 6 wt.%, and 11 wt.%, which were labeled
as  O-CoNC(Y)  (Y =  3  wt.%,  6  wt.%,  and  11  wt.%  of  H2O2).  The
XRD, Raman, FTIR, and XPS characterization results in Fig. S11 in
the  ESM  further  confirm  that  the  H2O2 oxidation  treatment  has

little  effect  on  the  structure  of  the  catalysts,  but  can  significantly
increase the content of oxygen species on the surface. As shown in
Fig.  3(a),  compared  to  pristine  CoNC,  all  the  O-CoNC  catalysts
reveal increased ring current densities, but decreased E0 values and
disk  current  densities.  With  the  increase  of  oxidation  degree,  the
H2O2 selectivity  (Fig.  S12  in  the  ESM)  increases,  but  the  ORR
activity  (E0,  defined  as  the  potential  vs.  reversible  hydrogen
electrode  (RHE)  for  0.1  mA·cm–2 by  subtracting  the  N2 current
density  from  the  O2 current  density)  decreases  (Fig.  3(b)).  The
RRDE-observed  results  demonstrate  that  the  introduction  of
oxygenated  groups  can  indeed  improve  the  H2O2 selectivity  of
CoNC catalysts. Combined with the above characteristic results, the
increased H2O2 selectivity can be attributed to the elimination of Co
nanoparticles  and the increased Pr-N content,  while  the decreased
ORR  activity  may  be  related  to  the  coverage  of  OFGs  and  the
decline of Co content on the surfaces.

As for GDE measurements,  the CoNC electrode shows a much
higher  O2 reduction  polarization  current  density  than  O-CoNC
electrodes (Fig. 3(c)). The current density of the CoNC electrode in
chronoamperometry  testing  is  almost  double  that  of  O-CoNC
electrodes  (inset  of Fig.  3(c)).  After  collecting  the  electrolytes  and
measuring  via  the  cerium  sulfate  titration  method,  the  generated
H2O2 can  be  quantified,  and  correspondingly,  the  H2O2 yield  rate
and  Faraday  efficiency  values  of  the  electrodes  are  obtained
(Fig.  3(d)).  Compared  with  those  of  O-CoNC(Y)  catalyst  (274  to
362  mg·L–1·h–1)  electrodes,  the  CoNC  electrode  shows  a  much
higher  H2O2 yield  rate  of  542  mg·L–1·h–1,  but  its  Faraday  efficiency
(61.8%) is only slightly lower compared with the O-CoNC (73.4%).
The  GDE-observed  results  demonstrate  that  the  introduction  of
oxygenated groups into CoNC catalysts is not in favor of the H2O2
synthesis in actual conditions, on the contrary, it will lead to a lower
H2O2 yield.  Considering  that  the  H-cell  utilizes  the  dissolved  O2,
rather  than  the  gaseous  O2,  as  the  reactant,  the  flow-cell  was
assembled to construct the three-phase interface.  As shown in Fig.
S13  in  the  ESM,  the  flow  cell  shows  the  same  trend  as  the  H-cell
results,  in  which  the  Faraday  efficiency  increases  slightly  but  the

 

Figure 3    RRDE and GDE measurements  of  CoNC and O-CoNC(3,  6,  and  11)  catalysts.  (a)  RRDE polarization  curves,  (b) E0 values  and the  H2O2 selectivity  of  the
catalysts calculated from RRDE, (c) GDE polarization curves, the inset showing chronoamperometry curves at a potential of 0.1 V vs. RHE, and (d) their detected H2O2

YR and Faraday efficiency of the CoNC and O-CoNC(3, 6, and 11) catalysts in 0.1 M HClO4.
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H2O2 yield  rate  decreases  sharply  with  the  increased  oxidizing
concentration.

For  comparison,  we  prepared  a  single-atom  dispersed  CoNC
catalyst  (denoted  as  SA-CoNC)  under  the  same  conditions  as
CoNC,  except  for  pyrolyzed  under  a  10  vol.%  H2/Ar  atmosphere
[41]. The SEM, TEM, and high-resolution TEM (HR-TEM) images
in  Fig.  S14  in  the  ESM  reveal  that  the  SA-CoNC  exhibits  a
dodecahedral  morphology  assembled  from  nanotubes,  with  no
metallic  particles  observed.  The ICP-MS results  in  Table  S2 in the
ESM indicate that the Co content of SA-CoNC is less than half that
of CoNC and O-CoNC. Electrochemical tests (Fig. S15 in the ESM)
reveal  that  SA-CoNC  exhibits  both  higher  RRDE  and  GDE
performance than CoNC and O-CoNC, demonstrating that Co-Nx
sites  are the core active centers.  In contrast,  the presence of  cobalt
nanoparticles  not  only  reduces  the  utilization  efficiency  of  active
sites but also facilitates the decomposition of H2O2.

To  further  confirm  the  differences  between  RRDE  and  GDE
measurements,  the  CoNC  material  was  also  subjected  to
concentrated  HNO3 or  air  oxidation  treatment  to  obtain  the
samples  of  O-CoNC(HNO3)  and  O-CoNC(air),  respectively.  The
XRD, Raman, FTIR, and XPS results in Fig. S16 in the ESM reveal
that the catalysts prepared by different procedures possess different
characteristics. For example, the O-CoNC(HNO3) has a significant
σ OH in FTIR, while O-CoNC(air) has the lowest signal. To further
elucidate  the  effects  of  different  OFGs  on  the  performance  of
CoNC,  the  O  1s  XPS  spectra  of  the  catalysts  are  analyzed.  The
fitting  results  in  Fig.  S17  and  Table  S5  in  the  ESM reveal  that  the
OIII content  of  O-CoNC(H2O2),  O-CoNC(HNO3),  and  O-
CoNC(air) decreases sequentially. Despite the structural differences,
the catalysts oxidized by various methods display the same trend in
terms of electrocatalytic performance. As exhibited in Figs. 4(a) and
4(b), and Fig. S18 in the ESM, from RRDE measurements, both O-
CoNC(HNO3)  and  O-CoNC(air)  samples  show  higher  H2O2
selectivity  values  (80.6%  and  70.5%,  respectively)  but  lower  ORR
onset  potentials  (0.625  and  0.612  V,  respectively)  in  comparison

with pristine CoNC (E0 = 0.688 V, H2O2 selectivity = 41.3%). While
for  GDE  shown  in Figs.  4(c) and 4(d),  the  CoNC  electrode  still
possesses  a  much  higher  H2O2 production  rate,  along  with  a
relatively lower Faraday efficiency value than O-CoNC(HNO3) and
O-CoNC(air)  samples.  Notably,  the  H2O2 production  rates  of  O-
CoNC(H2O2),  O-CoNC(HNO3),  and  O-CoNC(air)  increase
sequentially,  which  is  exactly  opposite  to  the  trend  of  their  OIII
group  content.  This  indicates  that  the  introduction  of  C–O(H)
functional  groups  on the  surface  of  CoNC catalysts  is  unfavorable
for the electrochemical synthesis of H2O2.

In addition, to confirm the universality of this phenomenon, we
also  prepared  six  other  types  of  CoNC catalysts  by  using  different
precursors and procedures (detailed in Table S8 in the ESM), which
are labeled as CoNC-X (X = 1–6), respectively. After the oxidation
by  H2O2 treatment,  the  corresponding  samples  are  marked  as  O-
CoNC-X.  Interestingly  and  remarkably,  as  displayed  in Fig.  5 and
Figs.  S19–S26  in  the  ESM,  these  CoNC-X samples  and  the
corresponding  O-CoNC-X samples  also  follow  the  same  trend  as
the  above  results.  The  CoNC-X samples  reveal  a  much  higher E0
and  production  rate  with  relatively  lower  H2O2 selectivity  and
Faraday  efficiency  values  than  the  corresponding  O-CoNC-X
samples.  All  of  the  evidence  reveals  that  the  introduction  of
oxygenated groups into CoNC catalysts is not in favor of improving
the H2O2 electrosynthesis performance, on the contrary, it will lead
to a sharp decline in the productivity of H2O2.

Based  on  the  above  results  and  discussion,  we  propose  a
mechanism  by  which  OFGs  influence  the  H2O2 electrosynthesis
performance  of  the  CoNC  catalyst.  One  is  that  the  oxidation
treatment  changes  the  intrinsic  properties  of  the  catalyst.
Specifically, the oxidizing treatment eliminates the Co nanoparticles
(as  evidenced by  the  TEM results  in Figs.  2(a) and 2(b),  and Figs.
S3–S6  in  the  ESM)  and  modulates  the  surface  chemical
environment of CoNC (as shown in XPS results in Figs. 2(c)–2(f)).
This  contributes  to  the  enhancement  of  2e– selectivity.  Moreover,
the  oxidizing  treatment  increases  the  coverage  of  OFGs  on  the

 

Figure 4    RRDE and GDE measurements of CoNC and O-CoNC(H2O2, HNO3, and air) catalysts. (a) RRDE polarization curves, (b) E0 values and the H2O2 selectivity of
the catalysts calculated from RRDE, (c) GDE polarization curves, the inset showing chronoamperometry curves at a potential of 0.1 V vs. RHE, and (d) their detected YR
and Faraday efficiency of the CoNC and O-CoNC(H2O2, HNO3, and air) catalysts in 0.1 M HClO4.
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catalyst  surface,  hence  reducing  the  relative  surface  content  of  Co
species, leading to an attenuation in ORR activity. The second and
most  important  point  is  ascribed  to  the  microenvironment  of  the
catalytic  interface.  When  the  catalyst  is  oxidized,  the  surface  will
become hydrophilic and gas-phobic, which greatly hinders the mass
transfer of O2 to the catalytic interface [51−53], leading to low H2O2
yield (see below).

To  confirm  the  above  conjecture,  we  subjected  the  O-CoNC
sample  to  H2 reduction  treatment  at  300  °C  to  remove  the
oxygenated  groups.  The  as-obtained  material  is  named  R-CoNC.
Fig. 6(a) illustrates the schematic diagram of CoNC, O-CoNC, and
R-CoNC  samples.  The  SEM  and  TEM  images  in  Fig.  S27  in  the
ESM  reveal  that  the  R-CoNC  possesses  the  same  typical  ZIF-67
framework  with  minor  metal  nanoparticles,  similar  to  O-CoNC.
This indicates that the reduction treatment has scarcely altered the
structural  characteristics  of  the O-CoNC sample,  as  proved by the
XRD, Raman, NEXAFS, and FT-EXAFS results. The XRD patterns
in Fig. S28 in the ESM show that the intensity of the Co (111) plane
for R-CoNC (0.28) is comparable to that of O-CoNC (0.25), while
both are much lower than that of CoNC (0.43), indicating that the
Co  species  of  R-CoNC  remain  in  an  atomic  dispersion  state.  The
Raman spectra in Fig. S29 in the ESM and fitting results in Table S3
in  the  ESM demonstrate  that  the  defect  degree  and  content  of  R-
CoNC  are  highly  similar  to  those  of  O-CoNC,  with  slight
differences  from  CoNC  (as  previously  discussed).  The  C  K-edge
NEXAFS spectra in Fig. S30 in the ESM show that the intensities of
π*  (C=C)  and  π*  (C=O)  transitions  in  R-CoNC  are  reduced
compared  to  those  in  O-CoNC,  which  can  be  attributed  to  the
introduction  of  defect  sites  resulting  from  the  removal  of  OFGs.
The  Co  K-edge  NEXAFS  spectra  (Fig.  S31  in  the  ESM)  and  FT-
EXAFS  in R space  (Fig.  S32  in  the  ESM)  exhibit  that  the  edge
position and peaks  of  R-CoNC are  nearly  identical  to  those  of  O-
CoNC,  with  only  a  slight  shift  toward  the  CoNC direction.  These
results suggest that the atomic dispersion and coordination state of
cobalt  in  R-CoNC  are  minimally  affected  by  the  reduction
treatment and remain essentially consistent with those in O-CoNC.
On  the  contrary,  the  FTIR  and  XPS  results  (Figs.  6(b)–6(d),  and
Figs. S33 and S34 and Tables S4–S7 in the ESM) reveal that the type
and content of surface states for R-CoNC are restored almost to the
same level as pristine CoNC, suggesting that the effects of OFGs on
the chemical environment of CoNC catalysts can be recovered after
appropriate  reduction  treatment.  Notably,  the  ICP-MS  results  in
Table  S2  in  the  ESM  show  that  the  Co  content  of  R-CoNC
(4.0  wt.%)  is  even slightly  lower  than that  of  O-CoNC (4.3  wt.%),
while  the  XPS  results  of  the  R-CoNC  (0.35  at.%)  indicate  that  its

surface  Co  content  is  even  higher  than  that  of  CoNC  (0.34  at.%).
Considering that XPS is a surface-sensitive analytical technique that
primarily  probes  the  information  from  the  top  few  atomic  layers,
these  results  suggest  that  the  coverage  and  removal  of  OFGs
significantly  influence  the  surface  chemical  state  of  the  catalysts.
Given  that  electrocatalytic  reactions  are  inherently  surface-based
processes,  the  surface  state  of  the  catalysts  plays  a  crucial  role  in
determining  their  performance.  As  a  result,  the  electrocatalytic
performance  (Fig.  S35  in  the  ESM)  of  R-CoNC  recovers  or  even
enhances  to  a  higher  level  than  CoNC.  Impressively,  the  ORR
activity (E0 and H2O2 yield rate) and selectivity (H2O2 selectivity and
Faraday efficiency) of the catalysts exhibit  the same trends as their
Co  and  O  content  on  the  surface  (Figs.  6(e)–6(g)),  respectively,
indicating the strong correlation between the 2e– ORR performance
and  its  surface  chemical  states.  Regarding  long-term  operational
stability,  the  O-CoNC  exhibited  a  more  significant  degradation
than CoNC and R-CoNC during the cyclic stability tests, indicating
inferior stability (Fig. S36 in the ESM). Notably, the H2O2 yield rate
remained  nearly  unchanged  within  each  cycle  but  declined
substantially  when reused in subsequent cycles.  This  indicates  that
the active sites of the catalyst did not undergo significant dissolution
or  corrosion,  but  rather  points  to  the  mass  transfer-limited
degradation induced by electrode flooding.

When  it  comes  to  the  reaction  interface,  the  introduction  of
OFGs  affects  the  wetting  characteristics  of  the  catalysts,  thus
influencing  the  performance  of  H2O2 electrosynthesis.  In  general,
most  oxygen-containing  functional  groups  are  hydrophilic.  As  a
result, the O-CoNC powder is easily dispersed in the electrolyte due
to  the  surface  hydrophilicity  and  wettability,  while  the
corresponding CoNC and R-CoNC powder  are  suspended on the
electrolyte  surface  (left  side  of Fig.  6(h)).  The  contact  angle  value
decreases  after  oxidation  and  then  increases  with  H2 reduction
treatment,  meaning  that  the  surface  of  the  catalysts  goes  from
hydrophobic  to  hydrophilic,  and  then  from  hydrophilic  to
hydrophobic,  which  is  in  good  consistency  with  the  change  of
surface  oxygen  content  (first  increases  and  then  decreases).  As
reported,  hydrophobic  interfaces  promote  O2 diffusion  efficiency
[54, 55]. The bubble contact images in Fig. S37 in the ESM confirm
that  the O-CoNC shows a  much slower bubble  adsorption rate  as
compared  to  CoNC  and  R-CoNC.  Accordingly,  a  schematic
diagram depicting the surface structural evolution of the CoNC, O-
CoNC,  and  R-CoNC  catalysts  and  corresponding  changes  in
electrochemical oxygen reduction behavior is provided in Fig. 6(i).
The introduction of OFGs into the CoNC catalyst will cover the Co-
active sites and cause the surface to be hydrophilic (forming a water
layer  that  acts  as  a  mass  transport  barrier  for  hydrophobic  O2),
leading  to  the  decline  of  H2O2 production.  To  further  verify  this
mechanism and investigate the effect of specific OFGs types on the
hydrophobicity  of  the  material,  the  contact  angles  of  O-
CoNC(HNO3) and O-CoNC(air) were also measured. As shown in
Fig.  S38 in  the  ESM, the  contact  angle  values  of  O-CoNC(air)  are
higher  than  that  of  O-CoNC(HNO3),  suggesting  the  enhanced
hydrophobicity. This trend is opposite to the content of OIII in the
materials. As shown in Fig. S39 in the ESM, we further found that
the contact angle of the catalyst is inversely proportional to the OIII
content of the as-prepared catalysts. Overall, we demonstrated that
the introduction of OFGs into CoNC catalysts is not conducive to
the electrosynthesis of H2O2 in practice, on the contrary, it appears
to be detrimental.

 

Figure 5    The  comparative  results  of  RRDE  and  GDE  measurements  of  the
CoNC-X and O-CoNC-X catalysts,  as  obtained from Figs.  S19–S24 in the ESM
and detailed in Table S9 in the ESM.

Nano Research | Vol. 19, No. 5 Zhang et al.

94908416 (7 of 10) Nano Research, 2026, 19, 94908416

https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416
https://www.sciopen.com/article/10.26599/NR.2026.94908416


 4    Conclusions
In  this  work,  we  investigated  the  roles  and  effects  of  introducing
OFGs into  a  CoNC catalyst  for  H2O2 electrosynthesis.  Specifically,
the  oxidizing  treatment  promotes  the  atomic  dispersion  of  Co
species, the coverage of OFGs on the surface, and the regulation of
coordination environments, resulting in increased 2e– selectivity but
decreased  ORR  activity.  Moreover,  the  introduction  of  OFGs
enhances  the  hydrophilicity  of  the  reaction  interface  and  hinders
the  O2 diffusion.  Under  practical  conditions,  this  modification
counterintuitively  leads  to  a  significant  decrease  in  H2O2 yield.
Impressively,  when  the  surface  OFGs  are  removed,  the  H2O2
production  capability  of  the  catalysts  can  be  recovered  and  even
improved.  Our  finding  implies  that  future  carbon-based  catalyst
design  for  H2O2 electrosynthesis  may  move  beyond  blind
introduction  of  OFGs,  optimizing  their  type,  density,  and
distribution  to  balance  their  promotional  effects  (e.g.,  regulating
surface properties) and inhibitory impacts (e.g., hindering O2 access
via  hydrophilicity  effects),  thereby  tailoring  the  catalyst  surface
properties for efficient H2O2 electrosynthesis. We are confident that
these  crucial  insights  will  be  very  helpful  for  the  development  of
highly  efficient  catalysts  for  sustainable  H2O2 electrosynthesis  and
related fields.

 Electronic  Supplementary  Material: Supplementary  material
(experimental sections, figures, and tables) is available in the online
version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908416.
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