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ABSTRACT: Metal-free  carbon-based  catalysts  exhibit  diverse
electrocatalytic  performances  in  CO2  reduction  reaction
(CO2RR), but the attributions and contributions of active sites are
still confusing to date. Herein, the hierarchical carbon nanocages
(hCNC)  doped  with  different  heteroatoms  (B,  N,  P,  S)  are
prepared  to  examine  the  impact  of  dopants  on  the  competitive
CO2RR and hydrogen evolution reaction (HER). The hCNC and
P-doped  hCNC  show  little  CO2RR  activity,  B-  and  S-doped
hCNC  show  weak  CO2RR  activity,  while  N-doped  hCNC
presents  high  CO2RR  activity.  The  CO  Faradaic  efficiency
(FECO)  of  N-containing  hCNC  increases  almost  linearly  with
increasing  the  N  content,  even  with  the  co-existing  B  or  P.  S-
and  SN-doped  hCNC  more  facilitate  the  HER.  16  doping
configurations are constructed, and up to 53 sites are examined
for the electrochemical activities with a constant potential modelling method. The pyridinic-N(N*) is the best active site for
CO2RR to CO, while CBO2H2-1(αC*), CBO2H2-2(γC*), NO-1(βC*), PO2H-3(αC*) and SO3H-3(δC*) are active for HER. The
optimized FECO achieves 83.6% for N-doped hCNC with 9.54 at.% nitrogen, and S-doped hCNC reaches ca. 30 mA·cm−2

current  density  for  HER.  This  study  unveils  the  structure-performance  correlation  of  heteroatom-doped  hCNC,  which  is
conducive to the rational design of advanced metal-free carbon-based catalysts.
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1    Introduction
Since  the  discovery  of  high  activity  of  N-doped  carbon  nanotube
arrays towards oxygen reduction reaction (ORR) [1], carbon-based
metal-free  catalysts  have  attracted  wide  interest  in  various
electrochemical  reactions  such  as  hydrogen  evolution  reaction
(HER),  oxygen  evolution  reaction  (OER)  and  carbon  dioxide
reduction  reaction  (CO2RR)  [2−6].  The  carbons  doped  with
different heteroatoms break the charge neutrality of sp2 carbons and
induce  charge  redistribution,  which  can  regulate  the

adsorption/desorption  of  reaction  species,  providing  the
opportunity  for  improving  the  electrochemical  performance  [1, 5,
6]. Although many metal-based catalysts with considerable CO2RR
performances  have  been  reported  in  recent  years  [7−9],  carbon-
based  metal-free  catalysts  have  their  own  advantages  such  as  low
cost and abundant resources.  Since the first  report of CO2RR with
N-doped carbon nanofiber in 2013 [10], various N-doped and co-
doped carbons have been developed, which demonstrated excellent
performance with CO Faradaic efficiency (FECO) close to 100% and
current  density  up  to  100  mA·cm−2 [11−14].  Despite  the  great
progress, there exist many controversial results in CO2RR of metal-
free heteroatom-doped carbon catalysts. For example, for the P- or
B-doped  carbon,  either  a  high  FECO over  80%  [15, 16]  or  a
negligible FECO while dominant HER activity was reported [13, 17].
The S-doped carbon presented a  FECO of  45% [18]  or  a  negligible
FECO with a strong HER preference [19].  It  is  seen that the metal-
free  catalysts  showed  very  different  performances  even  with  the
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same heteroatom dopants. Moreover, the attributions of active sites
are also confusing, with different claims of pyridinic-N (Py-N) [20],
quaternary  N  (G-N)  [21],  pyrrolic-N  (Pr-N)  [12, 22],  and  the
adjacent  C  of  N  dopants  [10, 23]  as  the  dominant  active  sites  for
CO2RR. This situation indicates the complexity of this topic, due to
the  many  differences  in,  e.g.,  pore  structure,  specific  surface  areas
(SSA), and conductivity of the carbon matrix [24]. Hence, to better
understand the impact of different heteroatom dopants on CO2RR
activity, the use of nanocarbons with the similar architecture should
be recommended.

Hierarchical carbon nanocages (hCNC) developed by our group
have large specific surface area, micro-meso-macropores,  and high
conductivity, which can facilitate the synergic mass/charge transfer
and active sites accessibility [25−27]. Moreover, hCNC can be easily
doped  with  different  heteroatoms  without  compromising  its
original  architecture,  providing  a  good  platform  for  the  study  of
metal-free  electrocatalysis  [28, 29].  Herein,  we  introduced  four
kinds  of  heteroatoms  (B,  N,  P,  S)  into  hCNC  to  explore  the
correlation  between  heteroatom  dopants  and  activity/selectivity  of
the  competitive  CO2RR  and  HER.  We  have  conducted  a  more
comprehensive investigation on possible active sites  of  heteroatom
dopants.  It  is  found  that,  hCNC  and  P-doped  hCNC  show  little
CO2RR activity, B- and S-doped hCNC show weak CO2RR activity,
while  N-doped  hCNC  presents  much  improved  CO2RR  activity.
The  FECO of  N-doped  hCNC  increases  almost  linearly  with
increasing N content,  even in the presence of  B or P,  while  the S-
and  SN-doped  hCNC  more  facilitate  the  HER.  The  theoretical
calculations  reveal  that  the  pyridinic-N(N*)  is  the  most  favorable
active  site  for  CO2RR  to  CO,  while  CBO2H2-1(αC*),  CBO2H2-
2(γC*),  NO-1(βC*),  PO2H-3(αC*)  and  SO3H-3(δC*)  are  active  to
HER. The N-hCNC with N content of 9.54 at.% reaches a FECO of
83.6% at −0.5 V, and S-hCNC exhibits the maximum HER current
density  approaching  30  mA·cm−2 at −1.0  V.  The  experimental
results  and  theoretical  understanding  in  this  study  are  significant
for  the  rational  design  of  advanced  metal-free  carbon-based
catalysts for CO2RR. 

2    Experimental
 

2.1    Catalyst preparation
The  hierarchical  carbon-based  nanocages  were  used  as  metal-free

catalysts, which were prepared by the in situ MgO template method
at 800 °C [25, 28, 29]. The pure (undoped) and heteroatom-doped
hierarchical  carbon  nanocages  were  obtained  with  benzene,
phenylboronic  acid,  pyridine,  triphenylphosphine,  and  thiophene
precursors,  denoted  as  hCNC  and  X-hCNC  (X  =  B,  N,  P,  S),
respectively  (Scheme  S1  in  the  Electronic  Supplementary  Material
(ESM)).  For  preparing  the  co-doped  hCNC,  the  mixed  organic
precursors were used. 

2.2    Theoretical calculations
All  the  spin-unrestricted  density  functional  theory  (DFT)
calculations were performed with the package of DMol3 8.0 [30, 31].
The constant potential modelling method was used to simulate the
CO2RR  and  HER  processes  at −0.6  V  to  make  the  modeling
condition closer to the actual reaction environment [32]. 

2.3    Electrochemical tests
The  CO2RR  performance  was  evaluated  in  an  H-type
electrochemical  cell  with  two  compartments  separated  by  a
Nafion®117  proton  exchange  membrane.  Ag/AgCl  electrode
(3.0  mol·L−1 KCl)  and  Pt  wire  were  used  as  the  reference  and
counter electrodes,  respectively.  All  potentials  were referenced to a
reversible  hydrogen  electrode  (RHE)  with  the  following  equation,
ERHE = EAg/AgCl + 0.209 + 0.0592 × pH, where ERHE is  the potential
vs.  RHE  and EAg/AgCl is  the  measured  potential  vs.  Ag/AgCl
electrode.  The  electrolyte  was  CO2-saturated  0.5  mol·L−1 KHCO3
solution.  The  high-purity  CO2 gas  (99.99%)  was  bubbled  into  the
cathodic  electrolyte  with  a  flow  rate  of  20  mL·min−1.  The  linear
sweep voltammetry (LSV) curve was performed under the range of
0–−1.0  V  with  a  scan  rate  of 1  mV·s−1.  The  CO2RR
chronoamperometric  (CP)  test  was  conducted  at  each  potential
(−0.5–−1.0  V  with  0.1  V  intervals)  for  720  s,  and  the  resulting
gaseous  products  were  analyzed  by  on-line  gas  chromatography
(GC,  hope-9860-5CNJ)  to  calculate  the  FE  and  partial  current
density  (j)  of  CO  and  H2.  More  details  about  experiment  and
theoretical calculation can be found in the ESM. 

3    Results and discussion
Figure 1 provides the typical  scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of hCNC and
X-hCNC  (X  =  B,  N,  P,  S).  The  as-prepared  hCNC  shows  a
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Figure 1    SEM and TEM images of hCNC and X-hCNC. (a)–(d) Typical SEM (a) and (b) and TEM (c) and (d) images of hCNC. Inset in (c) is the SAED pattern of
hCNC. (e)–(h) TEM images of B-hCNC (e), N-hCNC (f), P-hCNC (g), and S-hCNC (h).
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morphology of porous micron-sized spheric particles composed of
nanosheets  (Fig.  1(a)).  The  nanosheets  have  submicron-sized
interspace  and  consist  of  interconnected  hollow  nanocages  of
10–30  nm  in  size  (Figs.  1(b)−1(d)).  The  selected-area  electron
diffraction  (SAED)  pattern  of  the  hCNC  only  shows  dispersion
halos,  indicating the relatively  low crystallinity  of  carbon shell  and
the  absence  of  any  residual  MgO  template  (Fig.  1(c)).  The
heteroatom-doped  hCNC  remain  the  hierarchical  structure  with
high structural similarity (Figs.  1(e)−1(h)).  The high-angle annular
dark-field  scanning  TEM  (HAADF-STEM)  element  mapping
images revealed the high distribution of B, N, P, and S species in the
corresponding X-hCNC (Fig. S1 in the ESM). hCNC and X-hCNC
have  comparable  high  SSA  (>  1300  m2·g−1)  and  hierarchical  pore
structure  with  coexisting  micro-meso-macropores  (Fig.  S2  in  the
ESM),  which  could  facilitate  the  electrolyte  accessibility  of  active
sites  and  synergic  mass/charge  transfer  [33, 34].  All  the  samples
have  good  graphitization  degree  and  high  bulk  conductivity,  with
similar ID/IG (intensity  ratio  of  D  to  G  mode)  values  in  Raman
spectra (Fig. S3 in the ESM).

Multiple  spectroscopic  characterizations  were  conducted  to
probe the bonding configurations of heteroatoms, as shown in Fig.
2. X-ray photoelectron spectroscopy (XPS) results indicate that four
types of heteroatoms (B, N, P, S) are successfully doped into carbon
nanocages  (Table  S1  in  the  ESM).  Deconvolution  of  XPS  signals
were  performed  with  reference  to  the  reported  heteroatom-doped
carbon-based  materials  [16, 35−40].  No  residual  Mg  species  were
detected  in  these  hCNC  samples,  again  indicating  the  complete
removal of MgO template by acid etching (Fig. S4 in the ESM) [41,
42].  Specifically,  undoped hCNC has typical  sp2-hybridized carbon
(284.8  eV)  and  a  few  O-containing  species  (286.3  eV  for  C–O,
2869.9  eV  for  C=O,  289.1  eV  for  O–C=O)  and  π–π*  (291.0  eV)
(Fig. 2(a)) [35, 36], and the C–X bonds appear in the C 1s spectra of
corresponding X-hCNC (Fig. S5 in the ESM) [16, 37, 38]. B-hCNC
has edge C2BO (192.3 eV) and CBO2 (190.9 eV) species (Fig. 2(b))
[36, 39].  N-hCNC has  four  N species,  i.e.,  graphitic-N (401.1  eV),

edge  pyridinic-N  (398.3  eV),  edge  pyrrolic-N  (399.4  eV)  and
oxidized  N  (404.5  eV)  (Fig.  2(c))  [37, 38].  P-hCNC  probably  has
P–C (131.8/132.7 eV) and P–O (133.0/133.9 eV) species (Fig. 2(d))
[40].  S-hCNC  has  edge  C–S–C  (164.0/165.2  eV)  and  SOx species
(168.5/169.7 eV) (Fig. 2(e)) [37].

The consistent results are demonstrated by soft X-ray absorption
spectroscopy (XAS) analysis (Fig. 2 and Fig. S6 in the ESM). In the
C K-edge spectrum, the resonance peaks at 285.4 and 292.4 eV are
attributed to the unoccupied C=C π* and C=C σ*, which represent
graphite-like  structure  (Fig.  2(f))  [43, 44].  Additional  signals
between the π* and σ* peaks can be ascribed to the fingerprints of
hCNC  and  X-hCNC.  Both  hCNC  and  X-hCNC  have  a  peak  at
288.4  eV,  which  stems  from  different  C–C  bond  lengths  at  the
edges  of  graphite  layer,  usually  attaching  the  carboxyl  (–COOH)
groups  [45, 46].  All  the  X-hCNC  samples  exhibit  a  new  peak  at
287.0  eV  compared  with  hCNC,  indicating  the  existence  of  C–X
bonds [27, 47−49]. In the corresponding XAS spectra, the B K-edge
of B-hCNC has weak intensities for C2BO and CBO2 signals due to
the low B content (Fig. S6(a) in the ESM) [50]; the N K-edge of N-
hCNC  features  the  main  signals  of  pyridinic-N  and  graphitic-N
(Fig. S6(b) in the ESM) [48−50]; the P L-edge of P-hCNC exhibits
the signals of P–C and multiple P–O groups (Fig. S6(c) in the ESM)
[51−53]; the S L-edge of S-hCNC exhibits the signals of thiophene S
and S–O groups (Fig. S6(d) in the ESM) [54].

The electrochemical CO2RR performances of these carbon-based
metal-free  catalysts  were  evaluated  in  0.5  M  KHCO3 aqueous
electrolyte, as shown in Fig. 3 (Figs. S7–S13 in the ESM). The LSV
curves  tested  in  CO2 or  Ar  atmosphere  indicate  the  sole  HER
activities of hCNC and P-hCNC, high CO2RR activity of N-hCNC,
and dominant HER activities  of  B-hCNC and S-hCNC with weak
CO2RR  activities  at  low  potentials  (Fig.  S7  in  the  ESM).  The  gas
products  were  analyzed  by  online  GC  after  the  CO2RR  at  a  fixed
potential (−0.5–−1.0 V) for 720 s, which are composed of CO and
H2 and no liquid products were detected in the electrolytes by 1H-
nuclear magnetic resonance (1H NMR) (Fig. 3(a) and Fig. S8 in the
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Figure 2    XPS and XAS spectra of hCNC and X-hCNC. (a)–(e) XPS spectra for the marked materials. (f) XAS spectra of C K-edge.
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ESM).  Specifically,  hCNC  and  P-hCNC  only  produce  H2,  but  B-
hCNC,  N-hCNC  and  S-hCNC  produce  both  CO  and  H2.
Compared  with  hCNC,  P-hCNC  has  higher  H2 partial  current
density (jH2) (Figs. S9(a)–S9(c) in the ESM). The FECO of N-hCNC
is 71.3% at −0.5 V and decreases gradually to ~ 20% at −1.0 V. The
FECO of  B-hCNC  is  about  40%  at −0.5  V  and  decays  quickly  to
below  5%  with  increasing  the  potential  (Fig.  3(a)),  and  the  CO
partial current density (jCO) is always below 1 mA·cm−2 in the range
of −0.5–−1.0  V (Fig.  S9(a)  in  the  ESM).  In contrast,  the jCO of  N-
hCNC is always larger than those of other samples, with the highest
value of 1.9 mA·cm−2 at −0.9 V (Fig. S9(a) in the ESM). S-hCNC has
much better HER activity than that of CO2RR, with a negligible jCO
(<  0.8  mA·cm−2)  and  a  high jH2 of  nearly  30  mA·cm−2 at −1.0  V
(Figs. S9(a) and S9(b) in the ESM). In addition, the hCNC and X-
hCNC  showed  decent  stabilities  in  10  h  electrochemical  tests  and
kept  good  structure  (Figs.  S10  and  S11  in  the  ESM).  The  above
results show that the heteroatom doping can increase the response
current  of  hCNC  to  some  extent,  with  the  highest  total  current
density  (jtotal)  for  S-hCNC  (Fig.  3(b)).  S-hCNC  has  the  smallest
charge  transfer  resistance  (Rct),  corresponding  to  its  highest jtotal
(Fig.  S12  in  the  ESM).  N-hCNC  has  the  largest  electrochemical
active  surface  area  (ECSA)-normalized jCO and  S-hCNC  has  the
largest  ECSA-normalized jH2.  B,  N,  P  and  S  doping  enhance  the
HER or CO2RR current  densities  (Fig.  S13 in the ESM).  The CO2
adsorption capacities  of  hCNC and X-hCNC were  also  taken into
consideration  (Fig.  S14  in  the  ESM).  The  CO2 adsorption  tests
showed  that  hCNC,  B-hCNC,  and  N-hCNC  have  close  CO2
adsorption capacities, which are higher than that of S-hCNC and P-
hCNC. The lower CO2 adsorption volume may potentially account

for  the  inferior  CO2RR  performance  of  S-hCNC  and  P-hCNC.
According to the preceding results, hCNC and X-hCNC have high
SSA, high conductivity, high CO2 adsorption capacity, and a variety
of  different  doping  configurations  in  the  carbon  skeleton,  which
provide  a  good  platform  to  investigate  the  correlation  between
heteroatom  dopants  and  activity/selectivity  of  the  competitive
CO2RR and HER.

Considering the good CO2RR-to-CO performance of  N-hCNC,
the influence of N content was further investigated (Fig. 3(c), Figs.
S15  and  S16  in  the  ESM).  It  is  found  that  the  FECO at  fixed
potentials  increases  gradually  with  increasing  the  N  content  from
5.67  at.% via  7.23  at.% to  9.54  at.% (Fig.  3(c) and  Table  S2  in  the
ESM).  A  series  of  N  and  X  co-doped  XN-hCNC  (X  =  B,  P,  S)
catalysts were synthesized to probe the influence of dopants on the
product  selectivity,  and  FECO increases  almost  linearly  with  the  N
content (ranges from 3 at.% to 10 at.%) at each potential, even with
the  co-doped  P  and  B  heteroatoms  (Fig.  3(d),  Table  S2  and  Figs.
S17–S20 in the ESM). This result further demonstrates the decisive
role  of  N  dopants  in  the  CO2RR  to  CO.  For  the  SN-hCNC,  the
FECO is  far  below the  linear  range,  which could be  ascribed to  the
strong activity of S dopants towards HER to inhibit the CO2RR on
neighboring N dopants. Additionally, the CO2RR performance of N-
hCNC  can  be  optimized  by  heating  at  higher  temperatures,  with
the highest FECO of 92.5% at −0.5 V, which is close to the literature
level  [4, 11, 12, 23, 24, 55, 56].  In  summary,  there  is  a  positive
correlation between CO2RR to CO activity and N content, while B,
P, and S doping increase the current density of HER, which implies
the distinct roles of different heteroatom dopants in the competitive
CO2RR and HER. The results fill the gap in understanding the role
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of  non-N  heteroatom  dopants  in  CO2RR,  enabling  a  direct
comparison on the same platform (Tables S3 and S4 in the ESM).

The  active  structures  in  these  carbon-based  catalysts  and
corresponding electrocatalytic selectivity towards CO2RR and HER
were screened and simulated by DFT calculations, as shown in Fig.
4.  Firstly,  16  dopant  models  including  intrinsic  C  sites  were
constructed  at  the  edge  of  the  micropores  based  on  the  XPS  and
XAS results (Figs. 4(a) and 4(b) and Figs. S21 and S22 in the ESM).
The  C  atoms  near  the  heteroatoms  were  also  included  in  the
screening  of  active  sites,  and  the  first,  second,  third  and  fourth  C
atoms  adjacent  to  the  heteroatoms  are  referred  to  as  αC,  βC,  γC
and  δC,  respectively.  In  total,  53  sites  were  investigated  to  screen
out  the  possible  CO2RR  active  sites.  Among  them,  23  sites  can
adsorb  CO2,  and  the  CO2RR  and  HER  reaction  process  on  these
sites was calculated by the constant potential  modelling method at
−0.6  V  (Fig.  S21(a)  in  the  ESM,  green  circle)  [32].  In  strict
adherence  to  Sabatier  principle,  an  adsorption  energy  reference  of
±  0.50  eV  was  established  to  ensure  the  optimal  *CO2/*H
adsorption  [57],  and  14  sites  were  screened  out  based  on  this
principle  (blue  box  in  Fig.  S21(b)  in  the  ESM).  Both  B  and  P
dopants  have  only  1  preferential  structure  (CBO2H2 and  PO2H),
while N and S dopants have 3 preferential dopant structures (N: G-
N, Py-N, NO; S: Thio-S, Thio-SO2, SO3H) (Fig. 4(c)). Most of these
sites enhance both CO2RR and HER as described in the lower-left
quadrant of Fig. 4(c).

To  further  examine  how  heteroatoms  affect  the  competition

∆Grds-CO2RR

∆Grds-CO2RR

∆Grds-CO2RR

between  CO2RR  and  HER  on  a  site,  − ΔGrds-HER is
selected as the descriptor, which is the difference between the Gibbs
free  energy  change  of  the  rate-determining  step  for  CO2RR
( ) and HER (ΔGrds-HER) (Fig.  4(d)).  We choose the value
of  pristine  carbon  (hole–C*)  as  the  origin  point,  and  the
heteroatom  doping  may  shift  this  value  and  thus  change  the
thermodynamic preference between CO2RR and HER with respect
to  pristine  carbon.  Specifically,  the  CO2RR  preference  of  carbon-
based  catalysts  can  be  enhanced  by  the  doping  sites  of  CBO2H2-
3(δC*), Py-N-1(N*), Py-N-2(βC*), G-N-3(βC*), NO-3(γC*), PO2H-
4(γC*), Thio-S-1(γC*) and SO2-2(γC*). Among them, Py-N-1(N*),
G-N-3(βC*),  CBO2H2-3(δC*)  and  SO2-2(γC*)  have  a  significant
reduction  in  − ΔGrds-HER,  with  the  most  significant
reduction  for  Py-N-1(N*).  The  HER  activity  of  carbon-based
catalysts  can  be  enhanced  by  the  doping  sites  of  CBO2H2-1(αC*),
CBO2H2-2(γC*), NO-1(βC*), PO2H-3(αC*) and SO3H-3(δC*).

Combing the theoretical and experimental results (Table 1), it is
learnt that most of the N species favor CO2RR over HER, with the
best active site of Py-N-1(N*) for CO2RR, endowing N-hCNC with
the highest FECO and jCO. For B-hCNC, CBO2H2-3(δC*) sites favor
CO2RR,  whereas  CBO2H2-1(αC*)  and  CBO2H2-2(γC*)  strongly
favor HER. The low B doping amount limits its performance. For P-
hCNC, the PO2H-4(γC*) favors CO2RR very slightly, but the PO2H-
3(αC*)  strongly  favors  HER,  hence  showing  the  dominant  HER.
For S-hCNC, the main S-doping site of SO3H-3(δC*) has a strong
enhancement  effect  on  HER,  leading  to  a  larger  HER  current
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density.  When  improving  the  annealing  temperature  to  1000  °C，
the  proportion  of  SOx species  decrease  and  the  proportion  of
C–S–C species  increase,  the  SN-hCNC can achieve  a  higher  FECO
of 91.2% at −0.6 V (Fig. S23 in the ESM). The theoretical results are
consistent  with  the  observed  electrochemical  performances  of
hCNC and X-hCNC (Fig. 3(a)). 

4    Conclusions
Heteroatom (B, N, P, S) mono-doped/co-doped carbon nanocages
were prepared to examine the dopants’ impact on the competitive
CO2RR  and  HER  by  combined  experimental  and  theoretical
studies.  The  results  indicate  that  undoped  hCNC  and  P-hCNC
have  little  CO2RR  activity,  B-hCNC  and  S-hCNC  show  weak
CO2RR activity, while N-hCNC presents improved CO2RR activity.
The  FECO of  N-doped  carbons  increases  almost  linearly  with
increasing  the  N  content,  even  in  the  presence  of  B  or  P  atoms,
while  the  S-hCNC  more  facilitates  the  HER.  The  theoretical
calculations reveal that the Py-N-1(N*) is the most favorable active
site  for  CO2RR  to  CO,  while  CBO2H2-1(αC*),  CBO2H2-2(γC*),
PO2H-3(αC*) and SO3H-3(δC*) are active to HER. The low B and
P doping amounts hinder the CO2RR partial current densities of B-
hCNC  and  P-hCNC,  and  S-hCNC  shows  the  largest  current
density due to the strong HER of the SO3H-3(δC*) site and high S
content.  The results  of  this  study deepen the understanding of  the
relationship between active sites and catalytic performance, thereby
aiding in the design of efficient metal-free carbon-based catalysts for
CO2RR. 

Electronic  Supplementary  Material: Supplementary  material
(further  details  of  synthesis  procedures;  SEM,  TEM,  element
mapping,  Brunauer–Emmett–Teller  (BET),  XPS,  XAS,  X-ray
diffraction (XRD),  Raman spectroscopy and NMR measurements;
electrochemical  experiments  and calculation details)  is  available  in
the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907171. 
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