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ABSTRACT: Electrochemical  CO2  reduction  reaction  (CO2RR)
is  a  promising  process  for  reducing  CO2  emissions  and
producing high-value chemicals. However, this process remains
hindered  by  diffusion-limited  mass  transfer,  low  activity,  and
high  overpotentials.  Here,  we  controllably  prepared
hierarchically  porous  nitrogen-doped  carbon,  carbon
nanosheets,  and  carbon  nanotubes  confined  single-atom  Fe
catalysts  for  electrochemical  CO2  reduction.  The  hierarchically
porous Fe-N-C (Fe-HP) exhibited prominent performance with a
Faradaic  efficiency  of  CO  (FECO)  up  to  80%  and  a  CO  partial
current  density  (jCO)  of  −5.2  mA·cm−2  at  −0.5  V  vs.  reversible
hydrogen electrode (RHE), far outperforming the single-atom Fe
on N-C nanosheets  (Fe-NS)  and  N-C nanotubes  (Fe-NT).  The
detailed characterizations and kinetic analysis revealed that the
hierarchically  porous  structure  accelerated  the  mass  transfer
and electron transfer processes toward single-atom Fe sites, promoting the desorption of CO and thereby enhancing CO2
reduction  efficiency.  This  study  provides  a  promising  approach  to  designing  efficient  single-atom  catalysts  with  porous
structures for energy conversion applications.
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1    Introduction
The  massive  burning  of  fossil  fuels  is  accompanied  by  excessive
CO2 emissions  [1−3].  This  brings  an  unprecedented  energy  crisis
and causes serious environmental pollution [4−6].  Electrochemical
CO2 conversion  as  a  promising  environmentally  and  friendly
process  has  attracted  significant  attention  in  recent  years  [7−10].
However, the CO2 molecule has high thermodynamic stability, and
the bond energy of C=O (806 kJ·mol−1) is too high to break it except
under  a  high  potential  [11−13].  In  addition,  the  slow  reaction

kinetics and the inevitable competitive hydrogen evolution reaction
(HER) limit the energy conversion efficiency [14, 15]. Therefore, it
is  vital  to  develop effective  catalysts  with high selectivity  and good
stability.

Single-atom  catalysts  (SACs)  with  transition  metal  atoms
anchored  to  nitrogen-doped  carbon  (N-C)  have  attracted  much
attention  in  recent  years  due  to  their  high  atomic  utilization  and
unique  structures  [16−19].  The  design  of  dual-structure  SACs  is
found  to  promote  activity  through  synergistic  effects  [20, 21].
Among  them,  Ni-Nx usually  shows  high  selectivity  for  CO  but
suffers  from  weak  binding  to  *COOH,  resulting  in  higher
overpotentials [22−24]. The Co-N-C is more likely to catalyze HER,
because  the  energy  barrier  of  CO  desorption  from  Co-Nx sites  is
higher than that  of  competing H2 [22, 25−27].  Compared with Ni
and  Co-based  catalysts,  Fe-Nx sites  exhibit  suitable  binding  to
*COOH, resulting in lower overpotentials. However, Fe-Nx sites are
strongly  bound  to  CO,  and  they  are  inhibited  by  CO  desorption,
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thus  resulting  in  poor  activity  [23, 25, 28, 29].  Therefore,  it  is
necessary to further improve the catalytic performance of Fe-based
catalysts.

Significant studies have been devoted to improving the catalytic
performance  of  Fe-N-C.  For  instance,  Wu  et  al.  successfully
constructed  an  axially  coordinated  Fe-N5 structure  for  CO2
reduction  reaction  (CO2RR)  [30].  The  optimized  catalyst  reduced
the energy barrier of CO desorption and inhibited the generation of
H2. Chen et al. introduced phosphorus to adjust the chemical state
of Fe to form Fe-N3P sites, which decreased the free energy barrier
for  the  adsorption  and  activation  of  CO2 [31].  In  addition,
constructing  asymmetrical  coordination  structures  via  sulfur,
nitrogen-codoping  or  incorporating  Sn  atom  to  anchor  Fe  dual
atoms  was  found  to  improve  catalytic  performance  [32−34].
Moreover,  Li  et  al.  eliminated  the  uncoordinated  N  in  Fe-N-C
through  a  hydrogen-pyrolysis  strategy,  thus  promoting  the
activation  and  protonation  of  CO2 [35].  In  addition  to  intrinsic
activity,  modulating  the  structure  and  morphology  of  supports  to
expose  more  active  sites  and  improve  the  mass  transfer  is  also
significant in boosting catalytic performance. Zhao et al. optimized
the carbon carrier with the assistance of polystyrene microspheres,
which  reduced  mass  transfer  resistance  while  accelerating  the
diffusion of the gas [36]. Based on the Kirkendall effect, Chen et al.
effectively increased the specific surface area of the N-C carrier with
the help of oxalate, thus improving the selectivity of Fe-N-C to CO
[37]. However, previous studies involving N-C supports anchoring
single  atoms  mainly  show  three-dimensional  bulk  features,
resulting  in  some active  sites  buried  and insufficient  mass  transfer
process.  The  shape  effect  of  N-doped carbon substrates  on single-
atom  metal  centers  and  catalytic  performance  needs  to  be  further
elucidated.

Herein,  we  successfully  anchored  Fe  single  atoms  to  three
different  morphologies  of  carbon  carriers  through  controllable
synthesis,  including  hierarchically  porous  carbon  (Fe-HP),  carbon
nanosheets  (Fe-NS),  and  carbon  nanotubes  (Fe-NT).  The  Fe-HP
consisting  of  micropores,  mesopores,  and  macropores  exhibited
high  activity  and  selectivity  for  CO2 reduction  to  CO  with  a
maximum  of  80%  of  FECO at −0.5  V  vs.  reversible  hydrogen
electrode (RHE), which was about 2.5 times than that of Fe-NS and
nearly 12 times than that of Fe-NT. In addition, the Fe-HP achieved
a  high  partial  current  density  of  CO  of −9.1  mA·cm−2 and  a  high
turnover frequency (TOF) value of 1372 h−1 at −0.8 V vs. RHE even
with a low metal loading (0.35 wt.%), which was comparable to the
current  state-of-the-art  Fe  SACs.  Detailed  characterization  and
kinetic  analysis  showed  that  the  hierarchically  porous  structure
facilitated the exposure of active sites and reduced the valence state
of  Fe centers.  The relatively low valence state of  Fe and its  porous
structure benefited CO2 activation and promoted the desorption of
CO, thereby boosting CO2 reduction performance. 

2    Experimental sections
 

2.1    Catalysts preparation
 

2.1.1    Synthesis of Fe-HP

The  Fe-HP  was  synthesized  by  the  pyrolysis  strategy  of  doped
surfactant  P123  [38, 39].  First,  4.165  g  of  2-methylimidazole  was
dissolved  in  100  mL  of  methanol,  8.045  g  of  Zn(NO3)2·6H2O  was
dissolved  in  120  mL  of  methanol,  2.0  g  of  surfactant  P123  was

dissolved  in  20  mL  of  methanol.  The  three  solutions  were  mixed
and  stirred  at  room  temperature  for  24  h.  Then,  the  obtained
suspension  was  separated  by  centrifuging  and  washed  with
methanol.  After  drying  at  60  °C,  the  P123/ZIF-8  was  obtained.
Second, 100 mg of P123/ZIF-8 was dispersed in 15 mL of methanol.
Afterward, 50 μL of 100 mg·mL−1 Fe(NO3)3·9H2O aqueous solution
was  added  to  the  methanol  solution  to  obtain  the  Fe/P123/ZIF-8.
Finally,  to  obtain  the  Fe-HP,  the  Fe/P123/ZIF-8  was  treated  at
1000 °C under an Ar-atmosphere for 2 h. 

2.1.2    Synthesis of Fe-NS

The  Fe-NS  was  synthesized  by  molten  salt  assisted  pyrolysis  [40].
First,  3.4  g  of  2-methylimidazole  was  dissolved  in  150  mL  of
methanol  in  a  round-bottom  flask,  followed  by  the  addition  of
150 mL of methanol solution containing 2.97 g of Zn(NO3)2·6H2O
and 8 mg of Fe(NO3)3·9H2O. The mixture was stirred at 60 °C for
24  h.  Afterward,  the  obtained  suspension  was  separated  by
centrifuging  and  washed  with  methanol.  After  drying  at  vacuum
oven  at  60  °C,  the  Fe/ZIF-8  was  obtained.  Second,  300  mg  of
Fe/ZIF-8,  1.08 g  of  KCl,  and 1.92 g  of  ZnCl2 were  mixed together
and ground.  Then the solid was treated at  900 °C for 2 h under a
flowing  N2-atmosphere.  After  cooling  down,  the  black  solid  was
washed with deionized water. Finally, after drying at vacuum oven
at 60 °C, the Fe-NS was obtained. 

2.1.3    Synthesis of Fe-NT

The Fe-NT sample was prepared by a simple impregnation strategy.
First,  50  mg  of  nitrogen-doped  carbon  nanotubes  (NCNTs)  was
dispersed  in  15  mL of  methanol  with  the  aid  of  ultrasound.  Then
140 μL 25 mg·mL−1 of  an aqueous solution of  Fe(NO3)3·9H2O was
added and stirred for 5 h. After the adsorption process, the solvent
was dried at 80 °C and fully ground. To obtain the final sample, the
dried  carbon  nanotubes  were  calcined  in  the  Ar-atmosphere  at
600 °C for 1 h. 

2.2    Catalyst characterization
Scanning  electron  microscopy  (SEM)  images  were  obtained  on  a
JSM-7800F  instrument  to  observe  the  shapes  of  all  the  samples.
High-resolution  transmission  electron  microscopy  (HRTEM)
images,  aberration-corrected  high-angle  annular  dark-field
scanning  transmission  electron-microscopy  (AC-HAADF-STEM),
and  energy-dispersive  X-ray  spectroscopy  (EDS)  mapping  images
were obtained on a JEOL JEM-ARM200F instrument.

The Brunauer–Emmett–Teller (BET) surface area was measured
on  a  Micromeritics  ASAP  2460  at  77  K  by  N2 adsorption  and
desorption. Based on the Barrett–Joyner–Halenda (BJH) theory, the
pore size distribution of three samples was obtained. The results of
X-ray powder diffraction (XRD) were collected over on an X’ Pert
Pro X-ray diffractometer with Cu Kα (λ = 0.15432 nm) radiation at
40 kV and 30 mA, the test angles (2θ) ranged from 10° to 80°. The
Raman  spectra  were  recorded  on  a  NanoWizard  Raman
spectrometer using a 633 nm laser as the excitation source.

The  contents  of  metal  species  were  measured  by  inductively
coupled  plasma  optical  emission  spectroscopy  (ICP-OES)  on  an
ICPS-7300DV  instrument  (Perkin  Elmer).  The  valence  state  and
coordination structure of the metal active center of the catalyst were
determined  by  X-ray  photoelectron  spectroscopy  (XPS)  on  a
Thermo Fisher ESCALAB 250XI with a monochromatic Al Kα X-
ray  source.  All  electron  binding  energy  of  all  elements  was
calibrated  by  using  the  C  1s  energy  of  amorphous  carbon
(284.80 eV).
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The  CO2 and  CO  temperature  programmed  desorption  (CO2-
TPD  and  CO-TPD)  were  performed  on  an  Auto  Chem  II  2920
automatic  catalyst  characterization  system  with  online  mass
spectroscopy (MS) analysis. 

2.3    Electrochemical measurement
Electrochemical  measurements  were  collected  on  an
electrochemical  workstation  (CHI  760E)  using  an  H-type  cell
separated  by  a  proton  exchange  membrane  (Nafion-117).  Each
compartment  was  filled  with  70  mL  0.5  M  KHCO3 aqueous
solution as electrolyte. The three-electrode system was composed of
carbon  paper  supported  by  catalyst  as  the  working  electrode,
Ag/AgCl  as  the  reference  electrode,  and  Pt  plate  as  the  opposite
electrode.  The  working  electrode  of  the  supported  catalyst  was
prepared according to  the following steps.  Firstly,  4  mg of  catalyst
powder, 200 μL of deionized water, 170 μL of ethanol, and 30 μL of
Nafion  solution  (5  wt.%)  were  mixed  together  and  sonicated  for
30  min  to  obtain  the  uniform  catalyst  ink.  Secondly,  the  ink  was
dropped onto a carbon paper (1 cm × 2 cm), the loading amount of
the  catalyst  was  about  ~  1  mg·cm−2.  Linear  sweep  voltammogram
(LSV)  tests  of  three  samples  were  carried  out  with  a  scan  rate  of
10  mV·s−1 in  Ar-saturated  and  CO2-saturated  0.5  M  KHCO3.  In
order  to  ensure  Ar-saturated  or  CO2-saturated  atmosphere,  the
corresponding gas was pumped in for at least 30 min before the test
and the flow of gas was maintained during the electrolysis with the
flow rate of 30 mL·min−1.

The  catalytic  performance  of  the  catalyst  was  tested  by  the
controlled potential  electrolysis  method,  and the test  voltage range
was  from −0.3  to −0.9  V  vs.  RHE.  During  the  test,  the  applied
potential  was  successively  increased,  and  the  constant  potential
electrolysis was maintained at each potential for at least 1 h. The gas
phase  products  produced  at  each  potential  were  determined  by  a
gas  chromatograph (GC,  BFRL SP-3400).  The  gas  chromatograph
was  equipped  with  a  thermal  conductivity  detector  (TCD)  for
quantifying  H2 and  a  flame  ionization  detector  (FID)  for
quantifying CO.  To determine the  potential  liquid  phase  products
in the  electrolysis  process,  the  reaction electrolyte  was  analyzed by
nuclear  magnetic  resonance  (1H  NMR).  To  evaluate  the  activity,
selectivity,  and  energy  utilization  efficiency  of  the  catalyst,  the
Faradaic  efficiency  of  each  product  was  calculated  separately,  and
the calculation method was referred to the following Eq. (1)

FECO = 2×F× (A/Q)× [273/(273+T)]× 100 (1)

where  FE  (%)  is  the  Faradaic  efficiency  of  each  product  during
electrolysis, F is Faraday’s constant (96,485 C·mol−1), A (mol) is the
number of moles of each gas phase product, which can be obtained
by the equation: A = X × 10−6/22.4, where X is directly measured by
GC, Q (C)  is  the total  amount of  electricity  during the electrolysis
process, T (°C) is the temperature at which the electrolysis process
took  place.  During  the  entire  testing  process,  all  of  the  potentials
measured  by  the  Ag/AgCl  electrode  were  converted  to  the  RHE
according to the following Eq. (2)

E (V vs. RHE)= E (V vs. Ag/AgCl)+
0.197 V+0.059×pH (2)

In  addition,  in  order  to  further  explore  the  mechanism  of  the
catalyst  in  terms  of  reaction  kinetics,  we  also  tested  data  such  as
electrochemical  surface  area  (ECSA),  Tafel  slope,  and
electrochemical impedance spectroscopy (EIS). ECSA was obtained

by double-layer capacitance (Cdl) fitting through cyclic voltammetry
(CV)  curves  at  different  scanning  speeds  (1  to  6  mV·s−1).  EIS  was
measured at an open-circuit voltage (OCP) with a frequency of 1 to
500,000 Hz and an amplitude of 5 mV. 

3    Results and discussion
 

3.1    Synthesis and structural characterization
The Fe-N-C SACs with different morphologies were synthesized by
controllable  high-temperature  pyrolysis,  which  could  be  universal
to synthesize other metal-N-C SACs. As presented in Fig. 1(a), the
Fe-HP  was  prepared  by  adding  the  surfactant  P123  during  the
synthesis  of  the  precursors.  In  the  process  of  pyrolysis,  the  P123
copolymer  effectively  induced  the  formation  of  hierarchically
porous  structure.  The  Fe-NS  was  synthesized  by  a  molten  salt-
assisted  pyrolysis  strategy.  At  high  temperature,  Fe/ZIF-8  was
carbonized,  while  the  generated  carbon  fragments  combined  and
rearranged  to  form  two-dimensional  micron-scale  nanosheets
under the induction of salt ions [41−43]. The Fe-NT was prepared
by  impregnation-pyrolysis  approach  due  to  the  NCNTs  with  rich
nitrogen content and good adsorption capacity.

The  structural  and  morphology  features  of  catalysts  were
characterized  by  SEM  and  TEM.  The  SEM  (Fig.  1(b))  and  TEM
images  (Fig.  1(c))  of  Fe-HP showed that  the  catalyst  maintained a
typical  rhombohedral  shape  of  ZIF-8.  The  average  particle  size  of
the  Fe-HP  was  about  104  nm  (Fig.  S1(a)  in  the  Electronic
Supplementary  Material  (ESM)),  which  might  be  beneficial  for
improving the  rate  of  diffusion of  reactants  and products  [44].  As
shown  in  Fig.  S1(b)  in  the  ESM,  there  was  no  metal  cluster  or
nanoparticle  on  the  amorphous  carbon  support,  suggesting  the
high dispersion of metal species. The AC-HAADF-STEM images of
Fe-HP  (Fig.  1(d) and  Fig.  S1(d)  in  the  ESM)  illustrated  that  there
were bright  spots  dispersed on the N-C substrate.  Combined with
the  electron  energy  loss  spectroscopy  (EELS),  it  confirmed  the
formation  of  Fe  single  atoms  (Figs.  S1(d)  and  S1(e)  in  the  ESM).
The  corresponding  EDS  showed  that  the  C,  N,  and  Fe  elements
were  uniformly  distributed  on  the  entire  polyhedron  (Fig.  1(e)).
The  above  characterization  results  strongly  proved  the  success  of
the  synthesis  of  atomically  dispersed  catalysts.  As  shown  in  Fig.
S2(a) in the ESM, Fe-NS presented a two-dimensional micron-scale
thin  nanosheet  structure  and  the  image  of  HRTEM  (Fig.  S2(b)  in
the  ESM)  showed  that  it  also  presented  an  amorphous  structure.
Moreover,  the Fe-NT still  maintained the hollow tubular structure
after impregnation and pyrolysis (Figs. S3(a) and S3(b) in the ESM).
Similar to the Fe-HP, Fe single atoms were also observed on the NS
and NT carriers  in  the  AC-HAADF-STEM images  of  Fe-NS (Fig.
S2(c)  in  the  ESM)  and  Fe-NT  (Fig.  S3(c)  in  the  ESM).  The  EDS
mappings of the Fe-NS (Fig. S2(d) in the ESM) and the Fe-NT (Fig.
S3(d) in the ESM) confirmed the uniform distribution of C, N, and
Fe on the carbon carriers.  The contents of Fe determined by ICP-
OES of Fe-HP, Fe-NS, and Fe-NT were 0.35 wt.%, 1.16 wt.%, and
0.53 wt.%, respectively. The consistent loading of Fe in the catalysts
allowed  us  to  directly  compare  the  CO2 reduction  activities  of
different  Fe-N-C  catalysts  and  explore  the  effect  of  carbon  carrier
morphology.

XRD of  Fe-HP,  Fe-NS,  and  Fe-NT showed only  the  diffraction
peaks  of  carbon  species  (Fig.  2(a)),  and  there  was  no  diffraction
peak of  any metal,  suggesting high dispersion of  Fe species,  which
was consistent with HRTEM results. In addition, Fe-HP and Fe-NS
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showed two diffraction peaks at 24° and 44°,  corresponding to the
(002)  and  (101)  planes  of  graphitized  carbon,  respectively  [45].
Raman  spectra  of  Fe-HP,  Fe-NS,  and  Fe-NT  displayed  two  peaks
(Fig.  2(b))  at  about  1350  and  1590  cm−1,  corresponding  to  the
typical D band and G band [46, 47]. The strength ratio between the
D  band  and  G  band  (ID/IG)  was  calculated,  the ID/IG ratios  were
0.97, 0.96, and 0.43 in Fe-HP, Fe-NS, and Fe-NT. It was found that
the ID/IG ratio of Fe-NT (0.43) was lower than that of Fe-HP (0.97)
and Fe-NS (0.96), indicating that Fe-NT had a higher graphitization
degree [44]. Besides, it was found that the ratio gradually decreased,
indicating that the Fe-HP exhibited the highest degree of structural
defect  density,  which might  originate  from the developed porosity
[40, 47−49]. The BET surface area of three samples was determined
by N2 adsorption and desorption isotherms. As shown in Fig. 2(c)
and Table S1 in the ESM, the BET surface area of Fe-HP was up to
1555.83 m2·g−1, which was higher than Fe-NS of 1399.62 m2·g−1 and
Fe-NT of 109.48 m2·g−1. The physical adsorption isotherm of the Fe-
HP  could  be  classified  as  type  IV,  and  the  hysteresis  loop  as  class
H4,  which  indicated  that  there  were  a  considerable  number  of
micropores and mesopores on the surface of Fe-HP and speculated
that  the  Fe-HP  was  hierarchically  porous  [50].  The  pore  size
distributions  were  further  analyzed  (Fig.  2(d) and  Table  S1  in  the
ESM).  Obviously,  the  Fe-HP  showed  distinctive  pore  size
distribution characteristics with a sharp peak at < 2 nm, indicating
the  presence  of  micropores  on  the  surface  of  the  Fe-HP.  In

addition, there were two peaks at 4 nm and > 30 nm, indicating that
there were also mesopores and macropores on the surface of the Fe-
HP,  which  further  confirmed  the  successful  formation  of  the
hierarchically  porous  structure.  The  Fe-NS  only  showed  a  sharp
peak at 2–3 nm, indicating that mesopores contributed almost all of
the pore volume. And there were no micropores or macropores on
the  surface  of  the  Fe-NS.  The  surface  of  the  Fe-NT  was  almost
entirely  composed  of  macropores.  These  results  indicated  that  the
as-prepared catalysts had completely different pore size distribution
characteristics.

The valence state of the Fe centers was further analyzed by XPS.
As  shown  in Fig.  3(a),  Fe-HP,  Fe-NS,  and  Fe-NT  contained  only
four  elements  as  C,  N,  O,  and Fe.  According  to  the  Fe  2p  spectra
(Fig. 3(b)), the binding energy of Fe 2p3/2 in Fe-HP (710.4 eV), Fe-
NS (711.3 eV), and Fe-NT (711.8 eV) located between Fe2+ and Fe3+,
suggesting  the  partially  oxidative  state  of  Fe  [51].  Meanwhile,  Fe
2p3/2 in Fe-HP shifted to a lower energy than that in Fe-NS and in
Fe-NT. The Fe 2p XPS results indicated that the Fe atoms obtained
more electrons, resulting in a relatively low oxidative state of the Fe
centers  [51, 52].  As  shown  in Fig.  3(c),  the  N  1s  spectra  of  all
catalysts  were  convolved  into  five  peaks  for  N  species,
corresponding  to  pyridinic  N  (398.5  eV),  Fe−Nx (399.2  eV),
pyrrolic  N  (400.3  eV),  graphitic  N  (401.0  eV),  and  oxidized  N
(402.7 eV) [38, 53].  The peak at  399.2 eV can be attributed to the
metal−N  coordination,  indicating  the  existence  of  the  Fe−N

 

Figure 1    (a) The synthesis route of Fe-HP. (b) SEM image of Fe-HP. (c) TEM image of Fe-HP. (d) AC-HAADF-STEM image of Fe-HP and (e) EDS mappings of Fe-
HP.

Ma et al. Nano Research | Vol. 18, No. 4

Nano Research, 2025, 18, 94907297 94907297 (4 of 10)

https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297
https://www.sciopen.com/article/10.26599/NR.2025.94907297


coordination.  In  addition,  calculating  the  proportion  of  each  N
species,  it  was  found  that  Fe-HP  had  more  Fe-N  coordination
structures (Fig. 3(d)), which might be due to its well-developed pore
structures.  The  above  results  showed  that  the  coordination
structures  of  Fe  were  similar  among the  as-prepared  catalysts,  but
the electronic properties of Fe centers were different. 

3.2    Electrochemical CO2RR performance
The  electrochemical  CO2RR  performance  of  as-prepared  catalysts
was measured in a CO2-saturated 0.5 M KHCO3 solution by using
an H-type cell. LSV was measured from 0 to −1.2 V vs. RHE with a
scan  rate  of  10  mV·s−1 in  Ar-saturated  and  CO2-saturated,
respectively.  Obviously,  the  current  densities  of  all  catalysts  in  the
CO2-saturated electrolytes were higher than that in the Ar-saturated
electrolytes  (Fig.  S4  in  the  ESM),  indicating  the  occurrence  of  the
electrochemical reduction of CO2. In the CO2-saturated electrolyte,
the Fe-HP showed the highest current density, followed by the Fe-
NS  and  the  smallest  Fe-NT  (Fig.  4(a)).  Furthermore,  constant
potential electrolysis was performed in the range of −0.3 to −0.9 V
vs. RHE for 1 h. The types and contents of gaseous products were
detected by GC and potential  liquid products were detected by 1H
NMR. As shown in Fig. 4(b), Fe-HP achieved the maximum FECO
of 80% at −0.5 V vs. RHE, which was significantly higher than that
of  Fe-NS  (~  38%)  and  Fe-NT  (~  7%),  comparable  to  most  of  the
previously reported Fe-based catalysts (Table S2 in the ESM). It was
worth  noting  that  the  three  morphologies  of  carbon  carriers  (HP,
NS, and NT) showed inferior activity and selectivity (Fig. S5 in the

ESM), suggesting that the Fe species were active centers for CO2RR.
As shown in Fig. 4(c), the CO partial current density of the Fe-HP
reached 9.1 mA·cm−2 at −0.8 V vs. RHE, which was about two times
higher  than  that  of  the  Fe-NS  and  five  times  to  Fe-NT.  The 1H-
NMR and GC analyses suggested the main products were gaseous
products,  and  no  liquid  products  were  detected  (Fig.  S7  in  the
ESM).  To  compare  the  intrinsic  activity,  the  turnover  frequency
(TOF) values were calculated (Fig. 4(d)). It was found that the Fe-
HP exhibited the highest TOF value of 1372 h−1 at −0.8 V vs. RHE,
which  was  much  higher  than  that  of  Fe-NS  (264  h−1)  and  Fe-NT
(175 h−1). And the TOF value of the Fe-HP at −0.8 V vs. RHE was
higher  than  most  of  the  current  state-of-the-art  SACs  (Fig.  4(e))
[31, 44, 54−59]. In order to determine the durability, a continuous
electrolytic  test  was  carried  out.  The  FECO of  the  Fe-HP  was
maintained at about 80% for 12 h (Fig. 4(f)), indicating the excellent
stability  of  the  Fe-HP.  The  characterization  of  catalyst  after
electrolysis  showed  that  the  Fe-HP  still  maintained  a  good
polyhedral  morphology  and  the  Fe  was  still  dispersed  atomically
(Fig.  S8  in  the  ESM),  which  indicated  that  the  Fe-HP  exhibited
remarkable durability. 

3.3    Reaction kinetics study
To investigate the intrinsic reason for the excellent catalytic activity,
we  carried  out  a  series  of  kinetic  studies.  The  electrochemical
surface area was obtained by the double-layer capacitance (Cdl) test
in cyclic voltammetry at different scan rates. As shown in Fig. 5(a)
and Fig. S6 in the ESM, the Cdl of Fe-HP was 40.2 mF·cm−2, which

 

Figure 2    (a)  XRD  patterns  of  samples  with  three  different  morphologies.  (b)  Raman  spectra  of  samples  with  three  different  morphologies.  (c)  Nitrogen
adsorption−desorption  curves  and  BET  surface  area  of  samples  with  three  different  morphologies.  (d)  Pore  size  distribution  curves  of  samples  with  three  different
morphologies.
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was  much  higher  than  that  of  Fe-NS  (36.4  mF·cm−2)  and  Fe-NT
(4.5  mF·cm−2),  indicating  that  the  hierarchically  porous  structure
could  provide  more  active  sites  for  CO2RR.  The  Tafel  slope  is  an
important parameter to evaluate the reaction kinetics, and a smaller
Tafel slope indicates a faster electron transfer rate, leading to a faster
reaction  rate.  As  shown  in Fig.  5(b),  it  was  found  that  the  Fe-HP
exhibited a small Tafel slope of 109.5 mV·dec−1, lower than Fe-NS of
134.5 mV·dec−1 and Fe-NT of  232.6 mV·dec−1,  which indicated the
rapid electron transfer  and catalytic  process  on the  porous  surface
[51, 60].  Moreover,  electrochemical  impedance  spectroscopy  was
carried  out  to  gain  further  insight  into  the  kinetics.  The  high-
frequency ohmic resistance (Rs) mainly originated from all contact
resistances  and  the  electrolyte.  And  the  charge  transfer  resistance
(Rct)  is  related  to  the  electrocatalytic  kinetics  [51, 61].  Thus,  the
lower Rct suggests a faster reaction rate. As shown in Fig. S9 in the
ESM, the Rct values of the HP, NS, and NT are 3.4, 4.6, and 5.6 Ω,
respectively.  The incorporation of  Fe decreased the Rct values.  The
Rct of Fe-HP (2.7 Ω) was lower than those of Fe-NS (2.9 Ω) and Fe-
NT (4.1 Ω) (Fig. 5(c)), indicating the faster electron transfer kinetics
of  Fe-HP.  These  results  verified  that  a  hierarchically  porous
structure promoted the kinetics of electron transfer during the CO2
to CO.

Besides,  the  adsorption  properties  of  reaction  molecules  were

investigated.  According  to  the  result  of  CO2-TPD  (Fig.  S10  in  the
ESM),  the  CO2 desorption  peak  of  the  Fe-HP  was  located  at  the
temperature  of  243  °C,  which  was  higher  than  that  of  Fe-NS
(237  °C)  and  Fe-NT  (221  °C).  This  result  indicated  the  strongest
binding strength of CO2 on Fe-HP, which facilitated the activation
of  CO2 and  the  formation  of  *COOH  [61].  Considering  the
desorption  of  CO  was  the  rate-determining  step  (RDS)  of  CO2
reduction on Fe SACs,  the  adsorption strength of  CO was  further
investigated [22, 62, 63]. As shown in Fig. 5(d), the CO desorption
peak  of  the  Fe-HP  was  located  at  a  relatively  low  temperature  of
−15  °C,  which  indicated  that  the  hierarchically  porous  structure
effectively promoted CO desorption. Comparatively, the desorption
peaks  of  CO  on  Fe-NS  and  Fe-NT  were  located  at  higher
temperatures  (219  and  325  °C,  respectively),  which  indicated  that
CO was difficult  to desorp from the active sites,  thus reducing the
performance of CO2RR. The facile desorption of CO on the Fe-HP
surface  could  be  due  to  the  relatively  low  oxidation  state  of  Fe
centers.  On  the  hierarchically  porous  substrate,  the  partially
oxidative state of Fe facilitates the desorption of CO, thus speeding
up  the  reaction  kinetics  [52].  Based  on  the  above  results  and
previous  studies,  it  was  proved  that  the  hierarchically  porous
structure facilitated electron transfer  and promoted the desorption
of  CO  on  Fe-N4 sites  (Fig.  5(e)),  thus  enhancing  the  catalytic
performance [36, 38, 44]. 

 

Figure 3    (a) XPS survey spectra of samples with three different morphologies. (b) Fe 2p XPS spectra. (c) N 1s XPS spectra and (d) the proportion of different kinds of N
species.
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4    Conclusions
In  summary,  simple  and  facile  strategies  were  put  forward  to
construct single-atom Fe-N-C catalysts with different morphologies
for electrochemical CO2 reduction. The obtained Fe-HP achieved a
high  FECO of  up  to  80%  and  partial  CO  current  density  of
−5.2 mA·cm−2 at −0.5 V vs. RHE, which were higher than those of
the  Fe-NS  and  Fe-NT.  A  series  of  characterization  and  kinetic
analyses  showed  that  unique  hierarchically  porous  structure
increased the exposure of  the active sites  and accelerated the mass
transfer  process.  Furthermore,  the  partially  oxidative  state  of  Fe
centers on the porous carbon carrier facilitated the electron transfer
process  and  promoted  the  desorption  of  CO,  which  greatly
improved  the  CO2 reduction  performance  of  Fe-HP.  This  work
highlights  the  crucial  role  of  carbon  carrier  morphology  and
provides a new approach to enhanced catalysis  by creating porous
structures. 

Electronic  Supplementary  Material: Supplementary  material

(further details of experimental sections and more characterization
results)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907297. 
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