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ABSTRACT: Electrochemical  carbon  dioxide  reduction  reaction
(CO2RR)  into  high-value  added  chemicals  and  fuels  has  aroused
wide  attention,  but  suffers  from  high  overpotential  and  poor
selectivity.  Herein,  nitrogen-doped  carbon  supported  Fe  and  Mn
heteronuclear  single atom catalysts with different  Fe and Mn inter-
site  distance  were  fabricated  via  a  templating  isolation  approach
and tested  for  CO2RR to  CO in  an  aqueous  solution.  The  catalyst
with  atomically  dispersed  Fe  and  Mn  sites  in  close  proximity
exhibited  the  highest  CO2RR  performance,  with  a  CO  Faradaic
efficiency  of  96%  at  a  low  overpotential  of  320  mV,  and  a  Tafel
slope  of  only  62  mV·dec−1,  comparable  to  state-of-the-art  gold
catalysts.  Experimental  analysis  combined  with  theory  highlighted
that  single  Mn  atom  at  the  neighboring  site  of  Fe  enhanced  the
electronic localization of Fe center,  which facilitated the generation
of key *COOH intermediate as well as CO* desorption on Fe, leading to superior CO2RR performance at low overpotentials.
This  work  offers  atomic-level  insights  into  the  correlation  between  the  inter-site  distance  of  atomic  sites  and  CO2RR
performance,  and  paves  a  new  avenue  for  precise  control  of  single-atom  sites  on  carbon  surface  for  highly  active  and
selective electrocatalysts.
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1    Introduction
Electrochemical  carbon  dioxide  reduction  reaction  (CO2RR)  with
renewable  electricity  is  an  eco-friendly  approach  to  reverse  global
warming by  decreasing atmospheric  CO2 levels  [1−3].  Among the
different reduction products (e.g., CO, HCOOH, CH4 and CH3OH,
etc.), CO is an important feedstock to generate clean fuels with H2

via  Fischer–Tropsch  synthesis  [4, 5].  Because  of  the  chemical
inertness  of  CO2,  a  high  reduction  potential  is  necessary  to  cleave
the  C–O  bond  [6−8].  Yet,  hydrogen  evolution  reaction  (HER)  is
kinetically dominated under such circumstance, which causes a loss
to  the  CO  selectivity  and  energetic  utilization  [9−12].  Hence,  the
design  of  robust  and  efficient  CO2RR  electrocatalysts  at  low
potentials is attractive but still a challenging task.

Gold nanoparticles (AuNPs) are highly active to produce CO at
low potentials, while other earth-abundant metals (e.g.,  Fe, Co, Ni,
etc.)  are  more  selective  for  HER  [13−15].  Downsizing  transition-
metal  NPs  to  their  atomic  scale  has  exhibited  huge  potential  in
CO2RR,  and  the  distinct  activity  for  CO  production  is  strongly
dependent  upon  the  nature  of  single  atom  site  [16−19].  For
example,  atomically  dispersed  M-N4 (M  =  Fe,  Co,  Ni,  Mn,  etc.)
moieties in carbon matrix have showed high CO Faradaic efficiency
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(FE)  in  a  wide  potential  range  [20−24].  However,  the  intrinsic
activities of these single-atom catalysts (SACs) at low potentials are
still  far  below  state-of-the-art  AuNPs.  In  principle,  an  eligible
electrocatalyst for CO2RR to CO should not only bind the COOH*
intermediate  strongly  enough  to  facilitate  CO2 activation,  but
interact weakly with CO* for fast  desorption from the surface [25,
26]. Thus, modulating the electronic structures of these atomic sites
would be viable to boost their inherent activity at low potentials by
altering  the  adsorption  and  desorption  barriers  of  key
intermediates.

Various  factors  are  known  to  regulate  the  electronic  states  of
atomically  dispersed  sites,  including  coordination  number,  local
strain,  vacancy,  and inter-site distance,  etc.  [27−34].  Among them,
the inter-site-distance effect has recently gained great interests, and
doping  a  second  metal  atom  into  the  original  single-metal-site
system  represents  peculiar  advantages.  Two  single  atoms  in
proximity  cannot  only  provide  two  adjacent  adsorption  sites,  but
likely  interact  mutually  to  adjust  their  respective  electronic
structures [35−37]. Such regulation in electronic state is supposed

to  break  the  intrinsic  adsorption–energy  scaling  relationship
upon SACs, and hence promote the catalytic activity and selectivity.
For  instance,  strong  interactions  between  adjacent  Fe-N4 moieties
with an inter-site distance less than 1.2 nm were proved to alter the
electronic structure of Fe, resulting in an increased intrinsic activity
in  the  oxygen reduction reaction [38].  A couple  of  adjacent  single
Cu-N3 configurations were also found to promote the C-C coupling
synergistically  for  the  production  of  ethanol  during  CO2RR
compared  to  single  Cu  atoms  in  a  long  distance  [39].  So  far,
heteronuclear single atoms in nitrogen-doped carbon (NC) matrix
have been widely investigated in CO2RR, such as Fe-Ni, Ni-Cu, Co-
Zn,  and  Zn-Ln,  etc.  [40−45].  However,  to  the  best  of  our
knowledge, how the inter-site-distance between such heteronuclear
single  atom tailors  their  respective  electronic  structures  and  hence
the CO2RR performance is barely explored.

In this study, we propose a silica-templated isolation approach to
design  a  series  of  nitrogen-doped  carbon  supported  Fe  and  Mn
heteronuclear  single  atom  catalysts.  By  regulating  the  sequence
between  silica  removal  and  Mn  adsorption  in  Fe-SAC@NC,  the
distance  between  single  Fe  and  Mn  atoms  can  be  precisely
controlled. Moreover, such a stepwise design approach also enabled
us  to  solely  study  how  the  Fe–Mn  distance  influenced  CO2RR  by
excluding the interference of possibly existed homonuclear isolated
Fe2 and Mn2 sites. When these catalysts were tested in CO2RR, the
FeMn-SAC@NC with neighboring single Fe and Mn sites exhibited
a  high  and stable  CO FE (FECO)  of  96% for  at  least  24  h  at  a  low
overpotential  of  320  mV,  far  beyond  the  counterpart  with  Fe  and
Mn  heteronuclear  single  atoms  in  a  long  distance  (denoted  as
Fe/Mn-SAC@NC)  as  well  as  Fe-SAC@NC  and  Mn-SAC@NC.
Experimental  analysis  combined  with  theory  demonstrated  that
single Mn atom in the proximity, especially at the neighboring site
of  Fe  increased  the  electron  density  of  Fe  center.  The  enhanced
electron  localization  of  single  Fe  site  markedly  boosted  the
generation of *COOH as well as the desorption of CO*, leading to
superior CO2RR performance at low overpotentials. 

2    Results and discussion
FeMn-SAC@NC was fabricated via a stepwise approach (Fig. 1(a)):
(1) Zeolitic imidazolate framework-8 (ZIF-8, Zn(MIM)2, MIM = 2-
methylimidazolate)  consisting  of  large  cavities  (11.6  Å)  and  small
windows  (3.4  Å)  was  utilized  as  a  host  to  encapsulate  the  iron

source (iron(III) 2,4-pentanedionate, Fe(acac)3,  molecular diameter
ca.  9.7  Å)  to  form  Fe(acac)3@ZIF-8;  (2)  a  silica  layer  was  then
covered on Fe(acac)3@ZIF-8 by hydrolysis of tetraethyl orthosilicate
(TEOS)  to  produce  Fe(acac)3@ZIF-8@SiO2;  (3)  pyrolysis  of
Fe(acac)3@ZIF-8@SiO2 and  subsequent  acid  etching  of  silica  were
conducted  to  yield  Fe-SAC@NC;  (4)  finally,  a  Mn(II)-
phenanthroline  complex  was  adsorbed into  Fe-SAC@NC,  and the
mixture  was  pyrolyzed  again  to  harvest  FeMn-SAC@NC.  For
comparative  study,  Fe/Mn-SAC@NC with  heteronuclear  single  Fe
and Mn atoms in a long distance was also synthesized by reversing
the  order  of  silica  etching  and  Mn(II)-phenanthroline  complex
adsorption  (see  supporting  information  for  details)  Transmission
electron microscopy (TEM) analysis indicated that Fe(acac)3@ZIF-8
exhibited  a  rhombic  dodecahedron-like  structure  (Fig.  1(b)).  After
pyrolysis  and  SiO2 leaching,  FeMn-SAC@NC,  Fe-SAC@NC  and
Mn-SAC@NC  still  reserved  the  shape  of  ZIF-8  but  with  some
shrinkage  (Fig.  1(c),  and  Figs.  S1  and  S2  in  the  Electronic
Supplementary  Material  (ESM)).  As  for  Fe/Mn-SAC@NC,  a  thin
and highly porous layer was present  on the surface of  the internal
dodecahedron, indicative of the core–shell structure (Fig. S3 in the
ESM).  No  Fe  and  Mn  nanoparticles  were  observed  in  these
catalysts,  while  the  elemental  mapping  analysis  demonstrated  a
uniform distribution of C, N, Fe, and Mn elements throughout the
representative  FeMn-SAC@NC,  highlighting  the  highly  dispersed
Fe  and  Mn  species  in  the  carbon  matrix  (Figs.  1(f)−1(i)).  The
aberration-corrected  high-angle  annular  dark-field  scanning  TEM
(HAADF-STEM) analysis  was further carried out to recognize the
Fe and Mn species. As shown in Fig. 1(d), some bright spots in the
atomic range were observed in the representative FeMn-SAC@NC
catalyst,  demonstrating  the  atomically  dispersed  Fe  and  Mn.
Moreover,  most  of  these  bright  dots  were  found  to  be  in  a  close
distance,  and even some of  them appeared in  pairs  with  an  inter-
site  distance  of  2.3  Å  (Fig.  1(e)).  Such  phenomena  directly
manifested  that  single  Fe  and  Mn  atoms  were  to  a  large  extent
present in a short distance in FeMn-SAC@NC.

Powder  X-ray  diffraction  (XRD)  pattern  of  Fe(acac)3@ZIF-8
matched well  with ZIF-8,  confirming the successful  synthesis  (Fig.
S4  in  the  ESM)  [46].  After  pyrolysis  and  SiO2 removal,  only  two
reflections  at  2θ =  24°  and  44°  were  detected  in  FeMn-SAC@NC,
Fe/Mn-SAC@NC,  Fe-SAC@NC  and  Mn-SAC@NC,  which  were
assigned to the (002) and (100) planes of carbon, respectively (Fig.
S5  in  the  ESM)  [47, 48].  No  any  metal  (oxide)  reflections  were
detected,  in  consistence  with  the  TEM  results.  The  graphitization
degree of the carbon substrate for these as-synthesized catalysts was
further analyzed by Raman spectroscopy. The characteristic D and
G  bands  of  carbon  at  1350  and  1580  cm−1 were  clearly  observed,
corresponding to graphitic disordered or defective carbon and sp2-
bonded  graphitic  carbon  sheets,  respectively  (Fig.  S6  in  the  ESM)
[49].  The  comparable  intensity  ratio  between  the  two  bands
indicated  a  similar  graphitization  degree  of  the  carbon  support  in
these  catalysts  [50, 51].  The  Fe  and  Mn  loadings  in  FeMn-
SAC@NC were 0.4 wt.% and 0.3 wt.%, according to the inductively
coupled plasma-optical emission spectrometry (ICP-OES) analysis.

X-ray photoelectron spectroscopy (XPS) was used to identify the
surface  chemical  states  of  FeMn-SAC@NC,  Fe/Mn-SAC@NC,  Fe-
SAC@NC and Mn-SAC@NC. The N 1s signals were deconvoluted
into  five  peaks  at  398.2,  399.1,  399.8,  400.8  and  402.5  eV,
corresponding  to  pyridinic-N,  Fe/Mn-N  coordination
configurations,  pyrrolic-N,  quaternary-N  and  oxidized-N,
respectively (Fig.  2(a),  and Figs.  S7 and Table S1 in the ESM) [52,
53].  As  for  the  Fe  2p  spectra  in Fig.  2(b),  the  Fe  2p3/2 signals  for
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FeMn-SAC@NC,  Fe/Mn-SAC@NC  and  Fe-SAC@NC  were
situated  between  those  of  Fe0 (706.7  eV)  and  Fe2O3 (711.6  eV),
indicative  of  an  electropositive  Feδ+ (0  < δ <  3)  [54, 55].  Similarly,
positively  charged  Mnδ+ species  (0  < δ <  3)  were  also  deduced  in
FeMn-SAC@NC,  Fe/Mn-SAC@NC  and  Mn-SAC@NC  by
comparing their Mn 2p3/2 signals with those of Mn0 (638.4 eV) and
Mn2O3 (641.8 eV), as shown in Fig. 2(c) [56, 57]. Interestingly, the
valence states of Fe in three Fe containing catalysts decreased with
the  inter-site  distance  between  Fe  and  Mn:  FeMn-SAC@NC
(710.1  eV)  <  Fe/Mn-SAC@NC  (710.6  eV)  <  Fe-SAC@NC
(710.9 eV), but for that of Mn in the Mn based samples, the trend
was  just  the  reverse:  FeMn-SAC@NC  (641.6  eV)  >  Fe/Mn-
SAC@NC (641.2 eV) > Mn-SAC@NC (641.0 eV). Hence, owing to
the higher electronegativity of Fe than Mn, single Mn atoms tended
to donate more electrons to Fe in a short distance.

Fourier  transformations-extended  X-ray  adsorption  fine
structure  spectroscopy  (EXAFS)  was  further  conducted  to  obtain
the  local  coordination  information  of  Fe  and  Mn  in  these  as-
synthesized catalysts.  As  present  in Fig.  2(d),  in  the k2-whighted R
space  EXAFS  of  Fe  K-edge,  FeMn-SAC@NC,  Fe/Mn-SAC@NC
and Fe-SAC@NC exhibited their main peak at 1.44 Å without the
emergence  of  the  Fe–Fe  scattering  at  2.21  Å.  Obviously,  the
existence  of  any  metallic  Fe  nanoparticles  was  eliminated  in  these

samples,  and  the  Fe  species  were  mainly  present  in  an  atomically
dispersed  state  [58].  Similar  phonomena  were  also  observed  for
three  Mn  containing  samples,  and  the  absence  of  any  Mn–Mn
scattering at 2.30 Å highlighted the atomically dispersive feature of
Mn  species  (Fig.  2(g))  [59, 60].  By  fitting  the  EXAFS  spectra  of
FeMn-SAC@NC,  Fe/Mn-SAC@NC,  Fe-SAC@NC  and  Mn-
SAC/NC, the local structures of Fe and Mn in these catalysts were
identified, in which each Fe and Mn atom was coordinated by four
N atoms and one O atom (Figs.  2(e), 2(f), 2(h) and 2(i),  and Figs.
S8–S11 and Table S2 in the ESM).

After  exploring  the  geometric  and electronic  structures  of  these
as-synthesized catalysts, the CO2 electrocatalytic performances were
further  measured  by  linear  sweep  voltammetry  (LSV)  in  a  three-
electrode  cell  filled  with  CO2-saturated  0.5  M  KHCO3 electrolyte
(Fig. S12 in the ESM). No liquid products but only CO and H2 were
detected during CO2RR (Fig. 3(a) and Fig. S13 in the ESM). Among
these  catalysts,  FeMn-SAC@NC  displayed  the  highest  FE  (FECO)
and partial  current  density  of  CO (jCO)  over  the  potential  window
from −0.23  to −1.03  V  (vs.  reversible  hydrogen  electrode  (RHE))
(Figs. 3(a) and 3(b)). Specifically, a FECO of 96% accompanied with
a  current  density  (j)  of  5  mA·cm−2 was  achieved  on  FeMn-
SAC@NC at a small overpotential of 320 mV, which outperformed
most  of  the  recently  reported  atomically  dispersed  metal  catalysts

 

Figure 1    (a) Schematic illustration for the synthetic procedure of FeMn-SAC@NC and Fe/Mn-SAC@NC. TEM images of (b) Fe(acac)3@ZIF-8 and (c) FeMn-SAC@NC.
(d) HAADF-STEM image of FeMn-SAC@NC and (e) the corresponding Z-contrast analysis of regions A and B in (d). Energy dispersive spectroscopy (EDS) elemental
mapping images of (f) C, (g) N, (h) Fe and (i) Mn in FeMn-SAC@NC.
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(Table  S3  in  the  ESM).  By  contrast,  at  this  overpotential,  the
reference  catalysts  of  Fe/Mn-SAC@NC,  Fe-SAC@NC  and  Mn-
SAC@NC only exhibited a FECO of 78%, 72% and 44%, respectively,
far  below  that  of  FeMn-SAC@NC,  which  highlighted  the
synergistic effect between those atomically dispersed Fe and Mn in
a  short  distance  in  boosting  CO2RR.  Moreover,  the  turnover
frequency (TOF) for CO production per single-metal-site of FeMn-
SAC@NC based on the total metal loadings was also calculated and
compared  with  those  recently  reported  heteronuclear  SACs  (Fig.
3(c)).  Apparantly,  this  value  is  among  the  most  active  SACs  in
CO2RR,  and  even  comparable  with  some  state-of-the-art  Au
catalysts.  The  stability  of  FeMn-SAC@NC  towards  CO2RR  was
further  tested  at  a  small  overpotential  of  320  mV.  The  FeMn-
SAC@NC  exhibited  a  stable  FECO and j after  a  continuous  test  in
24  h,  demonstrating  the  remarkable  cycle  durability  (Fig.  3(d)).
After  CO2RR  performance,  the  morphology  of  FeMn-SAC@NC
remained stable without any visible metal nanoparticles (Fig. S14 in
the ESM).

Furthermore,  Tafel  analysis  was  carried  out  to  get  insights  into
the reaction kinetics  for  CO2RR of  these  as-prepared catalysts  [61,
62].  As  present  in Fig.  3(e),  Fe/Mn-SAC@NC,  Fe-SAC@NC,  Mn-

SAC@NC  and  NC  displayed  a  Tafel  slope  of  105,  156,  185  and
317 mV·dec−1,  respectively. Obviously, the first electron transfer for
CO2 activation  is  the  rate-determining  step  for  the  entire  CO2RR
process  on  these  catalysts  [63].  By  comparison,  a  Tafel  slope  of
62 mV·dec−1 was calculated on FeMn-SAC@NC. The much smaller
Tafel  slope  highlighted  the  faster  initial  electron  transfer  to  a  CO2
molecule  for  CO2 activation  on  FeMn-SAC@NC  than  on  the  rest
catalysts [64]. Besides, the fast electron transfer for FeMn-SAC@NC
was  also  testified  by  its  lower  interfacial  charge-transfer  resistance
(Rct)  of  57.2  Ω  than  Fe/Mn-SAC@NC  (101.6  Ω),  Fe-SAC@NC
(106.3 Ω), Mn-SAC@NC (155.5 Ω) and NC (323.0 Ω) (Fig. S15 in
the ESM).  In this  sense,  stabilization for  the COOH* intermediate
was  to  a  large  extent  improved  on  FeMn-SAC@NC  than  on  the
other  catalysts,  and  such  enhanced  stabilization  of  COOH*
significantly  accelerated  CO  production  especially  at  low
overpotentials.  Moreover,  the  electrochemical  active  surface  areas
(ECSA)  of  these  as-synthesized  catalysts  were  also  calculated  via
measuring their corresponding double-layer capacitances (Figs. S16
and  S17  and  Table  S4  in  the  ESM).  Obviously,  FeMn-SAC@NC
and Fe/Mn-SAC@NC exhibited a similar ECSA, implying that both
catalysts  consisted  of  a  comparable  number  of  active  sites.  Taking

 

Figure 2    High-resolution (a) N 1s and (b) Fe 2p XPS of FeMn-SAC@NC, Fe/Mn-SAC@NC and Fe-SAC@NC. (c) High-resolution Mn 2p XPS of FeMn-SAC@NC,
Fe/Mn-SAC@NC and Mn-SAC@NC. (d) Fourier transform (FT) of the k2-weighted EXAFS spectra at Fe K-edge for Fe foil, FeMn-SAC@NC, Fe/Mn-SAC@NC and Fe-
SAC@NC. Fit in R space with the magnitude and the imaginary at Fe K-edge for (e) FeMn-SAC@NC and (f) Fe/Mn-SAC@NC. (g) FT of the k2-weighted EXAFS spectra
at Mn K-edge for Mn foil, FeMn-SAC@NC, Fe/Mn-SAC@NC and Mn-SAC@NC. Fit in R space with the magnitude and the imaginary at Mn K-edge for (h) FeMn-
SAC@NC and (i) Fe/Mn-SAC@NC.
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into  consideration  the  distinct  difference  in  the  CO2RR  activity
between these two catalysts, the inter-site distance between single Fe
and Mn atoms in the nitrogen-doped carbon matrix was supposed
to  largely  promote  the  instinct  activity  of  these  single-metal-atom
centers.

To  illustrate  how  the  inter-site  distance  between  single  Fe  and
Mn  atoms  affected  the  CO2RR  performance,  density  functional
theory  (DFT)  calculations  were  further  performed.  A  graphene
layer containing single Fe atom, single Mn atom, and dual single Fe
and Mn atoms with different proximity, namely, FeMn-SAC@NC,
FeMn(1)-SAC@NC,  FeMn(2)-SAC@NC  and  FeMn(3)-SAC@NC
was  built  (the  number  in  bracket  represented  the  number  of
horizontal  axial  carbon  atoms  between  the  adjacent  Fe  and  Mn
atoms, see Fig. S18 in the ESM for details). According to the EXAFS
fitting  results,  each  Fe  and  Mn  atom  in  these  models  was
coordinated by four N atoms and one hydroxyl group. In general,
electrocatalytic CO2RR to CO is comprised of reaction pathways in
the sequence of CO2,  CO2*,  COOH*, CO* and CO, among which
the first electron transfer step for the generation of COOH* (CO2*
+ H+ + e− → COOH*) is normally regarded as the rate-determining
step [65].  The  reaction Gibbs  free  energy  (ΔG)  of  this  step  on the
metal-free  NC  sample  showed  a  value  of  2.31  eV,  indicative  of  a
high  energy  barrier  for  CO2 activation  (Fig.  S19  in  the  ESM).  In
contrast, incorporation of single Fe or Mn atom into the graphene
lattice  decreased  the  barrier  of  this  step  to  1.15  and  1.46  eV,
respectively,  implying  that  the  presence  of  single  atom  site
enhanced  CO2 activation  and  COOH*  formation  (Fig.  4(a)).
Interestingly,  when  single  Fe  and  Mn  atoms  coexisted  in  the
graphene lattice,  the  reaction energy for  *COOH formation on Fe
decreased sharply and was dependent on the proximity between Fe
and Mn. Specifically, as single Fe and Mn sites were getting closer,
the  required  ΔG for  COOH*  formation  decreased  from  1.10  eV
(FeMn(3)-SAC@NC)  to  1.00  eV  (FeMn(2)-SAC@NC),  0.81  eV
(FeMn(1)-SAC@NC)  and  0.63  eV  (FeMn-SAC@NC).  Obviously,
the  highest  activity  for  *COOH  formation  was  achieved  when
single Mn atom was located at the neighboring site of Fe along with
the  highest  energy  barrier  for  HER  (Fig.  S20  in  the  ESM).  At  the

same  time,  the  reaction  barrier  for  COOH*  formation  on  Fe  was
much  lower  than  the  value  on  Mn  in  the  same  model  catalyst,
manifesting  the  promoted  CO2RR  reactivity  of  Fe  by  the
surrounding  Mn  (Fig.  4(a) and  Fig.  S21  in  the  ESM).  However,
since the reaction barriers for COOH* formation on Mn sites of all
model  catalysts  were  similar  and  much  higher  than  those  on  Fe,
such promotion on Mn by Fe  was  trivial.  For  the  second electron
transfer  step  (COOH*  +  H+ +  e− →  CO*  +  H2O),  it  was  an
exothermic  process  over  all  model  catalysts.  However,  FeMn-
SAC@NC  showed  the  lowest  reaction  barrier  for  CO*  desorption
among  all  the  Fe-containing  catalysts.  Such  a  phenomenon
highlighted  that  the  neighboring  Mn  site  induced  a  much  weaker
interaction between Fe and CO*, leading to fast CO desorption and
active site generation. Hence, the facilitation for COOH* generation
and CO* desorption renders FeMn-SAC@NC with neighboring Fe
and Mn sites highly active for CO2RR at low overpotentials.

Electronic  property  analysis,  including  density  of  state  (DOS),
partial  DOS  (PDOS)  and  charge  density  difference  were  further
carried  out  to  figure  out  the  underlying  factors  controlling  the
conspicuous  differences  in  CO2RR  performance  over  these  model
catalysts. It is speculated that the d orbital of Fe or Mn interact with
the p orbital  of  C  atom  to  stabilize  the  COOH*  intermediate  via
formation  of  metal–carbon  bond  over  the  catalyst  [66].  Thus, d
electron  distribution  at  the  Fermi  level  is  preferable  for  such
interaction  and  accounting  for  the  high  activity  for  COOH*
formation.  As  for  the  DOS  results,  FeMn-SAC@NC  with
neighboring Fe and Mn sites has the most abundant distribution of
d electrons  from  Fe  at  Fermi  level  compared  to  the  rest  catalysts
with Fe and Mn in a long distance, as well as Fe-SAC@NC and Mn-
SAC@NC (Figs.  4(e)−4(j)).  Since the oxidation states of Fe for Fe-
SAC@NC, FeMn-SAC@NC and bulk Fe2O3 that were measured by
Bader charge analysis were +1.21e, +1.16e and +1.50e, respectively,
the  reduced  oxidation  state  of  Fe  in  FeMn-SAC@NC  due  to  the
presence  of  neighboring  Mn in  the  system was  further  supported.
As  present  in Fig.  4(k),  such  electronic  alteration  of  Fe  in  FeMn-
SAC@NC  influenced  the  adsorption  properties  of  COOH*.  More
electrons were contributed from the Fe center in FeMn-SAC@NC

 

Figure 3    (a)  FECO and (b) jCO of  FeMn-SAC@NC (olive),  Fe/Mn-SAC@NC (orange),  Fe-SAC@NC (blue),  Mn-SAC@NC (pink) and NC (gray).  (c)  TOFs of  FeMn-
SAC@NC  and  some  reference  single-atom,  dual-atom  and  state-of-the-art  Au  catalysts  for  CO  production.  (d)  Stability  test  of  FeMn-SAC@NC  for  CO2RR  in  CO2-
saturated 0.5 M KHCO3 electrolyte at −0.43 V vs. RHE. (e) Tafel slope of FeMn-SAC@NC, Fe/Mn-SAC@NC, Fe-SAC@NC, Mn-SAC@NC and NC.
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to bond with COOH*, resulting in a significant amount of electron
density  accumulated  around  the  Fe–C  bond.  In  contrast,  the
stabilization  of  COOH*  on  Fe-SAC@NC  and  Mn-SAC@NC
needed electrons donation from four adjacent N atoms by means of
their  weak  hybridization  ability.  Hence,  the  neighboring  Mn  site,
despite  not  directly  active  for  CO2 activation  itself,  transfers
electrons to the adjacent Fe site for stabilization of the key COOH*
intermediate.  This was also evidenced by the PDOS analysis,  from
which a shift of the p orbital for COOH* downward the Fermi level
was  observed  on  FeMn-SAC@NC  as  compared  to  that  on  Fe-
SAC@NC  and  Mn-SAC@NC,  indicative  of  the  strong  interaction
between  Fe  and  C  (Figs.  4(b)−4(d)).  Accordingly,  the  boosted
electron  interactions  increased  the  stability  of  COOH*  on  the  Fe
site of FeMn-SAC@NC, leading to a low energy barrier for COOH*
formation,  and  the  electron  enriched  Fe  center  induced  by
neighboring Mn endows FeMn-SAC@NC highly active for CO2RR
to CO compared to the rest counterparts. 

3    Conclusions
In summary, we have successfully synthesized a series of nitrogen-
doped  carbon  supported  Fe  and  Mn  heteronuclear  single  atom

catalysts  with  different  Fe  and  Mn  inter-site  distance  via  a  silica-
templated  isolation  approach,  and  tested  them  in  electrocatalytic
CO2RR for CO production.  We proved that the inter-site distance
between  atomically  dispersed  Fe  and  Mn  sites  controlled  the
CO2RR performance and the catalyst with atomic Fe and Mn sites
in close proximity exhibited the highest CO2RR performance, with
a  high  FECO (96%),  an  outstanding  durability  (24  h)  at  a  low
overpotential  of  320  mV,  and  superior  kinetics  for  CO2RR  with  a
Tafel  slope  of  only  62  mV·dec−1.  Such  CO2RR  performance
surpassed most of the reported atomically dispersed electrocatalysts
and  even  comparable  to  state-of-the-art  AuNPs.  Experimental
analysis  together  with  DFT  calculation  suggested  that  single  Mn
atom at  the neighboring site  of  Fe increased the electronic density
of  Fe,  which dramatically  reduced the energy barriers  for  COOH*
production as well as CO* desorption on Fe, and hence boosted the
CO2RR performance  at  low overpotentials.  These  findings  present
the  scientific  comprehension  of  the  correlation  between  the  inter-
site  distance  of  atomic  sites  and  CO2RR  performance,  and  pave  a
new avenue to precisely control single-atom sites on carbon support
for highly active and selective electrocatalysts. 

Electronic  Supplementary  Material: Supplementary  material
(further  details  of  experimental  procedures  for  the  preparation,

 

Figure 4    (a)  Calculated  free  energy  diagrams  for  CO2RR  to  CO  on  single  Fe  site  for  Fe-SAC@NC,  FeMn-SAC@NC,  FeMn(1)-SAC@NC,  FeMn(2)-SAC@NC  and
FeMn(3)-SAC@NC as well as on single Mn site for Mn-SAC@NC. DOS of the orbital interaction for (b) Fe-SAC@NC and (c) FeMn-SAC@NC between Fe 3d and C 2p
of  COOH*  and  for  (d)  Mn-SAC@NC  between  Mn  3d  and  C  2p  of  COOH*.  DOS  of  (e)  Fe-SAC@NC,  (f)  FeMn-SAC@NC,  (g)  FeMn(1)-SAC@NC,  (h)  FeMn(2)-
SAC@NC, (i) FeMn(3)-SAC@NC and (j) Mn-SAC@NC (orange: Fe spin up; olive: Fe spin down). (k) Differential charge density of Fe-SAC@NC, FeMn-SAC@NC and
Mn-SAC@NC (yellow: accumulation; cyan: depletion; isosurface value = 0.015 eÅ−3).
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characterization,  and  catalytic  testing  of  catalysts;  details  of  DFT
calculations;  additional  TEM,  XRD,  Raman,  XPS,  and  EXAFS
results  of  the  catalysts;  additional  catalytic  results  including  LSV,
FE(H2),  electrochemical  impedance  spectroscopy  (EIS),  cyclic
voltammetry  (CV)  and  double-layer  capacitance  (Cdl)  data;
additional  DFT  calculation  results  including  model  structures,
Gibbs  energy  graphs  for  CO2RR  and  HER.)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907249. 
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