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Single atomic Fe—N, moieties have shown great performance in
CO,-to-CO conversion. However, understanding the structural
descriptors that determine the activity of Fe—N, remains vague,
and promising strategies to enhance their catalytic activity are still
not clear. Herein, we used a high-temperature pyrolysis strategy
and post-synthesis acid treatment for the direct growth of a single
Fe—N, site adjacent to graphitic nitrogen for the electrochemical
CO, reduction reaction. This strategy could significantly reduce the
amount of pyridinic and pyrrolic N atoms, while graphitic N sur-
rounding the Fe—N, site predominantly increases. An experimental
study combined with density functional theory revealed that the
increase in the neighboring graphitic N decreases the number of
electrons transferred between CO and the catalyst for FeN4-2N-3
and FeN4-4N-3, which results in the decrease of the adsorption
strength of CO and the energy barrier for desorbing CO*. The
as-synthesized Fe—N, neighbored by graphitic nitrogen exhibited
maximum faradaic efficiency of 91% at a lower overpotential of
390 mV. Due to the increase in the graphitic N, the catalysts
perform efficiently for 35 h without any drop in current density.
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New concepts

Electrochemical CO, reduction reaction is a promising strategy for CO,
conversion to carbonaceous products. In specific, supported single metal
atoms have been widely studied for efficient CO, reduction. In such a
system, the contribution of the metal center is well studied and reported.
However, as supported single metal atoms require binding sites like
nitrogen to anchor the metal atom, the participation and atomic concen-
tration of N moieties are not well known. Herein, we used experimental
analysis combined with density functional theory to pinpoint the parti-
cipation of graphitic N neighboring Fe-N, during electrochemical CO,
reduction reaction. Experimental results combined with the DFT study
revealed that the increase in neighboring graphitic N decreases the
number of electrons transferred between CO and Fe-N, sites. The
decrease in electron transfer results in a decrease in the adsorption
strength of CO, facilitating the detachment of CO from the catalyst
surface easily.

1. Introduction

Electrochemical conversion of CO, to value-added chemicals
using renewable electricity provides a promising approach
to mitigate both global warming and the energy crisis.”
However, due to the chemical inertness of CO, molecules and
multi-electron transfer nature of the reaction, this technique is
still challenged by high reaction barriers and the competing
proton reduction reaction.*” In the past decade, heterogeneous
electrocatalysts based on noble metals Pd, Ag, Au, and their
alloys have shown to be active for carbon dioxide reduction
reaction (CO,RR) in aqueous solutions at low overpotentials;
however, high cost limits their applications.®™* Thus, it is
desirable to develop efficient and selective heterogeneous
electrocatalysts for CO,RR based on inexpensive and earth-
abundant metals.

Recently, supported metal nanoparticles gained consider-
able attention, particularly when the metal nanoparticle size is
reduced to single atom catalysts (SACs) as the rising number of
low-coordinated metal atoms functions as the catalytically
active sites."”>"™* Single metal anchored on N-doped carbon
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has been widely employed for electrocatalysis reactions such
as CO,,">'® ORR,"”” ' and HER.>*?** In particular, numerous
single metals (M = Fe, Co, Ni, Cu, Zn, Mn)-nitrogen (N)-doped
carbon (C) electrocatalysts for CO,RR have been reported with
M-N, as the active sites.'®**° These catalysts have distinct
chemical properties and activities from their respective metal
nanoparticles and molecular catalysts. Pyrolyzed iron/nitrogen-
doped carbons (Fe-N-C) have been regarded as one of the most
promising SACs for CO,RR.>** Nevertheless, most studies
have focused on tuning the coordination environment of
Fe-N, active sites, while the key atomic/electronic structures
that determine the intrinsic activity of the Fe center still remain
unclear. Previous studies on Fe-based catalysts revealed that
unique electronic structures such as FeN,***° and FeN;* are
regarded as active sites for electrochemical CO, reduction
reactions.’® Despite this, numerous studies has been carried
out in the past focusing only on the metal active centers.
Moreover, metal-free N-doped carbon catalysts are also
reported as potential candidates for the CO,RR, wherein it is
unreasonable to ignore the impact of different configurations
of nitrogen in the Fe-N-C matrix. Considering different N
moieties exist in Fe-N-C catalysts, the impact of the different
configurations and atomic concentrations of N-moieties on
CO,RR activities are not yet deeply understood.>*> Recently,
Liu et al. identified the importance of graphitic N in a FeN,/
Graphitic N complex. However, the atomic concentration of
graphitic N is still not well determined.?® Further, Zhang et al.
constructed atomic iron dispersed on nitrogen-doped gra-
phene. In their DFT calculation, they considered three free
energy diagrams with different graphitic nitrogen doping con-
figurations. They reported that the nitrogen substitution on
graphene improved the catalytic activity of the Fe-N, moieties
by lowering the energy barrier of COOH* formation and facili-
tating the CO* desorption step. However, the atomic concen-
tration of graphitic N was not further investigated.® Various
other studies on metal-free nitrogen-doped carbon also
revealed that catalysts dominated by graphitic N are superior
to other N types to drive highly selective CO,RR to CO against
the hydrogen evolution reaction.’’*° Additionally, the degree
of graphitization can be affected by different carbon supports.
For example, ZIF*>*®*! and carbon nanotubes**™** feature an
intrinsic drawback of low graphitization degree, leading to
relatively low electron conductivity and poor catalyst stability.
In this regard, anchoring Fe-N, active sites on a high-
graphitization-degree carbon helps in the easy determination
of the atomic concentration of different N moieties.*> Activated
carbon black offers an excellent support for atomically dis-
persed single atom catalysts.”>*®>° In addition, the co-doping
of N and metal facilitates the degree of graphitization under
high temperature pyrolysis on activated carbon black.

Herein, we synthesized a single-atom catalyst (SACs) con-
sisting of atomically dispersed FeN, sites supported on N-doped
carbon through a facile pyrolysis strategy to study the effect of
neighboring graphitic N surrounding Fe-N, site in the electro-
chemical CO, reduction reaction. For comparison, we have also
synthesized metal-free N-C and N-free Fe-C catalysts. The Fe-SAC
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was synthesized through facile thermal pyrolysis of melamine
absorbed on carbon black. The presence of carbon black not only
increases the electrical conductivity of the as-synthesized catalyst
but also provides a higher surface area. On the other hand,
melamine provides a rich nitrogen source to introduce the
N-dopant into carbon and to anchor an individual iron atom for
the formation of a Fe-N, active site. The degree of graphitization
was further studied by pyrolyzing Fe-SACs at different tempera-
tures and post-synthesis acid treatment. The synthesized Fe-SACs
exhibited high CO faradaic efficiency reaching 91% at a low
overpotential of 0.39 V vs. RHE. Our experimental analysis com-
bined with DFT calculation concludes the enhanced performance
was attributed to the synergistic effect of Fe-N, and neighboring
graphitic N in Fe-SACs after acid treatment. Specifically, different
graphitic N configurations neighboring Fe-N, moieties can effec-
tively induce a higher filing degree of d-orbitals by transferring
electrons, which can optimize the binding energy of key reaction
intermediates.

2. Results and discussion
2.1. Synthesis and characterization of Fe-SACs

The optimal catalyst denoted as Fe-SAC was obtained by pyro-
lyzing a mixture of iron nitrate as the metal precursor, mela-
mine as N ligand, and carbon black as support at 800 °C in an
argon atmosphere. The as-synthesized catalysts were treated
with acid before further use (Fig. 1a). The results obtained from
elemental analysis (EA, for nitrogen) and inductively coupled
plasma mass spectrometry (ICP-MS, for Fe) indicated the final
content of Fe and N in Fe-SACs were 0.18 wt% and 1.16 wt%
(Table S1, ESIY), respectively. For comparison, Fe-free N-C, an
N-free Fe-C, and pure pristine C were synthesized with the
same protocol as that of Fe-SACs with minor modifications
(ESIT). The distribution of Fe on the N-doped carbon was
analyzed by HR'TEM and HAADF-STEM. The HR-TEM (Fig. 1b)
analysis showed pristine carbon without aggregation of Fe atom
as either clusters or bigger nanoparticles. Due to the co-doping of
Fe and N in the graphene planes of carbon, the (002) interplanar
distance has become larger compared to that of intact graphite
(0.35 nm vs. 0.33 nm) (Fig. 1d). Further, aberration-corrected
HAADF-STEM (Fig. 1e) in sub-angstrom size depicts the formation
of isolated and uniformly dispersed Fe atoms as bright spots on
the defective carbon support, confirming the atomic distribution
of metal centers on the surface of the carbon. Furthermore, the
homogeneous distribution of both N and Fe on carbon was
confirmed by the energy-dispersive X-ray spectroscopy (EDX)
(Fig. 1c). X-Ray diffraction (XRD) was employed to characterize
the phase composition of the as-prepared catalysts (Fig. 1g).
In contrast with the amorphous carbon structure of the N-C
catalyst prepared, new sharp peaks assigned to the (002) basal
planes of carbon were observed in Fe-SACs. The relatively sharp
and intense peaks at 25.6° and 44.0° in Fe-SACs indicate that the
additional pyrolysis and Fe doping have resulted in a higher
degree of crystallization and graphitization. Thus, some new
carbon is formed after doping of Fe and the high-temperature
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SACs, (b) HRTEM image of Fe-SACs (c) elemental composition of Fe-SACs,

(d) aberration corrected high resolution-TEM image of Fe-SACs, (e) aberration corrected HAADF-STEM image of Fe-SACs, (f) EXAFS fitting curve, and

(9) XRD diffraction pattern of N-C and Fe-SACs.

pyrolysis process.”” Moreover, XRD also confirmed the absence of
peaks associated with Fe,O; or Fe;0,, indicating that the metal is
not aggregated to the nanoparticle.

Additionally, Fe K-edge was used to analyze quantitatively
the structural parameters for the atoms surroundings the
central atoms. It can be seen that Fe-N, produces a satisfactory
fit, indicating that Fe-N, is the main active form of the Fe-SAC
catalyst (Fig. 1f and Table S2, ESI¥).

2.2. Evaluation of the electrocatalytic activity of Fe-SACs

The catalytic activity of Fe-SACs for the electrochemical CO,
reduction reaction was evaluated by linear sweep voltammetry
(LSV) in Argon saturated 0.1 M KHCO; (pH = 7.2) and CO,-
saturated 0.1 M KHCOj solutions (pH = 6.8) (Fig. 2a). The onset
potential of Fe-SACs was more positive in the CO, saturated
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0.1 M KHCOj; solution compared with that in the Argon
saturated 0.1 M KHCOj; solution. The cathodic current in the
CO, saturated 0.1 M KHCOj; solution was also higher than that
in the Argon saturated 0.1 M KHCO; solution, suggesting the
efficient reduction of CO, over the Fe-SAC electrode (Fig. S4a,
ESIT). The resulting current density increased abruptly below
—0.40 V because of two competing reactions, CO,RR and HER.
It was found that Fe-SACs perform far superior to N doped
carbon. Based on this fact, it can be seen that the large
response of Fe-SACs to CO,RR could be mainly attributed to
the synergistic effect between doped N and Fe atoms, similar
to that observed for oxygen reduction reactions (ORR). The
synergistic effect can be further confirmed by measuring
the electrochemical surface area. The dramatic increase in the
electrochemical surface area (ECSA) after Fe and N co-doping on

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 CO,RR catalytic performance of the as-synthesized catalysts. (a) LSV scans (5 mV s3) for the Fe-SACs, Fe—C, and N—C catalysts in Ar- and CO,-
saturated KHCOg3 solutions (0.1 M). (b) Partial current density of Fe-SACs. (c) Tafel plots of the partial CO current density for relevant catalysts at different
applied potentials. (d) Faradaic efficiencies (FEs) of CO and H, at various applied potentials on different catalysts. (e) FEs of CH,4 at different applied
potentials for FE-SACs and (f) long-term stability of Fe-SACs at a potential load of —0.5 V vs. RHE and the corresponding FEs of CO and CHy,.

carbon suggest a synergistic effect between the Fe site and N
during CO,RR (Fig. S5, ESIt). In addition to the Fe-N, active site,
the increased degree of graphitization has also facilitated the
performance of Fe-SACs, as demonstrated by the increased
current density when compared to Fe-SACs prepared at a low
pyrolysis temperature after acid leaching (Fig. S4b, ESIY).

We performed potential controlled electrolysis to investigate
CO, reduction on Fe-SACs. CO is the major gas detected by
online gas chromatography (Fig. 2d) and no other liquid product
was detected by "H nuclear magnetic resonance (NMR) spectro-
scopy (Fig. S7, ESIT). It was observed that the Fe-SAC catalyst
exhibited the highest selectivity towards CO production with a
maximum FE of 91.0% at —0.5 V (vs. RHE) corresponding to an
overpotential of 0.39 V, which is among the best efficiency
reported for carbon-based materials. Compared to pristine
N-doped carbon that shows 28% FE all over investigated
potentials (Fig. 2d), the performance exhibited by Fe-SACs
was far superior, suggesting that the nitrogen dopant alone is
not a major contributor to the enhanced electrocatalytic per-
formance of CO,RR.>® Further, a small fraction of hydrocarbon
methane (CH,) was detected above —0.3 V vs. RHE potential.
A maximum FE of 1.1% at about —0.7 V vs. RHE was recorded
for methane (Fig. 2e). Moreover, Fe-C and Fe-nanoparticles are
synthesized with the same protocol as that of Fe-SACs in
absence of the N ligand for Fe-C, and tripling the Fe precursor
in the latter case. Both catalysts exhibited low performance
(Fe-C, 31% FE and Fe-NP, 43% FE, Fig. S5, ESIt) toward CO,
reduction, indicating that the presence of Fe alone is also not
enough for CO, reduction. Thus, based on the performance
results above, the synergistic effect between N and atomic Fe
species on carbon contributes to the overall electrochemical

This journal is © The Royal Society of Chemistry 2022

CO, reduction activity of Fe-SACs, unlike N-doped carbon or
Fe-based nanoparticles. Moreover, the performance exhibited
by Fe-SACs is better when compared to different pyrolyzed
Fe-SACs, indicating the impact of the increased degree of
graphitization on the CO,RR performance (Fig. S4b, ESIY).
The much higher graphitization degree of the Fe-SACs not only
improved the CO selectivity but also enabled improved CO,RR
electrocatalytic stability. To corroborate, a prolonged CO, reduction
was carried out to analyze the stability of the Fe-SACs and it
was found that Fe-SACs reduce CO, without drops in activity
and current density for about 35 h (Fig. 2f). The catalyst shows
above 85% FE to CO during the entire long-term electrolysis
at —0.5 Vvs. RHE, confirming the remarkable durability of Fe-
SACs for CO,RR.

The kinetics of CO, reduction was further studied using
Tafel analysis (Fig. 2c). Compared to N-doped carbon with
a Tafel slope of 384.4 mV dec ', the Tafel slope for Fe-SACs
(289.1 mV dec™') was small. This clearly indicates faster
kinetics for electron transfer from Fe-SACs to CO, than that
in N-C, indicating the synergistic effect between doped N and
Fe in the form of Fe-N,. The decreased Tafel slope of the
Fe-SACs illustrates that the initial electron transfer to a CO,
molecule is largely accelerated to form the *CO, intermediate.

2.3. Studying the origin of enhanced performance

To better understand the origin of enhanced CO,RR over
Fe-SACs, we carried out further characterizations of the catalysts.
Nitrogen physisorption isotherms (Fig. S2 and Table S2, ESIt)
showed an increase in the Brunauer-Emmett-Teller (BET) sur-
face area after co-doping both Fe and N (217 m”> g~ for Fe-SACs
and 167 m* g~ for N-C) and resulted in the formation of more

Nanoscale Horiz., 2022, 7, 916-923 | 919
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Fig. 3 Fe K-edge XANES, EXAFS, and XPS spectra of Fe-SACs samples. (a) Fe K-edge XANES spectra of synthesized catalysts compared with different Fe
samples. (b) Fourier transformed (FT) extended X-ray absorption fine structure (EXAFS) of the samples. (c) High-resolution Fe 2p XPS spectra of the

Fe-SACs and d) High-resolution N 1s XPS spectra of the Fe-SACs.

micropores and mesopores on the carbon. The doping of Fe and
N could also increase defects in carbon (Fig. S3, ESIt). This was
verified by the increase in Ip/Ig ratio in the Raman spectrum
relative to pristine N-C (Table S1, ESIt). Raman spectra of
Fe-SACs exhibited graphitic D and G bands at ~1342 and
1587 cm™ ", respectively, and a 2D band appears at ~2692 cm ™,
confirming the local carbon structures contain both graphitic and
disordered carbon atoms. The increased degree of graphitization
of the Fe-SACs relative to the other catalysts prepared at different
pyrolysis temperatures was also evidenced by the lowered D band
to G band intensity ratio and sharpened peaks in the Raman
spectra (Fig. S3, ESIT).

The structure-performance relationship was further revealed
by X-ray photon spectroscopy (XPS) (Fig. 3c and d) by analyzing
the chemical components of the Fe site and doped N (Table S1,
ESIT). Deconvoluted high-resolution N 1s spectra (Fig. 3d) for
Fe-SACs showed that the N 1s spectrum was deconvoluted
into pyridinic N (~398.5 eV), N,-Fe (~399.4 eV), pyrrolic N
(~400.3 eV), graphitic N (~401.2 V), and N-O, (~403.5 eV).>*"*
On the other hand, N 1s spectra of N-C showed four peaks
corresponding to pyridinic, pyrrolic, graphitic, and oxidized
N (Fig. 3d and Fig. S9, ESIt). From the quantitative analysis
(Table S1, ESIt) based on the raw XPS fine spectral data, it was
found that Fe-SACs contains a lower content of atomic Fe-N,
sites than the Fe-SACs prepared by treating at a lower pyrolysis
temperature. The decrease in the Fe species content can be
attributed to the volatilization of metal species during high-
temperature pyrolysis.>® Additionally, the content of graphitic

920 | Nanoscale Horiz., 2022, 7, 916-923

N increases with pyrolysis temperature, while the contents of
pyridinic and pyrrolic N decrease significantly. However, this
can be related to the increment of graphitization degree caused
by the high-temperature annealing and post-synthesis acid
treatment, during which both pyrrolic and pyridinic N were
converted to thermodynamically more stable graphitic N.
Further, the increased intensity of n-n* in XPS of C 1s peak
confirms the increase in the degree of graphitization (Fig. S10,
ESIt). The increased graphitic N surrounding the Fe-N, sites
could dramatically impact the spin state of the Fe center and its
catalytic properties, as can be observed both experimentally
and theoretically. The oxidation state of Fe was also analyzed by
XPS based on the Fe 2p photoelectrons signals (Fig. 3d and
Fig. S9, ESIY), in which two pairs of peaks could be assigned to
the Fe>* (711.2 and 725.1 eV) and Fe*" (712.9 and 726.7 eV),
with a satellite peak at 718.8 eV. The binding energy values
and associated shakeup structure point to Fe** species thus;
majority of Fe** was oxidized to Fe*" in the presence of organic
compound and higher temperature pyrolysis similar to previous
report.>®>’

The local structural and electronic states of the Fe atom were
analyzed by X-ray absorption near edge structure (XANES) measure-
ments of the as-synthesized catalysts. The edge of XANES spectra of
both Fe-SAC catalysts shifted towards a higher binding energy
compared to that of the Fe foil (Fig. 3a), suggesting a positive
charge state of Fe atoms in the as-synthesized Fe-SACs.*?%%>°
Further, additional structural information was also inferred from
extended X-ray absorption fine structure (EXAFS) spectra at the Fe

This journal is © The Royal Society of Chemistry 2022
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K-edge (Fig. 3b). The Fourier transformed (FT) k*y(x) spectrum
exhibited a dominant peak centered at the R space of 1.45,
corresponding to the Fe-N bond, similar to the previously reported
Fe-N peak in FePC,>® corroborating the existence of the Fe-N,
coordination and the Fe-O interaction of FeO sites around 1.62 A.
The absence of the peak at approximately 2.18 A (corresponding to
the Fe-Fe bond) further confirms the atomic dispersion of the
isolated Fe atoms in Fe-SACs.®® Considering the enhanced electro-
chemical performance of Fe-SACs, the results suggest that the CO,
reduction activity in Fe-SAC samples is predominantly derived from
the active sites of Fe-N coordinated together with neighboring
graphitic N. Further, to understand the observed durability of the
catalysts, we obtained the XPS spectra and HRTEM for Fe-SACs
after prolonged CO,RR at —0.5 V vs. RHE (Fig. S11 and Table S1,
ESIt). The content of M-N, shows negligible variation, which is
consistent with the observed stable FEqo during the prolonged
stability test (Fig. 2f). Moreover, HRTEM shows the absence of
nanoparticles or clusters on carbon after 35 h of reaction. All these
results indicate that the observed remarkable durability of Fe-SACs
for CO,RR (Fig. 2f) could be due to the active component of M-N,.
on the catalyst.

2.4. The effect of increased neighboring graphitic N

To obtain atomic insight into the impact of neighboring graphitic
N on the FeN, sites, we conducted spin-polarized density func-
tional theory (DFT) calculations to investigate the effect of doping
different amounts of graphitic N in the neighboring carbon of the
FeN, site on the electronic structure and CO,RR activity. A total
of 27 different substituting structures of graphitic N were con-
structed (Fig. 4a and Fig. S12, ESIt) and marked as xN-y (x = 1, 2,
3, 4), where x denotes the number of doped graphitic N atoms and
y stands for different configurations of the doped graphitic N.
Their activities toward CO,RR were evaluated (Fig. 4b and
Fig. S13, ESIT). CO,RR on FeN, without any surrounding graphitic
N has to overcome a relatively high barrier of 0.702 eV to form
*COOH. Additionally, the desorption of *CO is also not easy in
absence of graphitic N with the barrier of 0.500 eV, as shown in
Fig. 4b. The presence of neighboring graphitic N can significantly
decrease the barrier of forming COOH* and desorption of CO*,

This journal is © The Royal Society of Chemistry 2022

though different atomic configurations of the graphitic N also
play a role. In particular, FeN, with two neighboring graphitic N
(FeN,-2N-3) has the best optimum value with the barrier of its
rate-determining step (COOH* forming) of 0.36 eV. This result is
comparable with the obtained lowest overpotential of 0.34 V in
our experimental analysis.*> Furthermore, we investigate the
Bader charge of *COOH and *CO on the five catalysts (FeNy,
FeN,-1N-3, FeN,-2N-3, FeN,-3N-6, and FeN,-4N-3) (Table S3, EST+).
The result demonstrates that the presence of neighboring graphi-
tic N increases the number of electrons transferred between
COOH and the catalyst, which results in an increase in the COOH
adsorption strength. The strong adsorption strength of COOH*
contributes to the decrease of the COOH* forming a barrier.
Similarly, the presence of neighboring graphitic N decreases the
number of electrons transferred between CO and the catalyst for
FeN,-2N-3 and FeN,-4N-3, which results in the decrease of the CO
adsorption strength, decreasing the energy barrier for desorbing
CO*. For FeN,-1N-3 and FeN,-3N-6, the number of electrons
transferred between CO and the catalyst was not significantly
decreased compared with that of FeN, because of their slightly
distorted structures. These results indicate a potential promo-
tional effect of graphitic nitrogen on Fe-N, for electrochemical
CO, reduction. Therefore, the highly efficient activity of CO,
reduction to CO could be attributed to the synergetic effect of
the Fe-N, moieties and neighboring graphitic nitrogen on the
carbon surface.

3. Conclusion

In conclusion, atomically dispersed Fe-SACs were successfully
synthesized on N-doped carbon through a facile thermal pyro-
lysis method. Subsequent post-treatments including acid leaching
and thermal annealing resulted in significantly elevated content
of graphitic nitrogen neighboring the atomic Fe-N, sites, leading
to enhanced CO,RR activity. The as-synthesized Fe-SAC catalysts
exhibited enhanced CO, reduction activity with the maximum
faradaic efficiency of 91% at —0.5 V vs. RHE, which is equal to
an overpotential of 390 mV. The increased activity of Fe-SACs
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originates from the synergistic effect between the Fe center and
neighboring graphitic N. Moreover, DFT predicted calculations
also revealed that increasing the contents of neighboring
graphitic N can significantly decrease the value of AG*CO.
The different atomic configurations of the graphitic N also
is a contributing factor to observed selectivity. In particular,
FeN, with two neighboring graphitic N (FeN,-2N-3) has the best
optimum value of AG*CO and therefore the lowest overpotential
of 0.34 V was achieved.
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