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A Graphene-Supported Single-Atom FeN; Catalytic Site for Efficient

Electrochemical CO, Reduction
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Gang Wu, Jia Zhang,* Jiong Lu,* and Junzhong Wang*

Abstract: Electrochemical conversion of CO, into valued
products is one of the most important issues but remains a great
challenge in chemistry. Herein, we report a novel synthetic
approach involving prolonged thermal pyrolysis of hemin and
melamine molecules on graphene for the fabrication of
a robust and efficient single-iron-atom electrocatalyst for
electrochemical CO, reduction. The single-atom catalyst
exhibits high Faradaic efficiency (ca. 97.0 %) for CO produc-
tion at a low overpotential of 0.35 V, outperforming all Fe-N-C-
based catalysts. The remarkable performance for CO,-to-CO
conversion can be attributed to the presence of highly efficient
singly dispersed FeNs active sites supported on N-doped
graphene with an additional axial ligand coordinated to
FeN, DFT calculations revealed that the axial pyrrolic nitro-
gen ligand of the FeNs site further depletes the electron density
of Fe 3d orbitals and thus reduces the Fe—-CO m back-donation,
thus enabling the rapid desorption of CO and high selectivity
for CO production.

Electrochemical reduction of carbon dioxide (CO,) to
gaseous fuels or energy-dense liquids offers a promising
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strategy for both storing energy and managing the global
carbon balance."! However, the practical implementation of
this technique is highly challenging owing to the chemical
inertness of CO, and the multiple electron- and proton-
transfer processes involved for its transformation into numer-
ous products.” Of all products, carbon monoxide (CO) is
emerging as one of the most practical targets because of its
large current density and the high selectivity as compared to
other CO, reduction routes.”) Moreover, CO,-to-CO con-
version also represents a key step in Fischer—Tropsch
processes towards the preparation of synthetic fuels. In this
regard, robust and efficient electrocatalysts must be devel-
oped to meditate the electron- and proton-transfer steps to
favor CO production over the competing hydrogen evolution
reaction.

Over the past few decades, numerous noble-metal electro-
catalysts have been reported for CO,-to-CO conversion,
including Cu,’ Ag P! and Au.") However, inadequate activity
and selectivity associated with these catalysts are prohibitive
for their practical application. Therefore, the transition to
earth-abundant nonprecious metals for the electrocatalytic
reduction of CO, to CO is highly desirable. Recently, single
non-noble-metal atoms embedded in N-doped carbon sup-
ports have been proposed and reported to be highly efficient
electrocatalysts for the CO,-to-CO transformation under
aqueous conditions.”) The unique electronic structure of
these single-metal active sites with maximized atomic effi-
ciency render them promising electrocatalysts for the CO,
reduction reaction (CO,RR). Despite rapid progress in this
field, the rational development of robust electrocatalysts with
well-defined single-atom active sites to boost the catalytic
performance for CO,RR still remains a significant challenge.

In this study, we developed a facile approach for the
synthesis of a single-atom catalyst (SAC) consisting of
atomically dispersed FeNjs active sites supported on N-
doped graphene for efficient CO,RR. The FeNs; SAC was
synthesized through the thermal pyrolysis of hemin (H) and
melamine (M) coadsorbed on graphene (G). On one hand,
such a codeposition strategy allows the cross-linking of hemin
and melamine at elevated temperatures, which effectively
suppresses the aggregation of iron atoms on graphene during
the thermal annealing process. On the other hand, the
melamine provides a rich nitrogen source to introduce the
N-dopant into graphene and to anchor an individual iron
atom for the formation of a unique FeNj active site. The
presence of graphene not only increases the electrical
conductivity of the as-synthesized catalyst, but also creates
hierarchical porosity with an enhanced specific surface area.
The resultant SAC exhibited a high CO Faradaic efficiency
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(ca. 97.0%) at a low overpotential of 0.35V, thus out-
performing all Fe-N-C-based catalysts. We expect that our
findings will accelerate the development of novel SACs with
tunable local structures for efficient electrochemical trans-
formations beyond CO, reduction.

To create atomically dispersed FeNj sites embedded in the
N-doped graphene matrix, we designed the following syn-
thetic strategy using a prolonged thermal pyrolysis method.
Hemin (ferric chloride heme) was selected as the iron source
owing to the presence of ferric iron (Fe**) bonded to the
tetrapyrrole macrocycle and two propionic acid groups
(-CH,-CH,-COOH). As illustrated in Figure 1, the first step
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Figure 1. Synthetic route towards single-atom FeN, and FeNj; catalysts.

involves gentle thermal treatment (ca. 200°C) of H mixed
with M to trigger their cross-linking (H-M) through a dehy-
dration reaction between the carboxy group (-COOH) of H
and the NH, group of M. Subsequently, prolonged thermal
pyrolysis (at a rate of 2°Cmin~" up to 800°C) was expected to
create the catalyst consisting of isolated FeN, structures
embedded in the carbon matrix. In contrast, a single hemin
source upon thermal annealing tends to form iron-based
nanoparticles Fe NP with few single Fe-N, sites. Upon the
addition of defective graphene with an excess amount of M,
thermal decomposition of M at high temperature results in
the formation of N-doped graphene. The N-dopant forms an
additional axial ligand coordinated with FeN, to form a new
FeNj catalytic site anchored on graphene (H-M-G, Figure 1,
bottom right). The morphology and phase of various samples
were characterized by X-ray diffraction (XRD), SEM, and
TEM (see Figures S1-S3 in the Supporting Information). We
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also conducted in situ FTTIR measurements to monitor the
change in hemin and melamine on graphene as a function of
annealing temperature (see Figure S4). The gradual decrease
in intensity of the peaks associated with the amine (around
3600 cm ') and carboxy groups (1715-1720 cm™') in H-M
reveals a possible amidation reaction between H and M,
which favors the formation of atomically dispersed single Fe
sites.

We first conducted spherical-aberration-corrected scan-
ning transmission electron microscopy—annular dark field
(STEM-ADF) measurements to gain a detailed understand-
ing of the morphologies of as-prepared catalysts (derived
from H-M-G). A large-field-of-view STEM-ADF image
showed an absence of larger clusters of as-prepared catalyst
(H-M-G; Figure2a). An atomic-resolution STEM-ADF
image (Figure 2b) revealed that Fe atoms were atomically
dispersed and well-separated on graphene without aggrega-
tion into particles. We also carried out electron energy loss
spectroscopy (EELS) measurements of this sample. The
EELS spectrum (Figure 2c¢) acquired in the region marked by
the dashed rectangle in Figure 2a revealed the coexistence of
Fe L,,;-edge and N K-edge features, with peaks at 708.0 and
401.6 eV, thus suggesting that isolated Fe atoms were
probably anchored in graphene through bonding with nitro-
gen atoms. The observation of a weak oxygen-related signal is
presumably due to the presence of COOH groups in the H
molecule. The surface atomic concentration of Fe and N in the
H-M-G sample was determined by X-ray photoemission
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Figure 2. Morphology and compositional characterization of the FeNs
catalyst (H-M-G). a) Large-field of view and b) magnified view of STEM
images of uniformly distributed single Fe atoms in graphene. Dashed
circles in (b) indicate typical single Fe atoms. Scale bars: 10 nm (a),

2 nm (b). c) EELS spectra of the N K-edge, O K-edge, and Fe L,;-edge
as acquired in the catalyst region marked by dashed rectangle in (a).
The inset reveals the corresponding elemental ratio derived from XPS
data. d) High-resolution N 1s XPS spectra for the H-M-G catalyst.
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spectroscopy (XPS) to be 1.44 and 13.56%, respectively
(Figure 2¢, inset), which is higher than that in the H-G
catalyst (Fe 0.87%, N 1.65%; see Figure S5), thus indicating
that the use of melamine not only facilitates the N-doping of
graphene but also favors the subsequent coordination to
anchor iron atoms. Furthermore, the high-resolution N 1s
spectrum of the H-M-G sample (Figure 2d; see also Fig-
ure S6) can be deconvoluted into four components corre-
sponding to pyridinic N or Fe-N (centered at 399.0 eV),
pyrrolic N (400.8 eV), graphitic N (401.9 eV), and oxidized N
(404.8eV).®l The coexistence of a high percentage of
pyridinic and pyrrolic N plays an important role for the
formation of unique FeNs sites towards the efficient CO,RR,
as discussed below.

To probe the local structural and electronic states of the
Fe atoms, we performed X-ray absorption near edge structure
(XANES) measurements of as-synthesized catalysts. The
edge of XANES spectra of both H-M (FeN,) and H-M-G
(FeNs) samples shifted towards higher binding energy as
compared to that of Fe foil (Figure 3a), thus suggesting
a positive charge state of Fe atoms in the as-prepared catalysts
(H-M and H-M-G).”! Additional structural information can
also be inferred from extended X-ray adsorption fine
structure (EXAFS) spectra at the Fe K-edge (Figure 3d).
Furthermore, the Fourier transformed (FT) k*¢(k) spectrum
exhibited a dominant peak centered around 1.47 and 1.56 A
for the H-M and H-M-G sample, respectively. The absence of
the peak at approximately 2.18 A (corresponding to the Fe—
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Figure 3. Fe K-edge XANES and EXAFS spectra of different samples.
a) Experimental Fe K-edge XANES spectra of synthesized catalysts and
Fe foil. b,c) Comparison of the experimental XANES curves with the
calculated XANES data of FeN, (pyrolyzed sample of hemin and
melamine molecules, H-M) and FeNy (pyrolyzed sample of hemin and
melamine on graphene, H-M-G). The insets show the DFT-optimized
FeN, and FeNj; structure, respectively. d) Fourier transformed (FT)
extended X-ray absorption fine structure (EXAFS) of these samples.
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Fe bond) further confirms the atomic dispersion of isolated Fe
atoms in these two samples.'” In contrast, the Fourier
transformed (FT) k*y(k) spectrum of the H sample shows
two features at 1.56 and 2.18 A, suggesting the coexistence of
isolated Fe sites and Fe nanoparticles.

We performed DFT calculations in combination with
a standard XANES calculation method to determine the
atomic structures of the iron single-atom catalysts (Fe;-
SACs). On the basis of the plausible reaction mechanism and
all the observations discussed above, it is most likely that
isolated FeN, and FeNj sites are formed in H-M and H-M-G,
respectively. These two proposed configurations for the Fe;-
SACs synthesized in this study were further optimized by
DFT calculations (see Figure S7 and Table S1 in the Support-
ing Information). To verify these two structures, we calculated
their corresponding XANES spectra (Figure 3b,c) using the
finite difference method of the FDMNES code,'! which
showed good agreement with our experimental data acquired
on the H-M and H-M-G catalyst, respectively, thus indicating
that we successfully synthesized two types of Fe;-SACs: FeN,
for H-M and FeNj; for H-M-G.

An excess of melamine (M) assists the formation of
separated Fe-Nj sites in the H-M sample through thermal
annealing. In contrast, the addition of defective graphene to
H and M facilities the formation of FeNy rather than FeN,
sites. The graphene sheet will be subjected to N-doping at
high temperature in the presence of a large amount of M. The
resulting N-doped graphene provides the axial ligand site for
coordination with FeN, to create a new FeNjy site. The
introduction of a high density of N-dopants in this H-M-G
sample is further supported by the EDS and Raman spectra.
EDS analysis (see Figure S8) showed that the amount of N
atoms (16.5 atom % ) was approximately 20 times higher than
the amount of Fe atoms (0.8 atom %) in the H-M-G sample,
thus indicating an abundance of N sites for the formation of
pentacoordinated iron (FeNj). Analysis of the intensity ratio
of the D (1360 cm ') and G bands (1590 cm ') in Raman
spectra allows us to probe the degree of disorder in graphitic
systems (see Figure S9e¢). The /1 ratios of H-M-G and H-M
were determined to be 1.06 and 1.13, respectively, and thus
much higher than for graphene (0.4), as attributed to the
formation of a high density of N-dopant and embedded single
Fe atoms in these samples.

After gaining a better understanding of the structure of
these samples, we evaluated their electrocatalytic perfor-
mance for CO,RR using a two-compartment electrochemical
cell in 0.1 KHCO; solution. The linear sweep voltammetry
(LSV) measurements of the FeNj catalyst in both CO,- and
Ar-saturated 0.1m KHCOj; are shown in Figure 4 a. For a CO,-
saturated KHCO; solution, CO,RR was initiated at a poten-
tial of —0.26 V (vs. RHE), corresponding to an overpotential
of 0.15 V (note that the equilibrium potential for the CO,/CO
couple is —0.11V (vs. RHE) at pH 6.8"?). The resulting
current density increased abruptly below —0.40 V, as attrib-
uted to the CO,RR together with the competing HER.

We employed gas chromatography (GC) and 'H NMR
spectroscopy to analyze the gaseous and liquid products from
CO,RR using different catalysts. It was observed that CO was
the dominant product; liquid product was absent for all the
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Figure 4. CO,RR catalytic performance of as-synthesized catalysts. a) LSV scans (20 mVs™') for the FeN;
catalyst (H-M-G) in Ar- and CO,-saturated KHCO; solution (0.1 m). b—d) Comparison of the electrocatalytic
activity of as-synthesized catalysts: Faradaic efficiency (b), partial current density (c), and production rate of
CO versus potential (d). e) CO,RR performance of the H-M-G catalyst in comparison with that of typical
catalysts reported for CO,RR (see Table S2). f) Long-term durability of the H-M-G catalyst operated at —0.46 V

(vs. RHE) for 24 h.

catalysts tested in this study. The corresponding Faradaic
efficiency (FE) for CO production was measured in the
potential range from —0.26 to —1.06 V (vs. RHE) for all the
catalysts synthesized. Among all these catalysts, the FeNjs
catalyst exhibited the highest selectivity for CO production,
with a maximum FE of 97.0% at —0.46V (vs. RHE),
corresponding to an overpotential of 0.35 V. As the potential
changed to more negative value, the FEs gradually decreased,
since the competitive HER becomes dominant,™ consistent
with the LSV results. In comparison, the maximum FE for CO
was determined to be 79, 67, and 31 % for H, FeN,, and M-G
catalysts, respectively. The overpotential at the maximum FE
for CO formation over FeNj (0.35 V) is lower than that of the
FeN, and H catalysts (Figure 4b) as well as the majority of
reported catalysts, including N-doped carbon matrix">'¥ and
transition-metal single-atom doped carbon frameworks, such
as atomic Fe,"™ atomic Ni,™!* and atomic Co!'”! (Figure 4e;
see also Table S2). The partial current density (joo) for CO
production by FeNj is also significantly higher as compared to
the FeN,, H, and M-G catalysts (Figure4c). The CO
production rate of the FeNj catalyst increases dramatically
as the potential becomes more negative. The production rate
offered by FeNjs is much higher than that of other samples for
all the potentials tested (Figurede; see also
Table $2)."*13¢17 The potential value affects the current
density (Figure 4c) and the rate (Figure 4d) of CO formation,
probably as a result of mass-transport limitations in the
movement of CO, to the electrode and CO product from the
electrode as well as the competition between HER and
COZRR.[]l 14b,18]
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comparison of electrocata-
lytic performance between
FeN, and FeN; samples.
XPS results revealed that
FeN, possessed a higher N
and Fe content than that of
FeNs (see Figure S5). How-
ever, FeN, showed much
poorer electrocatalytic performance than FeNs, which further
indicates that the presence of the additional axial ligand in
FeNy dramatically enhances the electrocatalytic CO,RR
performance.” Apart from its high electrocatalytic activity,
we also tested the durability of the FeNjs catalyst at a constant
potential of —0.46 V (vs. RHE) for more than 24 h (Fig-
ure 4 f). The current density showed less than 2% decay, and
the FE of CO production remained constant (ca. 97 %)
throughout the test, thus suggesting high cycling stability of
the FeNj catalyst. After long-term durability test of the FeNjy
catalyst, the atomic Fe remains the configuration of FeNs on
the carbon matrix (see Figure S11).

To understand the superior catalytic performance of the
FeNj catalyst, we calculated the free-energy profile for the
lowest-energy pathway for the electrochemical CO,-to-CO
reduction on FeNjy in comparison with that of FeN, (Fig-
ure 5a; see also Figure S12). The electrochemical CO,-to-CO
conversion involves two proton/electron transfer steps,
including 1) the initial protonation of CO, to form *COOH
(CO,+*+H"+e —*COOH); and 2)the subsequent
hydrogenation of *COOH to generate *CO and H,O
(*COOH +H* + e~ —*CO + H,0). Finally, the formed *CO
can desorb from the catalyst surface to complete the catalytic
process. As shown in Figure 5Sa, the key step for CO
production is different over these two catalysts, that is, the
CO,—*COOH step over the FeNs catalyst and the *CO
desorption step over the FeN, catalyst. We noticed that the
free-energy change of the key step over the FeNjs catalyst is
0.77 eV (CO,—*COOH), which is significantly lower than
that over the FeN, catalyst (1.35eV for *CO—CO + *);
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Figure 5. Evaluation of catalytic activity by DFT simulations. a) Free-
energy profile with the optimized intermediates for the electroreduc-
tion of CO, to CO, as determined by application of the computational
hydrogen electrode (CHE) model. The chemical potential of a proton—
electron pair is equal to half of the chemical potential of gaseous H,.
The asterisk (*) denotes the free adsorption site, and *M (M=COOH,
CO, CHO) indicates the adsorbed chemical species. b,d) Local DOS of
the FeN, (b) and FeNs system (d) with adsorbed CO; the Fermi level
is taken as the zero-energy point. c,e) Partial charge density of the
plane formed by O-C-Fe-N within the energy range of —1.56 to

—0.82 eV for FeN, with adsorbed CO (c) and the plane formed by O-C-
Fe-N-pyrrolic N within the energy range of —3.31 to —0.99 eV for the
FeNjy system with adsorbed CO.

therefore, the FeNj catalyst exhibits superior catalytic activity
for the CO,-to-CO conversion. Indeed, the binding strength
of *CO to the catalytic sites plays an important role in the
selective CO production. As shown in Figure 5a, CO is
strongly adsorbed on the FeN, site with a desorption energy
(AGyes = G- coy—Gcoy) of 1.35 eV, which is higher than the
free-energy change for the *CO—*CHO step (AG=
1.00 eV). Thus, it is most likely that the CO molecule will
be trapped on the catalyst surface or undergo further
protonation. This behavior accounts for the lower CO
selectivity over the FeN, catalyst. In contrast, the relatively
weak binding strength of *CO to the FeNjs site (AGy=
0.54 V) facilitates the desorption of CO from the active
site, thus leading to high CO selectivity.

To gain deeper insight into the catalytic selectivity, we
further investigated the local density of states (LDOS) and
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partial charge density for FeN, with adsorbed CO (CO_FeN,)
and FeN; with adsorbed CO (CO_FeNjs; Figure Sb—e; see also
Figure S13). It was reported that the filled 5o and the empty
2m* states of CO are mainly responsible for the CO-metal
bonding.?!! In particular, the 27* interaction dominates the
variation of the CO binding strength, that is, the back-
donation from metal d orbitals to the antibonding CO 2m*
orbital strengthens the metal-carbon interaction but weakens
the carbon-oxygen bond strength.”” The o bonding inter-
action between CO and Fe of FeN, is located around —6.4 eV
(Figure 5b) and arises from the d,. orbital of Fe and the p,
orbitals of C and O (see also Figure S13a). On the other hand,
the CO 2z* coupling to Fe 3d states gives rise to new bonding
states below the Fermi level. Partial charge density calcu-
lations in combination with the LDOS analysis (Figure 5b,c;
see also Figure S13a) reveals that the m,, interaction is
mainly due to the hybridization of Fe d,., d,, orbitals and C p,,
p, orbitals within the energy window from —1.56 to —0.82 eV.
Interestingly, the interaction between Fe and the underlying
pyrrolic N-doped graphene results in a unique electronic
structure for the FeN;s active site. As shown in Figure 5d,e, the
p—d coupling between pyrrolic N and Fe creates the bonding
states in the energy range of —3.31 to —1.92 eV, which is lower
than that of the Fe-CO = states (from —1.80 to —0.99 eV).
Bader charge analysis indicated that Fe has a higher oxidation
state in the FeNs system (+1.19 ¢) than in FeN, (4 0.98 ¢).
The d electron transferring from Fe to the p, and p, orbitals of
the pyrrolic N atom reduces the Fe—CO &t back-donation, thus
leading to relatively weak CO adsorption at the FeNs site.
Consequently, high selectivity for CO production is observed.

In summary, we have devised a new approach for the
synthesis of a robust single-atom electrocatalyst consisting of
atomically dispersed FeNj sites anchored on graphene for
electrochemical CO, reduction. The as-synthesized FeNj
catalyst showed excellent catalytic performance for electro-
chemical CO,-to-CO conversion with a high Faradaic effi-
ciency of approximately 97.0 % at a very low overpotential of
0.35 V. In contrast to FeN,, the axial pyrrolic N ligand
depletes the electron density of Fe 3d orbitals and reduces the
Fe—CO n back-donation, thus resulting in rapid CO desorp-
tion for highly selective CO production. Our results pave
a way for the design of novel SACs with a tunable local
environment for a wide range of energy- and environment-
related applications.
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