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Transition metal single-site catalysts have unique activities for electrochemical CO, reduction. However,
the exact active center and reaction mechanism remain unclear due to a number of challenges in the
controllable synthesis of single-atom catalysts (SACs) and defects in metal supports. Here we combine
both experimental and theoretical calculations to systematically explore the mechanistic reaction path of
selected transition metal single sites on nitrogen-doped porous carbon. Facile pyrolysis was employed to
prepare a fullerene type carbon with 0.35 nm interlayer distances to support the family of M=N-C (M =
Ni, Fe, Co and Cu). Experimentally, Ni and Fe outperform the other metals with high faradaic efficiency up
to >97% and 86.8%, respectively. The theoretical calculations reveal that Ni-N-C exhibits optimum
activity for CO, reduction to CO at a higher overpotential because of the moderate *CO binding energy
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at the Ni site, which accommodates *COOH formation and *CO desorption. Furthermore, the strong

binding energy of *CO on the Fe site enables the catalyst to reduce CO, beyond CO. A remarkable

current density of 17.6 mA cm™ has been achieved with the Ni-N—-C catalyst and a record of 5.74 s~
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1. Introduction

Converting CO, to value-added chemicals is crucial to realize
energy and environmental sustainability.’ Renewable energy-
powered electrochemical CO, reduction is considered as a
promising technology to convert CO, to useful chemicals due
to high efficiency and mild reaction conditions.*™® In the past,
noble metals were the preferred groups as heterogeneous elec-
trocatalysts for carbon dioxide reduction reactions
(CO,RR).” " Noble metals exhibit appropriate electronic pro-
perties, which not only favor the CO,RR pathway, but also have
the capability to suppress the competitive hydrogen evolution
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TOF has been realized at —0.8 V vs. RHE for the Ni-N-C catalyst.

reaction (HER)."'™® However, noble metal-based electrocata-
lysts suffer from large overpotentials and poor stability, and
they are very expensive to use practically."*"® Therefore, low-
cost, durable and Earth abundant catalytic materials for high-
performance CO,RR need to be extensively explored to replace
those noble metals for practical applications."” >

Single-atom catalysts (SACs) of transition metals are an excel-
lent candidate due to their remarkable catalytic performances
and maximized atom utilization.”*** In particular, many single-
metal (M = Fe, Co, Ni, Cu, Mn)-nitrogen (N)-doped carbon (C)
electrocatalysts for CO,RR have been reported with M-N, as the
active sites.**° It has been shown that, Ni,***' Fe*** and
Co*® single-atom catalysts selectively reduce CO, to CO. In par-
ticular, by regulating the coordination number, they form
different structures with nitrogen moieties (M-N,, x = 2-4), which
impacts the intrinsic properties of the key reaction intermediate
for CO,RR. However, despite their promising performance, their
feasibility for commercialization is still at the infant stage. In the
past few years, graphene-supported SACs and zeolitic imidazolate
frameworks containing Co (ZIF-67) and Zn (ZIF-8)*”*® have
gained extensive attention, but the complex synthesis method
and their low yield limit their practical applications.

Furthermore, due to a number of challenges in the control-
lable synthesis of SACs and defects in supports, it is difficult to
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clearly locate the active site and deduce a clear reaction mecha-
nism. Other materials such as molecular catalysts,*® metal-
organic frameworks*® and immobilized porphyrins®' severely
suffer from low electrical conductivity and hence are not suit-
able as CO, reduction catalysts at large current densities.
Exploration of a simple, low cost and scalable synthesis of
single metal atoms remains challenging.”>** Recently, a
density functional theory (DFT) study on metal porphyrins
showed that based on the metal center it is possible to reduce
CO,.*** But, the detailed reaction mechanism is still missing.

Herein, we have synthesized well-defined M-N-C electroca-
talysts with a M-N, structure supported on cheap and scalable
carbon with a variety of transition metals (Fe, Co, Ni, and Cu)
for highly efficient CO,RR. Carbon black not only provides
excellent conductivity, but also a large surface area to support
those individual metal atoms. Experimentally, we found that
Ni-N-C outperforms other metals with >97% FE toward CO at
larger overpotentials, while Fe-N-C exhibits better activity at
—1.5 Vvs. RHE. Cu-N-C is considered as an efficient H, produ-
cer as it shows over 75% FE toward H, for the entire potential
scan. An excellent turnover factor (5.74 s~') and large current
density are also achieved with the Ni center. Furthermore, we
combine both experimental and theoretical studies to identify
the active site and the reaction path of the immobilized single
metal atom on the surface of the support. Systematic DFT
studies on the reaction system show that both Ni-N-C and
Cu-N-C have a moderate *CO binding energy, which is favor-
able for the reaction steps of *COOH formation, making them
the optimum catalysts for the selective electrocatalytic
reduction of CO, toward CO at higher overpotentials. While
due to the strong *CO binding to the Fe catalyst, the Fe-N-C
catalysts work better at lower overpotentials. Simulation indi-
cated the tendency of Fe-N-C catalysts to withhold adsorbed
CO for further dissociation and protonation to form methane
(CH,), further supporting our experimental analysis.

2. Results and discussion

In order to form a similar coordination environment and
active sites for CO, to CO conversion, commercially available
carbon black with an activated surface to trap metal atoms was
used. Due to the presence of defects and oxygen-containing
functional groups on the surface, activated carbon black pos-
sesses a high adsorption capacity to metal cations in aqueous
solution. An illustration of the synthetic process for the cata-
lyst is shown in Fig. 1a. The surface morphology of the cata-
lysts was examined by SEM and TEM. SEM images show the
morphology of the immobilized catalyst as a porous nature
with a ball-like structure (Fig. S1f). High-resolution TEM
(HRTEM) combined with XRD diffraction analysis confirmed
the absence of aggregation of metals to either nanoparticles or
clusters. The amorphous carbon support is predominant in all
samples. The absence of peaks associated with oxide-derived
particles of the metals further assures the strong confinement
of the metal center with the nitrogen of carbon (Fig. S2 and
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S3t). The presence of all elements and atomic dispersion of
the metal were verified by elemental mapping (Fig. S47).
Aberration-corrected  bright-field STEM image analysis
(Fig. 1b-e) revealed a typical multi-shell structure with inter-
layer distances of 0.35 nm after annealing on defective gra-
phene layers of carbon. This may act as a coordination matrix
for metal ion immobilization. Further investigation of the
atomic distribution of the metals by aberration-corrected
HAADF-STEM image analysis in the sub-angstrom size
(Fig. 1f-i) confirmed the good dispersion of isolated metal
atoms on carbon support, all the bright circled dots represent
the individual metal atoms on the carbon matrix, which
further justifies the strong anchoring of the metal atoms on
carbon and assures the absence of nanoparticles or clusters on
the carbon support. All these together provide evidence for the
strong confinement of metals with the carbon support.

The catalyst surface chemical composition and state were
investigated by X-ray photoelectron spectroscopy (XPS) (Fig. 2).
High-resolution N 1s spectra for Co, Ni, Fe, and Cu-N-C show
that the N 1s spectrum was deconvoluted into pyridinic N
(~398.5 eV), N,-M (~399.4 eV), pyrrolic N (~400.3 eV), quatern-
ary (~401.2 eV), and N-O, (~402.9 eV) species'>*****° It was
noted that the atomic concentration in all four catalysts is
dominated by pyrrolic nitrogen (Table S1 in the ESIt). The oxi-
dation states of the respective metals were further analyzed by
a 2p photoelectron signal (Fig. S81). Two peaks associated with
metal 2p,,, and 2p;,, at their respective binding energies for
each metal with their respective satellite peaks are shown.
Metal 2p;, shake-up provides an insight into the chemical
state of these metals, which is consistent with M>" species
except for Fe-N-C, which shows that the majority of Fe>* were
oxidized to Fe*,

Furthermore, additional detailed structural information
about the valence state and local coordination of the metal
centers was obtained from X-ray absorption near-edge spec-
troscopy (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy. The Fourier transform (FT) k;-weighted
x(k) function of the EXAFS spectra for Ni-N-C and Fe-N-C
exhibited dominant Ni-N and Fe-N coordination with a peak
at 1.42 A and 1.46 A, respectively (Fig. 3b and d). No peaks
corresponding to Ni-Ni and Fe-Fe interactions were observed
in either Ni-C-N or Fe-N-C catalysts, confirming that the Ni
and Fe species were dispersed as single atoms. The X-ray
absorption near-edge structure (XANES) spectrum of Ni-C-N
(Fig. 3a) showed that the intensity of the line is located
between those for the Ni foil and nickel phthalocyanine (NiPc),
suggesting that Ni in our catalyst is an intermediate valence
state between Ni’ and Ni**, while the binding and edge ener-
gies of Fe-N-C in XANES (Fig. 3c) resemble Fe,0;, indicating
that the Fe ions in the as-synthesized Fe-N-C were in the +3
oxidation state. This further justifies our XPS results, which
are also in agreement with previous reports.***”™*° From the
inset (Fig. 3a), the pre-edge of the XANES spectra, the peak at
8.334 eV is assigned to the transition (1s — 3d),*® which
signals 3d and 4p orbital hybridizations of the Ni central
atoms (Fig. S107).

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic of the synthesis process of the M—N—-C catalyst (a). Aberration-corrected bright-field STEM image of (b) Ni-N-C, (c) Fe-N-C, (d)
Co—N-C and (e) Cu-N-C and their respective aberration-corrected HAADF-STEM images (f—i).

Furthermore, the Fourier-transformed EXAFS spectra of
both Cu-N-C and Co-N-C showed a main peak at ~1.5 A,
which could be assigned to the Cu-N and Co-N bonds.
Notably, the peak related to Cu-Cu and Co-Co bonds at ~2.2 A
was absent (Fig. S127), in both Cu and Co-N-C catalysts. This
suggests the presence of individually distributed Cu and Co
atoms. Thus, based on the combined HAADF-STEM and
EXAFS results, both Cu and Co species were atomically dis-
persed on the carbon support. The threshold energy of the Cu
K-edge XANES spectrum of Cu-N-C showed similar features to
that of Cu" phthalocyanine (Fig. $12t). This further supports a
predominant +II oxidation state of the Cu centers. Co K-edges
show that Co-N-C has an intermediate oxidation state
between Co and Co(u) (Fig. S127).

The least-squares EXAFS curve fitting for the first coordi-
nation shell without a background correction for both Ni-N-C
and Fe-N-C was performed (Fig. 3e and f); the results indi-
cated that both Ni and Fe centers adopt a planar structure
with average coordination numbers of Ni-N and Fe-N paths
with 3.4 and 3.6, respectively. Furthermore, no metal-metal
bond was detected in both catalysts. Both fitting spectra of Ni-

This journal is © The Royal Society of Chemistry 2020

N-C and Fe-N-C prove the atomic dispersion of Ni and Fe
sites in Ni**-N-C and Fe*'-N-C, respectively. Furthermore, the
fitted results showed both Ni and Fe are coordinated to four N
atoms at distances of ~1.85 A and ~1.97 A, respectively
(Table S47).

To evaluate the catalytic activity and selectivity for CO, con-
version, linear scanning voltammetry (LSV) values were
obtained at a cathodic sweeping rate of 5 mV s™' in both Ar-
saturated and CO,-saturated 0.1 M KHCO; electrolytes (Fig. 4).
Except Co-N-C which showed an onset potential with a signifi-
cant current increase in N,-saturated 0.1 M KHCOj3, which ori-
ginated from the hydrogen evolution reaction, other catalysts
exhibited a higher current density over the entire potential
range in the CO,-saturated electrolyte because of the activation
of CO,. Reductive current increases as the potential sweeps to
a more negative value than —0.3 V vs. reversible hydrogen elec-
trode (RHE) for Fe-N-C reaching a jco up to 2.7 mA em™ at
—0.5 V vs. RHE equal to an overpotential of 390 mV, while for
Ni-N-C the cathodic current density reaches up to 17.6 mA
em™? at —0.8 V vs. RHE. Compared to Co-N-C and Cu-N-C,
the current density obtained using Ni is far superior. The

Nanoscale, 2020, 12, 16617-16626 | 16619
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Fig. 2 High-resolution XPS characterization. N 1s XPS core level region of (a) Ni-N-C, (b) Fe—-N-C, (c) Co—N-C and (d) Cu—N-C catalysts.

CO,RR catalytic activity of the M-N-C catalyst, prepared by drop-
casting onto 1 cm x 1 cm carbon paper, was evaluated in a stan-
dard three-electrode H-cell configuration in CO,-saturated 0.1 M
KHCO; as the electrolyte by gas chromatographic analysis for the
gas products and by "H-NMR analysis for the liquid products. H,
and CO are the major gas products in 2-electron coupled proton/
electron transfer reactions according to:

2H" (so1) + 2€7 + COys01) — H20() + CO(g), (1)

2H+(501) +2e” — Hy(y)- (2)

All the catalytic tests were conducted under a controlled
potential for 1 h to understand the fundamental mechanistic
reactions of CO, electroreduction on single-site motifs. Hence,
we focus on the trends in the reactivity of different M—-N-C cat-
alysts at different potentials. The CO, electroreduction exhibits
strong dependence on the nature of transition metals not only

16620 | Nanoscale, 2020, 12, 16617-16626

in syngas production but also on overpotentials at which
maximum CO efficiencies were observed. During electrolysis,
Ni-N-C showed a maximum faradaic efficiency >97% at —0.8 V
vs. RHE, while Fe-N-C showed a maximum faradaic efficiency
of 86.8% at a lower potential which is —0.5 V vs. RHE (Fig. 5).
The partial current and faradaic efficiency showed by Ni-N-C
are comparable to those of monodisperse Au nanoparticles
and Au nanowires in previous reports.’”>! Thus, Fe-N-C selec-
tively reduces CO, at lower overpotentials, while Ni-N-C
reduces CO, at higher overpotentials. Cu-N-C is considered as
an efficient H, producer as it showed a H, FE over 75% during
the entire potential range. This makes Cu-N-C a catalyst with
poor selectivity toward CO,RR (Fig. 5b). Furthermore, due to
the competitive HER at higher overpotentials, the FEs drop
gradually in all catalysts.

We also noted that the Fe-N-C catalyst has the ability to cat-
alyze the protonation of CO to methane (CH,) like the copper-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 K-edge XANES spectra (a and c) and ksz-weighted y(k) function of the EXAFS spectra (b and d) for Ni-N-C and Fe—-N-C, respectively. The
inset shows the enlargement of the main edges and the corresponding EXAFS fitting curves (e and f).

based catalyst as a small fraction of methane was detected at a
potential more negative than —0.3 V vs. RHE (Fig. 5c). A series
of control samples with bare carbon (C) and N-C were ana-
lyzed to fully understand the catalytic mechanism and path of
the CO,RR. M-N-C shows a much larger current density than
that on C and N-C (Fig. S147). Based on this fact, it can be
seen that the large response of M-N-C to CO,RR could be
mainly attributed to the central metal atoms. To further eluci-
date the outstanding performance, we carried out electro-
chemical surface area (ECSA) measurements (Fig. S15 and
S167). The double layer capacitance as a reference of ECSA
showed that Ni-N-C possess five times higher ECSA than Cu-
N-C, while that of Fe-N-C is three times higher than Cu-N-C.
Fe-N-C catalyst showed an ECSA which is six times higher
than that of Co-N-C. Thus, the high double layer capacitance
of Ni and Fe-N-C was attributed to the higher porosity of
these two series of catalysts.

Turnover frequencies (TOFs) for CO production from
CO,RR at respective potentials where maximum faradaic
efficiency was exhibited based on the partial CO current den-
sities were calculated to confirm the high activity of this family
of catalysts. A high TOF of 5.74 s™" was achieved for the Ni-N-
C-based catalyst at —0.8 V vs. RHE which is higher than that of
some previously reported state-of-the-art heterogeneous elec-
trocatalysts for CO, reduction to CO (Fig. 6¢ and Table S37).
We further analyze the stability of Ni- and Fe-based catalysts at
—0.8 Vand —0.5 V vs. RHE potentials, respectively. 24 h electro-
lysis tests were carried out. Partial CO current and CO
efficiency versus time were plotted (Fig. 6a and b). We noted a

This journal is © The Royal Society of Chemistry 2020

minor drop of CO partial current, while CO FE was held above
95% for Ni-N-C and maximum CO faradaic efficiency was
maintained above 80% for the Fe-N-C catalysts. To under-
stand the observed durability of the catalysts, we obtained the
XPS spectra and HRTEM image for Fe-N-C and Ni-N-C after
CO,RR for 12 h and 24 h, at —0.5 V and —0.8 V vs. RHE,
respectively (Fig. S17 and Table S21). The content of M-N,
shows negligible variation, which is consistent with the
observed stable FEco during the prolonged stability test
(Fig. 6a and b). HRTEM further shows the absence of nano-
particles or clusters on carbon after the 24 h reactions. All
these results indicate that the observed remarkable durability
of Fe-N-C and Ni-N-C for CO,RR (Fig. 6a and b) could be due
to the remarkable durability of the active component of M-N,,
on the catalyst.

Density Functional Theory (DFT) calculations were per-
formed to understand more about the atomistic insight into
the origin of improved performance and activity-selectivity
trends of M-N-C catalysts. Based on the Ni-N and Fe-N EXAFS
curve fitting (Table S4t), Ni and Fe single atoms coordinated
by three and four nitrogen atom species embedded in carbon
were both considered in DFT calculations. From the DFT cal-
culations (Fig. 6 and Fig. S20t), we noted that the catalytic
activity shows different rates of dependence on the nature of
metal center and applied potentials. Our experimental results
also pinpoint the order in the change of catalytic activity at
different potentials indicating that the activity of CO,RR
strongly depends up on the nature of the metal center. During
CO,RR, the main rate-determining step is the formation of

Nanoscale, 2020, 12, 16617-16626 | 16621
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Fig. 4 CO, reduction reaction activities. Linear sweep voltammetry of (a) Ni-N-C, (b) Fe-N-C, (c) Co—-N-C and (d) Cu-N-C in CO,-saturated 0.1
M KHCO3 (red lines) and in N,-saturated 0.1 M KHCOs (blue lines) at 5 mV s~ in the cathodic direction.

COOH*, which determines the required overpotential. As
shown in the Gibbs free energy diagrams in Fig. 6d, the
binding of COOH is strong on Fe-N-C and Co-N-C, indicating
that only a low overpotential is needed for the electroreduction
of CO, to CO, while the binding of COOH on both Ni-N-C and
Cu-N-C systems is very weak, indicating that these two
systems need a relatively large overpotential for CO,RR. These
results further proved by our experimental findings show that
at lower overpotentials (near the onset) Fe-N-C and Co-N-C
start to reduce CO,, while Ni-N-C and Cu-N-C need more
potential, as evidenced by the relationship between AGcoon
vs. onset potentials (Fig. 6e). Desorption of *CO is the other
main rate-determining step for CO,RR. In order to achieve
high rates of CO, reduction, desorption of *CO should be fast,
i.e. the CO binding should be weak. At 0 eV potential (Fig. 6d
and Fig. S20t), CO cannot adsorb on the Ni-N-C and Cu-N-C
catalysts. The binding of CO on Co-N-C is very weak (AG is
—0.263 and 0.165 eV for 4-coordinated and 3-coordinated Co-
N-C, respectively), while the binding of CO on 4-coordinated

16622 | Nanoscale, 2020, 12, 16617-16626

Fe-N-C is much stronger with a AG of —1.193 eV. The strong
binding makes the desorption of CO difficult on 4-coordinated
Fe-N-C and has been fully supported by our experimental
results. Among all the catalysts, Fe-N-C is the only one to
produce CH,, which requires CO to bind strong enough and
long enough on the catalyst to undergo dissociation and
hydrogenation steps to give CH,. For the other catalysts, no
CH, is found because the desorption of CO is fast and it pre-
vents CO from further transformation. To further understand
what happens at the intermediate potentials we calculated the
free energy at —0.5 V vs. RHE, and it was observed that at a
potential around —0.5 V vs. RHE, Fe-N-C and Co-N-C reach
their maximum CO production (Fig. S191). The overall CO,
reduction reaction was limited by a non-faradaic chemical
reaction, i.e. CO* — CO(g) at this potential (—0.5 V vs. RHE),
while Ni-N-C and Cu-N-C started to generate CO. The limit-
ing step is the formation of *COOH, indicating that an
increase of applied potentials can increase the CO yield of Ni-
N-C and Cu-N-C. These results exactly explain why the CO

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Long-term stability test (a) and the partial current density (b) for Ni-N—-C and Fe—N-C at —0.8 and —0.5 V vs. RHE, respectively. (c) TOF of
Ni—-N-C and Fe—N-C catalysts compared with other CO, to CO reduction catalysts. (d) Calculated free energy diagram for CO,RR (d) and HER (e)
on the 4-coordinated metal center of nitrogen-doped graphene and (f) the onset potential correlation with the free energy of COOH*.
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Fig. 7 Proposed reaction paths for CO, electroreduction by M—N-C
methane (CHy).

yield increases in the range of —0.5 to —0.8 vs. RHE for Ni-N-C
and Cu-N-C. At very high over potentials >0.9 vs. RHE, with a
further increase of the applied potentials, the CO yield and the
Jeo decrease because the competition process of HER becomes
more relevant (Fig. 5a).

Cu-N-C was found to be the most efficient catalyst for H,
formation over the entire potential range and we found experi-
mentally that the reactivity trend of Cu-N-C does not follow
that of Ni. This is due to the thermodynamic instability of Cu
moieties under strongly reducing potentials <—0.7 V vs. RHE.
Thus, the Cu-N-C atoms spontaneously reduce to metallic Cu
nanoparticles.”®> As a result, Cu-N-C showed lower CO
efficiency, lower joo and high faradaic efficiency for H,. In con-
trast, Ni centers exhibited very weak binding energy toward *H
making the HER thermodynamically unfavorable and resulting
in the observed low production of H, and high CO selectivity.
The Ni-N-C catalyst continues to increase its CO production
rate at a very high faradaic CO efficiency, significantly outper-
forming all other single-site catalysts. The mechanistic DFT
calculations shown in Fig. 6 concisely explain all the experi-
mental findings evidencing that Fe and Co catalysts start to
strongly catalyze the HER as illustrated by their low AG of H*.
To elucidate the mechanism, the adsorption of CO, molecules
initially occurs with proton-coupled electron transfer reduction
to form adsorbed *COOH (CO, + * + H' + e~ — *COOH). Then,
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. Fe—=N-C follows the red arrow to further undergo protonation to give

the formed M-N-C-COOH intermediate undergoes further
proton-electron transfer reduction to form a *CO intermediate
and release the H,0 molecule (*COOH + H' + e~ — *CO +
H,0). Finally CO is generated from the weak dissociation of
*CO intermediates (*CO — CO + *). Thus, the DFT predictions
of the CO,RR pathway at 0 V vs. RHE complete the mechanistic
picture proposed (Fig. 7).

3. Conclusion

In this article, we have demonstrated a simple, scalable and
low-cost immobilization of well-defined SACs for electro-
catalytic CO, reduction to CO. An immobilized Ni single metal
reduces CO, at higher overpotentials with high selectivity and
TOF compared to other catalysts, while Fe-N-C works better at
lower overpotentials. We pointed out the importance of metal
centers during electroreduction. DFT-based computational
analysis revealed the mechanistic origin of the reactivity—
selectivity trends between Ni-N-C, Fe-N-C, Co-N-C and Cu-
N-C catalyst surfaces. The selective reduction of CO, strongly
depends on the nature of the metal center as different metal
centers selectively reduce CO, at different potentials. Further,
we confirmed our experimental results with regard to the
ability of the Fe-N-C catalyst to reduce CO, to a hydrocarbon,
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methane, through computational simulation in which *CO
strongly adsorbed and bound to the Fe site for further protona-
tion. In general, the family of metal/nitrogen doped carbons
also features a large, to-date unexplored set of choices for the
central metal ion M, which holds an alternative promise of
more efficient catalyst candidates.
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