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Regulating the Water Dissociation on Atomic Iron Sites to
Speed Up CO, Protonation and Achieve pH-Universal CO,

Electroreduction

Qi Tang, Qi Hao, Junxiu Wu, Yaowen Zhang, Ping Sun, Depeng Wang, Chuan Tian,
Haixia Zhong, Yihan Zhu, Keke Huang,* Kai Liu,* Xinbo Zhang,* and Jun Lu*

Atomic Fe sites enabled electrochemical carbon dioxide (CO,) reduction
(ECO,R) to carbon monoxide (CO) at low overpotentials. However, the narrow
potential ranges for selective CO, conversion on atomic Fe sites hindered the
CO production at high current densities. Therefore, unveiling the CO,
electroreduction processes and clarifying the catalytic mechanisms on
different atomic Fe sites are important for better design of atomic Fe catalysts
toward efficient ECO,R. Herein, the ECO,R processes on single-atom,
dual-atom, and cluster Fe sites are systematically investigated, and clarify that
the balanced water dissociation and CO, protonation on dual-atom Fe sites
promote the efficient CO production. The dual-atom Fe catalyst achieves
Faradaic efficiencies of CO (FE.,) above 92% over a wide potential range of
—0.4-—0.9 V versus reversible hydrogen electrode and maintains FE., of 91%
after 153-h electrolysis in H-type cell. Benefitting from the favorable CO,
protonation for ECO,R on dual-atom Fe sites, pH-universal CO,
electroreduction is achieved in alkali-/acid-/bicarbonate-fed membrane
electrode assembly electrolyzer, with FE-, exceeds 98% in strongly
acidic/alkaline and neutral mediums. The work reveals a water
dissociation-promoted CO, electroreduction on dual-atom Fe sites and

1. Introduction

Electrochemical carbon dioxide (CO,) re-
duction (ECO,R) to value-added chem-
icals/fuels provides a practicable way
for realizing the recycle of emitted
CO, and alleviating the greenhouse
effect!!l' Among electrochemical CO,
conversions, ECO,R to carbon monoxide
(CO) demonstrates the greatest poten-
tial for industrialized CO, electrolysis,
due to the high activity and selectivity
in ECO,R-to-CO (Faradaic efliciency
(FE) >95%, partial current densities
>200 mA cm~2) and the low cost for CO
production/separation (minimum cost
for ECO,R to CO: $0.13 kg™!; separation
cost for CO product via pressure swing
adsorption technology: $10 t7!).[2) The
CO product from ECO,R could be pro-
cessed via electrochemical CO reduction
reaction and Fischer—Tropsch process

presents a feasible regulation of atomic Fe sites for highly active/selective for

ECO,R.

synthesizing long-chain organic
chemicals.'*l  Therefore, ECO,R to
CO provides a sustainable transit route
to achieve efficient utilization of CO,.
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To achieve highly active and selective electrochemical con-
version of CO, to CO, transition metal single-atom catalysts
(SACs) have been developed (e.g., Mn,!*! Fe,l’l Co,[¢] Ni,[7] Cu,®!
Zn,’) Ca,!% Mgl'! SACs) and achieved near 100% selectivity
toward CO product in ECO,R. Among the various SACs, Fe-
nitrogen (N)-carbon (C) SACs have attracted widespread atten-
tion in potential industrial applications, due to their signifi-
cantly low overpotentials for driving the CO,-to-CO reaction.!'?]
However, the narrow potential ranges of Fe-N-C SACs in se-
lective CO, conversion to CO become bottlenecks for deliver-
ing CO partial current densities at hundreds of milliampere
level.5:6:13]

More rectently, atomically dispersed Fe catalysts with multi-
atom Fe centers exhibit optimized ECO,R activity/selectivity
compared to Fe SACs, allowing them to be considered as promis-
ing alternatives.['* In order to gain more insights into the struc-
tural sensitivity toward CO, electroreduction to CO from Fe sin-
gle atoms to dual atoms and clusters, we developed a facile strat-
egy for controllable synthesis of Fe single-atom/dual-atom and
cluster catalysts via pyrolysis temperature control from 900 to
1100 °C (named as FeNC-900, FeNC-1000, and FeNC-1100). The
coordination environments of Fe species were regulated to FeN,,
Fe,N, and Fe-cluster, respectively. In the evaluation of ECO,R
performance, FeNC-1000 with dual-atom Fe sites achieved FEs of
CO (FE) above 92% over a wide potential range of —0.4-—0.9 V
versus reversible hydrogen electrode (vs RHE), which broke the
selectivity limitation of single-atom Fe sites for ECO,R to CO
(maximized FE., of 66.5% at —0.4 V vs RHE). Then we used
in situ attenuated total reflectance-surface-enhanced infrared ab-
sorption spectroscopy (ATR-SEIRAS) measurement to monitor
the reaction process on different atomic Fe sites. We found that
the reaction kinetics of CO,-to-CO were dependent on the re-
lated water dissociation and CO, protonation processes. The ki-
netic equilibrium between proton-feeding from water dissocia-
tion and *COOH formation from CO, protonation contributed
to the promoted CO production. Moreover, the balanced water
dissociation and CO, protonation also suppressed the compet-
ing hydrogen evolution reaction (HER). Benefitting from the fa-
vorable CO, protonation on dual-atom Fe sites, FeNC-1000 exhib-
ited an excellent stability for CO production, maintaining FE.,
of 91% after 153-h continuous electrolysis (—0.5 V vs RHE) in
H-type cell. More importantly, FeNC-1000 achieved pH-universal
CO, electroreduction in alkali-/acid-/bicarbonate-fed membrane
electrode assembly (MEA) electrolyzer, with FE., exceeded 98%
in strongly acidic (pH 2)/alkaline (pH 13) and neutral (pH 7)
mediums. In the long-term CO, conversion to CO at the cur-
rent density of 100 mA cm~2, FeNC-1000 maintained FE., of
~93% after 40-h electrolysis in neutral medium and FE., of
above 97% in a 30-h continuous electrolysis in strongly alkaline
electrolyte. Moreover, in strongly acidic medium, FeNC-1000 still
maintained the FE., of ~90% after a 9-h constant operation.
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Density functional theory (DFT) calculations indicated that the
Fe-Fe bonding in dual-atom Fe sites induced the formation of
electron-rich centers, which accelerated CO production and des-
orption.

Our work revealed the importance of water dissociation on
atomic Fe sites for selective CO, electroreduction to CO, and clar-
ified that the favorable feeding of protons from water dissociation
for CO, protonation can accelerate the CO production on dual-
atom Fe sites. These findings provided guidance for modulating
the coordination environments of atomic Fe sites to improve the
catalytic activity and break the selectivity limitation toward CO
production.

2. Results and Discussion

The schematic for demonstrating the controllable synthesis of
single-atom/dual-atom/cluster Fe catalysts (named as FeNC-
900/1000/1100) was displayed in Figure 1la. The Fe ions were
in situ encapsulated in the polyacrylamide (PAM) gel during
the polymerization of acrylamide monomers, which endowed Fe
species with a uniform dispersion in the network of PAM gel after
freeze-drying. As a templating agent, potassium oxalate was used
to induce the formation of porous carbon carriers at high temper-
atures. Besides, cyanuric acid was selected as N source for facili-
tating the construction of atomic Fe sites with Fe-N coordination.
By modulating the pyrolysis temperatures from 900 to 1100 °C,
single-atom/dual-atom/cluster Fe catalysts were obtained, re-
spectively. Figure 1b showed the X-ray diffraction (XRD) patterns
of FeNC-900/1000/1100 and metal-free N-doped carbon (NC-
1000). Only two broad peaks belonging to graphite (24.1° and
44.1°) were observed, indicating the absence of Fe nanoparticles
in FeNC-900/1000/1100."5] Transmission electron microscopes
(TEM) images and the annular patterns in selected area electron
diffractions (SAEDs) excluded the presence of aggregated species
in FeNC-900/1000 (Figures S1-S3, Supporting Information).¢!
Some Fe clusters with an average size of 2 nm were observed in
the high-resolution TEM graphs of FeNC-1100 (Figure S4, Sup-
porting Information). The N, adsorption/desorption isotherms
in Figure 1c and Figure S5 (Supporting Information) suggested
that the introduction of Fe species increased the specific sur-
face area of carbon supports (Table S1, Supporting Information),
which favored the exposure of active sites.['”] In addition, the Ra-
man spectra in Figure 1d showed a higher I,/ ratio (D: dis-
order band; G: graphite band) of FeNC-1000 compared to that
of NC, indicating that the thermal migration of Fe species at
high temperatures contributed to the formation of more carbon
defects, leading to the favorable anchoring of Fe atoms.!'8] To
reveal the atomic dispersion of Fe species in different Fe sam-
ples, we performed the aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) measurements.l”! As shown in Figure le and Figure
S6a,b (Supporting Information), no bright aggregates attributed
to particle species were found, confirming the atomic-level dis-
persion of Fe species in FeNC-1000. In Figure 1f,g and Figure
S6¢ (Supporting Information), paired bright dots represented Fe
dual atoms were observed in uniform dispersion on the carbon
carrier, with an average atom distance of ~0.23 nm (Figure 1g).
The corresponding energy dispersive X-ray spectroscopy (EDS)
mappings of FeNC-1000 showed uniform distributions of Fe, C
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Figure 1. Synthesis concept and structure characterizations. a) Scheme diagram for the synthesis of single-atom/dual-atom/cluster Fe catalysts. b) XRD
patterns of NC-1000, FeNC-900, FeNC-1000, and FeNC-1100. c) N, adsorption/desorption isotherms of NC-1000 and FeNC-1000. d) Raman spectra
of NC-1000, FeNC-900, FeNC-1000 and FeNC-1100. e) Low-resolution HAADF-STEM image of FeNC-1000. f) High-resolution HAADF-STEM image of

FeNC-1000. g) The atomic distance of dual atoms in FeNC-1000 based on high-resolution HAADF-STEM in Figure 1f.

and N elements (Figure S6d—g, Supporting Information), which
represented the high dispersion of Fe dual atoms.[?”) We also
demonstrated that the Fe species existed as single atoms and sub-
nanometer clusters in FeNC-900 and FeNC-1100, respectively
(Figures S7-S9, Supporting Information). Notably, a small num-
ber of single/dual atoms were observed in FeNC-1100, suggest-
ing that the formed cluster species originated from the thermal
migration/aggregation of Fe atoms at a high temperature (Figure
S9, Supporting Information). Therefore, based on the detailed
characterizations, we considered that the temperature-dependent
evolution of atomic Fe sites originated from the thermal migra-
tion of Fe atoms. At 900 °C pyrolysis, Fe species preferred to an-
chor on the single carbon vacancies containing pyridinic-N sites.
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When the pyrolysis temperature increased to 1000 °C, the ther-
mally migrated Fe atoms dimerized, forming diatomic Fe sites
on the double carbon vacancies. During pyrolysis at 1100 °C, the
increased graphitization caused loss of pyridinic-N coordinated
carbon vacancies that can anchor Fe atoms, the aggregation ef-
fect of Fe atoms induced the formation of atomic Fe clusters.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) measurements identified that the Fe loadings in FeNC-
900/1000/1100 were 0.84, 0.81 and 0.65 wt%, respectively (Table
S2, Supporting Information).

The X-ray photoelectron spectroscopy (XPS) and X-ray adsorp-
tion fine structures (XAFS) were conducted to investigate the
chemical states and coordination environments of the atomic
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Figure 2. Electronic structure and coordination environment. a) High-resolution N 7s XPS spectra of FeNC-900, FeNC-1000 and FeNC-1100. b) High-
resolution Fe 2p XPS spectra of FeNC-900, FeNC-1000, and FeNC-1100. c) XANES spectra of Fe foil, FePc, Fe;O,, Fe,O;, FeNC-900, FeNC-1000, and
FeNC-1100 at Fe K-edge. d) Partial enlargement of the adsorption edges in Figure 2c. e) EXAFS spectra of Fe foil, FePc, FeNC-900, FeNC-1000, and
FeNC-1100 at Fe K-edge. f) Experimental and fitted EXAFS spectra of Fe foil, FeNC-900, FeNC-1000, and FeNC-1100 at Fe K-edge. G) Wavelet transforms

of Fe foil, FeNC-900, FeNC-1000, and FeNC-1100 at Fe K-edge.

Fe sites. In the high-resolution C 1s XPS spectra (Figure S10,
Supporting Information), peaks attributed to C=0, C—O/C—N,
C—C/C=C, and satellite peaks of C Is were presented in all sam-
ples. The N Is XPS spectra in Figure 2a presents five kinds of
N species included pyridine N (398.0 eV), pyrrolic N (399.5 eV),
graphite N (400.6 eV), quaternary N (401.6 eV), and Fe—N
(398.7 eV). It was noteworthy that the peak area of Fe—N bonding
reduced from FeNC-900 to FeNC-1100, suggesting an increase in
the proportion of Fe species in metallic state during the evolu-
tion from single atoms to clusters.!321] Moreover, Fe—N bond-
ing was not observed in NC (Figure S11, Supporting Informa-
tion). The high-resolution Fe 2p spectra showed various bind-
ing energies of Fe 2p; , in FeNC-900/1000/1100, which suggests
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that the Fe—Fe bonding in atomic Fe sites changed the chemical
states of Fe species (Figure 2b). The valence states and coordi-
nation structures of Fe species were further specified by X-ray
near edge fine structures (XANES) and extended X-ray absorp-
tion fine structures (EXAFS, Figure S12, Supporting Informa-
tion). The adsorption edges of FeNC-900/1000/1100 were located
between those of Fe foil and iron phthalocyanine (FePc), indicat-
ing that the valence states of Fe species in FeNC-900/1000/1100
were between 0 and +2 (Figure 2c¢,d).1*?! The coordination envi-
ronments of Fe species were clarified from the radial distribu-
tion function curves in EXAFS spectra (Figure 2e,f). For Fe foil,
the peak at ~2.19 A represented the Fe—Fe bonding in the first
shell. Two peaks at ~1.47 and 2.45 A for FePc were attributed
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to Fe—N bonding in the first shell and Fe—C bonding in the
second shell, respectively.?}] For FeNC-900, only one peak at-
tached to Fe—N bonding was observed, indicating that the Fe
species in FeNC-900 existed as single atoms with Fe—N coordi-
nation. Two main peaks affiliated with Fe—N bonding and Fe-Fe
bonding were detected in the EXAFS spectra of FeNC-1000 and
FeNC-1100, which suggests that the Fe atoms in FeNC-1000 and
FeNC-1100 were co-coordinated with the adjacent Fe/N atoms.
The XAFS results showed that the thermal migration of Fe atoms
during pyrolysis was temperature-controlled, and the coordina-
tion structure of Fe species evolved from Fe-N coordination to Fe-
N/Fe-Fe co-coordination with increasing temperature, in agree-
ment with HAADF-STEM results. The wavelet transforms of
Fe foil and FeNC-900/1000/1100 further confirmed the Fe—N
coordination in FeNC-900 and Fe—N/Fe—Fe co-coordination in
FeNC-1000/1100 (Figure 2g). The EXAFS fitting results were
demonstrated in Figure 2f and Table S3 (Supporting Informa-
tion), which confirmed the main species in FeNC-900, FeNC-
1000 and FeNC-1100 were Fe single atoms with Fe-N, coordi-
nation, Fe dual atoms with Fe,N, coordination and Fe clusters
with Fe-Fe/Fe-N coordination, respectively. The above character-
izations together clarified the coordination environments of the
Fe species in FeNC-900/1000/1100, which revealed a thermally-
controlled evolution of Fe single atoms to Fe dual atoms and Fe
clusters during high-temperature pyrolysis.

The controlled modulation of atomic Fe sites provided a sim-
ple platform for investigating the ECO,R processes on single-
atom/dual-atom/cluster Fe sites. The ECO,R performances of
FeNC-900/1000/1100 were evaluated in an H-type cell with 0.5 m
KHCO, electrolyte, all tests were performed without iR compen-
sation. As we can see from the linear sweep voltammetry curves
(LSV) shown in Figure 3a, the onset potential of FeNC-1000 for
ECO,R was only ~150 millivolts (mV) above the theoretical on-
set potential (—0.11 V vs RHE) for CO,-to-CO, which was much
lower than those of FeNC-900 and FeNC-1100. Notably, NC ex-
hibited little activity for CO, reduction, suggesting that the cat-
alytic activities of FeNC-900/1000/1100 for ECO,R were origi-
nated from the atomic Fe sites. In the three atomic Fe catalysts,
FeNC-1000 with dual-atom sites showed the most preference for
ECO,R, with maximum polarization current density. These re-
sults suggest that the dual-atom Fe sites were more sensitive
and active for ECO,R compared to single-atom and cluster Fe
sites.?*] In order to evaluate the catalytic selectivity of these cat-
alysts for ECO,R, we performed chronoamperometry measure-
ments in the potential range of —0.3 to —0.9 V vs RHE. The gas-
phase and liquid-phase products were detected by an online gas
chromatography (GC) and an offline 'H nuclear magnetic res-
onance (NMR). As shown in Figure S13 (Supporting Informa-
tion), no liquid product was detected during ECO,R, and FeNC-
1000 achieved FE,, above 92% over a wide potential range from
—0.4 V to —0.9 V vs RHE, breaking the selectivity limitation of
single-atom sites (FeNC-900) for ECO,R to CO (maximized FE
of 66.5% at —0.6 V vs RHE). Besides, FeNC-1100 also exhib-
ited a higher CO selectivity than FeNC-900, which further sug-
gested that the Fe-Fe bonding in atomic Fe sites promoted se-
lective CO, reduction to CO (Figure 3b).'*"! Benefitting from
the high selectivity and activity toward electrochemical CO pro-
duction on dual-atom Fe sites, FeNC-1000 attained a maximized
Jjco of ~40 mA cm~2, which was 10 times higher than that of
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FeNC-900 (Figure 3c). The Nyquist plots in Figure S14 (Sup-
porting Information) showed that the anchoring of atomic Fe
sites on carbon carriers reduced the charge transfer resistance,
which led to an accelerated charge transfer between the Fe sites
and the reactants/intermediates during ECO,R, resulting in the
faster reaction kinetics for CO, conversion to CO.[?°l We also per-
formed electrochemical capacitance measurements (Figure S15,
Supporting Information) on NC and various atomic Fe catalysts,
in order to obtain the double layer capacitance (Cy) for the evalu-
ation of the electrochemical active surface areas (ECSA).[2] The
higher C, represented a preference for exposing more active sites
for electrocatalysis. As shown in Figure 3d, FeNC-1000 exhibited
an optimized Cy of 247.34 mF cm™, superior to that of FeNC-
900 (132.86 mF cm~2), FeNC-1100 (58.04 mF cm™2) and NC-1000
(11.65 mF cm™2). These results indicated that FeNC-1000 pos-
sessed a maximized exposure of the active sites for ECO,R. The
CO, adsorption isotherms in Figure 3e demonstrated that FeNC-
1000 had the largest CO, adsorption capacity among the four
samples, greatly increasing the localized CO, concentration near
the active Fe sites and thus facilitating the continuous conver-
sion of CO,-to-CO. Impressively, FeNC-1000 exhibited an excel-
lent stability in long-term electrolysis of CO, to CO (Figure 3f),
the FE., remained above 91% even after a 153-h continuous elec-
trolysis at —0.5 V vs RHE, indicating that the dual-atom Fe sites
facilitated the desorption of CO products and avoided the CO poi-
soning. XRD, XPS and HAADF-STEM measurements indicated
that the coordination structure and dispersion of Fe species in
FeNC-1000 remained stable after long-term electrolysis (Figure
S16, Supporting Information). FeNC-1000 also exhibited over-
whelming advantages over other published Fe-containing cata-
lysts for ECO,R in the aspects of potential window width, selec-
tivity, activity and stability.[?’] The comparisons of the electrocat-
alytic performances between FeNC-1000 and recently reported
Fe-containing catalysts were shown in Table S4 (Supporting In-
formation).

Above mentioned, we have initially understood that the excel-
lent activity, selectivity and stability of FeNC-1000 originated from
the exposed dual-atom sites, excellent electron transfer and high
localized CO, concentration near the active Fe sites. In order to
reveal the key factors influencing the activity/selectivity of CO,
conversion to CO on different atomic Fe sites, we applied in situ
ATR-SEIRAS measurements to monitor the ECO,R processes on
FeNC-900/1000/1100. The schematic diagram of the device was
shown in Figure S17 (Supporting Information). As can be seen
from the ATR-SEIRAS spectra in Figure 3g, the adsorption peaks
located at ~1250 and ~1400 cm~! were assigned to the bicarbon-
ate species and C—O stretching in *COOH intermediate, respec-
tively. The peaks at #1650 cm™! were assigned to the H—O—H
bonding of water, and the peaks at #1900 cm ™' were attributed to
the adsorption of *CO.[28! For FeNC-900/1000/1100, continuous
consumption of water during ECO,R were detected, which rep-
resented water dissociations on single-atom/dual-atom/cluster
Fe sites. As we all know, the protons from water dissocia-
tion had two destinations, to provide hydrogen sources for
HER or to participate in CO, protonation to form *COOH, the
key intermediate in CO,-to-CO conversion. However, the weak
adsorption peaks of *COOH/*CO intermediates in the ATR-
SEIRAS spectra of FeNC-900 indicated a preference of HER over
ECO,R on single-atom Fe sites, consistent with the previous
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Figure 3. Electrocatalytic CO,R performance in H-type cell with 0.5 M KHCO; electrolyte and in situ ATR-SEIRAS measurements. a) LSV curves of NC-
1000, FeNC-900, FeNC-1000, and FeNC-1100 in CO, saturated electrolytes. b) FEs of CO under different potentials. c) The partial current densities of CO
under different potentials. d) Cy s of NC-1000, FeNC-900, FeNC-1000, and FeNC-1100. e) CO, adsorption isotherms of NC-1000, FeNC-900, FeNC-1000,
and FeNC-1100 at 298 K. f) Long-term stability test of FeNC-1000 in CO,R under —0.5 V vs RHE. g) In situ ATR-SEIRAS spectra of FeNC-900, FeNC-1000

and FeNC-1100.

electrochemical results. The strong adsorption peaks of water
and *COOH intermediates in the ATR-SEIRAS spectra of FeNC-
1000 revealed a kinetic equilibrium between water dissociation
and CO, protonation on dual-atom Fe sites, which benefitted
the formation of *COOH intermediate for CO production and
suppressed the competing HER. The kinetic isotope effect (KIE)
analysis also indicated that the ECO,R kinetics on FeNC-1000
were dependent on the rate of water dissociation (Figures S18
and S19, Supporting Information).[32%] Although FeNC-1100
exhibited an enhanced CO, protonation compared to FeNC-
900, the weak adsorption of water on cluster Fe sites limited
the proton-feeding for *COOH formation, resulting in the de-
crease of CO selectivity at high potentials. Overall, the ATR-
SEIRAS measurements suggested that regulating the water dis-

Adv. Energy Mater. 2024, 14, 2401364
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sociation on the atomic iron sites for CO, protonation was ben-
eficial in promoting the CO,-to-CO conversion and inhibiting
the competitive hydrogen evolution.>3] The matched kinet-
ics between water dissociation and CO, protonation on dual-
atom Fe sites endowed FeNC-1000 with optimal selectivity for CO
production.

Then we used DFT calculations to elucidate the reaction mech-
anism of CO,-to-CO on different atomic Fe sites, the structural
models (Figure S20, Supporting Information) were built based
on the XAFS results. Figure 4a showed the free energies toward
ECO,R to CO on different Fe sites.[*"] The Fe,N; site exhibited
a weaker adsorption of *CO intermediate compared to FeN, and
Fe cluster sites, which altered the rate-determining step of CO,-
to-CO from *CO desorption to *CO formation, and prevented
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loss, respectively.

the poisoning of Fe centers by the adsorbed CO (Figure S21,
Supporting Information). Moreover, Fe, N, site exhibited a lower
free energy of rate-determining-step for ECO,R (0.364 eV) com-
pared to that of FeN, (0.684 eV) and Fe cluster sites (0.586 eV),
suggesting a faster conversion of CO, to CO on Fe,N; sites.}!]
The free energies of HER-Volmer step on FeN,, Fe,N(, and
Fe cluster sites confirm the suppression of competing HER
on dual-atom and cluster Fe sites (Figure 4b; Figure S22, Sup-
porting Information). The free energy comparisons of the rate-
determining-step for CO,R and HER-Volmer step on different
Fe sites revealed the preference for CO,R on Fe,N, sites and
Fe cluster sites (Figure 4c). The relationship between charge
losses from different Fe sites and charge accumulations for
*COOH formation demonstrated that the Fe—Fe bonding in
atomic Fe sites contributed to the formation of electron-rich
centers, which enhanced the adsorption of the key intermedi-
ate of *COOH and reduced the free energy for the formation
of *COOH (Figure 4d; Figure S23, Supporting Information).*!
The charge differential maps of *COOH on different Fe sites
showed better charge transfers between *COOH and Fe,N,/Fe
cluster sites, further indicating the electron-rich sites promoted
the adsorption/activation of *COOH and reduce the free ener-
gies for CO production (Figure 4e—g; Figure S24, Supporting
Information).!’* The above DFT calculations revealed that the
Fe—Fe bonding in atomic Fe sites promoted the formation of
electron-rich centers and regulated the adsorption/activation of
the intermediates for CO,-to-CO conversion. Benefitting from
the electron-rich dual-atom Fe sites, FeNC-1000 broke the limited

Adv. Energy Mater. 2024, 14, 2401364
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desorption of CO on atomic Fe sites and achieved a faster ECO,R
process.

In view of the excellent catalytic performance of Fe,N; sites
for electrochemical CO conversion to CO in H-type cell, we fur-
ther performed ECO,R in MEA electrolyzer using FeNC-1000 as
catalyst to examine its activity/selectivity for CO production un-
der high current conditions.[**] The pH-universal CO, electrore-
duction performances of FeNC-1000 were evaluated in neutral
medium (Figure 5a—c), strongly alkaline medium (Figure 5d—f),
and strongly acidic medium (Figure 5g—i). In alkaline and neu-
tral mediums, FeNC-1000 exhibited excellent activity and selec-
tivity for ECO, R reaction. Atan average cell voltage (E,,;) 0of2.02V
in alkaline medium and 2.43 V in neutral medium, FeNC-1000
achieved FE s of ~#99% at a current density of 100 mA cm=2.[634]
In strongly acidic medium, the FE_, still exceeded 96% at a cur-
rent density of 100 mA cm~2 and an average E_,; of 2.58 V. Even
at an industrial-grade current density of 200 mA cm=2, The FE.,
still maintained 86.9%, with a j-, over 170 mA cm~2 (pH 2). In
the long-term CO, conversion to CO at the current density of
100 mA cm™2, FeNC-1000 maintained FE., of ~#93% after 40-h
electrolysis in neutral medium and FE., of above 97% in a 30-
h continuous electrolysis in strongly alkaline medium.*>! More-
ovet, in strongly acidic medium, FeNC-1000 still maintained the
FE¢, of #90% after a 9-h constant operation. These high activ-
ity and selectivity of FeNC-1000 for pH-universal CO, electrore-
duction to CO in MEA electrolyzer suggested that the rationally
designed dual-atom Fe catalyst offered a potential application in
industrial CO, electrolysis.

© 2024 Wiley-VCH GmbH
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Figure 5. The pH-universal CO, electroreduction performance in MEA (0.05 m K,SO,, pH 2; 0.1 M KHCO;, pH 7; 0.1 M KOH, pH 13). a) Plots of FE,
and jco under different current densities. (pH 7) b) Cell voltages under different current densities. (pH 7) c) Long-term stability test of FeNC-1000 in
neutral MEA electrolyzer, j = 100 mA cm™2. d) Plots of FE- and j-o under different current densities. (pH 13) e) Cell voltages under different current
densities. (pH 13) f) Long-term stability test of FeNC-1000 in alkaline MEA electrolyzer, j = 100 mA cm=2. g) Plots of FE, and j-o under different
current densities. (pH 2) h) Cell voltages under different current densities. (pH 2) i) Long-term stability test of FeNC-1000 in acidic MEA electrolyzer, j

=100 mA cm~2.

3. Conclusion

In summary, we demonstrated the controllable synthesis of Fe
catalysts with different atomic structures by modulating the ther-
mal migration/atomization of Fe species at high temperatures,
providing a facile platform for monitoring the ECO,R processes
for efficient CO, conversion to CO. The prepared dual-atom Fe
catalyst achieved FE.,s above 92% over a wide potential range
of —0.4-—0.9 V vs RHE, which broke the selectivity limitation
of single-atom Fe sites for ECO,R to CO. In situ ATR-SEIRAS
measurements revealed that the favorable coupling of water dis-
sociation and CO, protonation on dual-atom Fe sites promoted

Adv. Energy Mater. 2024, 14, 2401364
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the formation of the key intermediate (*COOH) in CO,-to-CO
and suppressed the competing hydrogen evolution. DFT calcu-
lations suggested that the Fe-Fe bonding in dual-atom sites in-
duced the formation of electron-rich centers, which optimized
the reaction pathway and altered the rate-determining-step for
CO production, thus preventing active sites from the poisoning
of the adsorbed CO species and accelerating the whole ECO,R
process. Benefitting from the favored kinetics for CO,-CO con-
version on dual-atom Fe sites, FeNC-1000 achieved pH-universal
CO, electroreduction in alkali-/acid-/bicarbonate-fed MEA elec-
trolyzer, with FE., exceeded 98% in strongly acidic/alkaline and
neutral mediums. This work revealed the significant role of water
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dissociation on atomic Fe sites toward selective ECO,R to CO and
exhibited a feasible regulation for breaking the desorption limi-
tation of CO products on atomic Fe sites, offering a promising
strategy to guide the synthesis of atomic Fe catalysts for achiev-
ing industrial-grade CO, electrolysis.
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