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Electrocatalytic CO, reduction driven by renewable energy has become a promising approach to rebalance
the carbon cycle. Atomically dispersed transition metals anchored on N-doped carbon supports (M-N-C)
have been considered as the most attractive catalysts to catalyze CO, to CO. However, the sluggish
kinetics of M-N-C limits the large-scale application of this type of catalyst. Here, it is found that the
introduction of single atomic Mn—N auxiliary sites could effectively buffer the locally generated OH™ on
the catalytic interface of the single-atomic Ni-N-C sites, thus accelerating proton-coupled electron
transfer (PCET) steps to enhance the CO, electroreduction to CO. The constructed diatomic Ni/Mn-N-
C catalysts show a CO faradaic efficiency of 96.6% and partial CO current density of 13.3 mA cm™ at

Received 26th August 2022 —0.76 V vs. RHE, outperforming that of monometallic single-atomic Ni-N-C or Mn—-N-C counterparts.
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Introduction

Electrochemical CO, reduction (CO,RR) into carbon-based fuels
and value-added chemicals is considered a forward-looking
strategy to alleviate energy and environmental crisis and
advance the goals of carbon neutrality."* With the merits of
fully exposed, highly unsaturated coordination metal sites,
atomically dispersed transition metals anchored on N-doped
carbon supports (M-N-C) are considered as promising and
efficient catalysts for reducing CO, into CO, which has been
evaluated as one of the most economical and feasible
products.>® However, M-N-C catalysts still suffer sluggish
kinetics resulting in high overpotential and low current density,
which hinders the large-scale application of
catalysts.

seriously
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results suggest that constructing synergistic catalytic sites to

regulate the surface local

microenvironment might be an attractive strategy for boosting CO, electroreduction to value-added

Significant efforts have been made to optimize the intrinsic
activity for CO production or enrich the density of the single
metal atomic sites on M-N-C catalysts (e.g., tuning the element
of central metal atoms, regulating the coordination environ-
ment, etc.) in the past few years.”*® For instance, Hu et al.
conducted single-atom Fe*" sites coordinated with pyrrolic
nitrogen to promote the conversion of CO, to CO. The high
catalytic activity was attributed to the Fe*" sites, enhancing CO,
adsorption and weakening CO absorption compared to
conventional Fe>" sites.’? Li et al. regulated the nitrogen coor-
dination numbers over single Co sites through changing
annealing conditions to enhance the selectivity toward CO.™
Recently, the local microenvironment of the catalyst-electrolyte
interface, including the local pH, the CO, concentration, and
the cations and anions in electrolytes, have also been demon-
strated as critical factors affecting the CO, activation and the
CO,RR reaction kinetics.”"° For instance, Alexis et al. revealed
that the alkali metal cations in electrolytes could affect the local
pH on the catalytic interface. Alkali metal cations with larger
radius exhibit a stronger buffering effect, thus decreasing the
local pH value and consequently enhancing the CO,RR perfor-
mance.? As given in eqn (1), previous studies have revealed that
the 2e”~ transfer pathway of CO production on M-N-C catalysts
usually starts with a proton-coupled electron transfer (PCET)
step to form the *COOH intermediate, which is considered pH-
dependent due to the proton participation.”*>* Therefore, the
kinetics of the PCET process could be accelerated by applying
an appropriate low local pH.***%*”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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*CO, + H" + e~ — *COOH (1)

In addition, according to buffer equilibrium, the CO,
concentration on the catalytic interface could increase with the
decrease of local pH, which is also beneficial to the activation of
CO,."***® However, as the cathode reaction proceeds, the
consumption of protons and the OH™ species generated with
the output of CO or H, would significantly increase the local pH
value,” thus hindering the activation of CO, and the reaction
kinetics of the PCET steps.** Therefore, building catalytic
interfaces to buffer the locally generated OH ™ and hold the local
pH value stable could be a promising approach to maintaining
the electrocatalytic activity of M-N-C catalysts.

Herein, we developed an effective strategy for regulating
local microenvironment to boost CO, to CO conversion. By
constructing efficient Ni/Mn diatomic catalysts (Ni/Mn-N-C)
anchored on N-doped carbon supports, it was discovered that
the introduction of single atomic Mn-N sites could efficiently
buffer the locally generated OH™ on the catalytic interface of the
Ni-N-C catalyst, thus accelerating PCET steps to enhance the
CO, electroreduction to CO. Atomic dispersed Ni-N and Mn-N
sites were uncovered by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and X-ray
absorption spectroscopy (XAS). The as-prepared Ni/Mn-N-C
catalyst exhibited excellent electrochemical performance with
a CO faradaic efficiency of 96.6% and a CO current density of
13.3 mA cm > at —0.76 V (vs. reversible hydrogen electrode
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(RHE), hereinafter), exceeding that of the sole Ni-N-C and Mn-
N-C samples. The selectivity of CO could be maintained above
90% after 20 hours. Furthermore, the electrode kinetics exper-
iments revealed that the introduction of atomic Mn-N sites
buffered the local pH near the catalyst-electrolyte interface,
promoting the kinetics of CO production on Ni-N sites. These
findings provided new insights into tuning the surface micro-
environment for enhancing CO,RR performance by construct-
ing diverse and synergistic catalytic sites.

Results and discussion

As illustrated in Fig. 1a, the atomically dispersed Ni/Mn-N-C
catalyst was synthesized via a two-step process. In brief, the
NiMn complex-C was firstly formed by the co-adsorption of
inorganic Ni, Mn precursors, and glucose on porous carbon.
The Ni/Mn-N-C catalyst was then obtained through the pyrol-
ysis of the Ni/Mn complex-C with melamine at 800 °C (see detail
in ESIt). The content of Ni and Mn was evaluated by inductively
coupled plasma optical emission spectroscopy (ICP-AES), indi-
cating 3.14 wt% Ni and 2.68 wt% Mn in the as-synthesized Ni/
Mn-N-C catalyst (Table S1}). The detailed structure of the Ni/
Mn-N-C was first characterized by high-resolution trans-
mission electron microscopy (HRTEM, Fig. 1b). No aggregates
were observed in the HRTEM image, indicating the absence of
Ni particles or Mn particles. The HAADF-STEM image in Fig. 1c
exhibited the presence of abundant atomic-scale isolated bright
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Fig. 1
corresponding elemental mapping images of Ni/Mn—-N-C catalyst.
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(a) Scheme for the synthesis of Ni/Mn—-N-C catalyst, (b) HRTEM image, (

) HAADF-STEM image, (d) XRD patterns, and (e) TEM and
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dots, indicating the atomic dispersion of metal species. No
characteristic peak of Ni or Mn was observed in the powder X-
ray diffraction (XRD) patterns in Fig. 1d, confirming the
absence of obvious Ni particles or Mn particles. The energy-
dispersive X-ray spectroscopy (EDS) in Fig. 1e further
confirmed that the Ni/Mn were uniformly dispersed on the N-
doped carbon supports without obvious aggregation. In addi-
tion, the atomically dispersed Ni-N-C and Mn-N-C were
prepared in parallel by similar procedures with the same total
metal feeding for comparison (Fig. S1 and S27).

Advanced spectral characterizations were performed to
investigate the detailed structures of the as-prepared catalysts.
X-ray photoelectron spectroscopy (XPS) was first conducted to
analyze the surface chemical states. The survey spectrum
demonstrated the presence of C, N, O, Ni, and Mn elements on
the Ni/Mn-N-C surface (Fig. S37). As presented in Fig. 2a and b,
the peak at 854.7 eV of Ni 2p spectra (Fig. 2a) and 641.3 eV of Mn
2p spectra (Fig. 2b) showed that both Ni and Mn exhibited +2
valence on the Ni/Mn-N-C surface, which were also observed on
the Ni-N-C and Mn-N-C samples (Fig. S4 and S5t).**** The
peak deconvolution of the high-resolution N 1s spectrum
(Fig. 2c) exhibited the existence of four forms of N species on the
Ni/Mn-N-C surface (pyridinic at 398.4 eV, pyrrolic N at 399.5 eV,
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graphitic N at 400.5 eV and N-O at 401.6 eV)'>** with
pyridine N as the major N species,” which was similar in Ni-N-C
and Mn-N-C (Fig. S6t).

Moreover, the chemical states and local structures of Ni and
Mn in Ni/Mn-N-C were characterized by X-ray absorption
spectroscopy (XAS). The Ni X-ray absorption near edge struc-
tures (XANES) of both Ni/Mn-N-C and Ni-N-C was different
from Ni foil but close to NiPc, indicating that the average
oxidation states of Ni in the two catalysts are close to +2 (Fig. 2d
and S7at). The Ni extended X-ray absorption fine structure
(EXAFS) spectra of both Ni-N-C and Ni/Mn-N-C shown in
Fig. 2e and S7bt revealed the presence of Ni-N bonds located at
~1.4 A and the absence of Ni-Ni bonds located at ~2.2 A,
confirming that Ni existed in form of isolated single atomic site
instead of metal-metal bonding. Similarly, it was speculated
that the average oxidation state of Mn atoms is close to +2 in
both Mn-N-C and Ni/Mn-N-C (Fig. 2f and S8at). The presence
of Mn-N bonds located at ~1.4 A and the absence of Mn-Mn
bonds located at ~2.3 A in both Mn-N-C and Ni/Mn-N-C
confirmed that the Mn atoms also existed in isolated single
atomic state instead of metal-metal bonding (Fig. 2g and S8b¥).
Furthermore, the wavelet transform contour plots of Ni and Mn
in Ni/Mn-N-C showed that the k values with the greatest
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Fig. 2

(a) The Ni 2p XPS spectra, (b) the Mn 2p XPS spectra, (c) the high-resolution N 1s XPS spectra, (d) Ni K edge XANES spectra, (e) Ni K edge

EXAFS spectra, (f) Mn K edge XANES spectra, (g) Mn K edge EXAFS spectra of Ni/Mn—N-C, (h) wavelet transform of the k*-weighted Ni K edge and
Mn K edge EXAFS data of Ni/Mn—-N-C and reference samples (Ni foil, NiPc, Mn foil and MnPc).
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intensity were close to the Ni-N coordination in NiPc and the
Mn-N coordination in MnPc (Fig. 2h),*® respectively, which
demonstrated that almost no metal-metal (Ni-Ni, Ni-Mn, Mn-
Mn) bonding existed in the Ni/Mn-N-C sample. The results
suggested that the Ni/Mn atoms in the as-described Ni/Mn-N-C
catalyst were mainly coordinated with N, consistent with the
above TEM and XPS analysis results.

The CO,RR performances of as-prepared catalysts were per-
formed in an H-type cell using 0.5 M KHCO; aqueous solution
as electrolytes. As shown in the linear sweep voltammetry curves
(Fig. 3a), the higher current density after —0.50 V in CO,-satu-
rated electrolytes (the solid lines) than in Ar (the dashed lines)
suggested a higher activity of CO,RR than hydrogen evolution
on the Ni/Mn-NC catalyst. Furthermore, the current density
observed on Ni/Mn-N-C (red line) was significantly larger than
that observed on Ni-N-C (green line) and Mn-N-C (blue line),
indicating that Ni/Mn-N-C has an appreciably higher CO,RR
response. The potential-dependent selectivity for CO,RR prod-
ucts of the as-prepared catalysts was analyzed by gas chroma-
tography (GC) and hydrogen nuclear magnetic resonance (*H
NMR). As shown in Fig. 3b and c, all Ni/Mn-N-C, Ni-N-C, and
Mn-N-C catalysts exhibited excellent CO,RR selectivity from
—0.56 to —0.96 V, where CO was the main product, with H, as
the only by-product (Fig. S9-S127). Ni/Mn-N-C outperformed
Ni-N-C and Mn-N-C across the entire potential window,
reaching a maximum CO faradaic efficiency (FEco) of 96.6% at
—0.76 V (Fig. 3b). Moreover, Ni/Mn-N-C achieved a CO current
density (jco) of 13.3 mA cm ™2 at —0.76 V, 1.6 and 7.8 times
higher than that of Ni-N-C and Mn-N-C, respectively (Fig. 3c).
These results demonstrated that the introduction of Mn-N sites
significantly enhanced the CO,RR performance of the Ni/Mn-
N-C catalyst. The negligible catalytic performance of metal-free
N-doped carbon support indicated that the high catalytic
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Fig. 3 (a) LSV curves performed in Ar-saturated and CO,-saturated

0.5 M KHCO3 solution of Ni/Mn-N-C, Ni-N-C, and Mn—-N-C; (b)
potential-dependent FEco, (c) potential-dependent jco of the Ni/Mn—
N-C, Ni-N-C and Mn—-N-C catalyst for CO,RR, (d) long-term stability
of Ni/Mn—N-C for CO,RR at —0.76 V.
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activity should be attributed to the metal sites (Fig. S131). In
addition, no appreciable decays of CO selectivity (maintained at
above 90%) (Fig. 3d) and no structure changes (Fig. S147) of Ni/
Mn-N-C were observed after a 20 hours stability test at —0.76 V,
suggesting the excellent stability of the Ni/Mn-N-C catalyst.
To further explore the origin of the high catalytic activity, the
electrochemical properties on the catalytic interface of Ni/Mn-
N-C  catalysts systematically  studied. = The
electrochemically-active surface areas (ECSA) of as-prepared
catalysts were compared using electric double-layer capaci-
tance measurements (Fig. S15t). All as-prepared catalysts dis-
played similar Cq (0.0147-0.0174 F cm™?), suggesting the
similar ECSAs. Tafel slopes were calculated to reveal reaction
kinetics at different sites. Tafel slopes of Ni/Mn-N-C are 169 mV
decade ™, less than 192 mV decade ' of Ni-N-C, and 175 mV
decade ' of Mn-N-C (Fig. S161), indicating that the introduc-
tion of Mn-N sites enhances the kinetics of CO,RR process.
Further, we utilized a rotating ring-disk electrode (RRDE)
assembly to evaluate the local pH changes on the catalytic
interface of CO,RR as in previous reports.’” In brief, the as-
prepared catalysts (Ni/Mn-N-C, Ni-N-C, and Mn-N-C) were
deposited on the disk electrode and performed the CO, reduc-
tion process (eqn (2)). Then the generated CO and OH™ could
directly diffuse onto the Pt ring electrode with a rotating speed
of 1600 rpm. With the cyclic voltammetry measurements on the
Pt ring electrode, the CO oxidation peak was detected for
probing the local pH on the catalyst surface (eqn (3)). According
to the Nernst relationship, the shift of the CO oxidation peak
could proportionally reflect the local pH increase when the
generated OH™ overcomes the CO,(aq)-HCO;  buffer within
the Nernst layer with the electrolysis current density increases.*”

were

CO, + 2¢~ + HO — CO + 20H" (on the disc) (2)
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Fig.4 Cyclic voltammograms of CO oxidation on Pt ring electrode on
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potential on the log value of electrolysis current for Ni/Mn-N-C and
Ni—N-C catalysts.
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CO + 20H -2¢- — CO, + H,O (on the Pt ring) (3)

The cyclic voltammograms of CO oxidation under different
disc potentials of the as-prepared Ni/Mn-N-C, Ni-N-C, and
Mn-N-C catalysts are shown in Fig. 4a-c. With the applied
CO,RR potential decreased, the oxidation peak potential of CO
shifted negatively, indicating the increase of local pH caused by
the generated OH, consistent with the previous study.*”
Moreover, both Ni/Mn-N-C and Ni-N-C catalysts exhibited
a negative logarithmic relationship between the CO oxidation
peak potential and the electrolysis current density under a high
current density region (Fig. 4d) with slopes of —0.08 V dec " and
—0.11 V dec ™, respectively. The more gentle slope of the Ni/
Mn-N-C sample than Ni-N-C indicates that the introduction of
Mn-N sites may buffer the local pH on the catalytic interface,
leading to faster CO,RR kinetics than the Ni-N sites.?”

Conclusions

In conclusion, we successfully developed a Ni/Mn-N-C
diatomic catalyst and found that single atomic Mn-N auxiliary
sites could effectively regulate the local microenvironment of
single atomic Ni-N-C sites for accelerating CO, to CO conver-
sion. Systematic characterizations confirmed that the Ni and
Mn were atomically dispersed on the N-doped carbon substrate
in form of Ni-N-C and M-N-C coordinate structures. The as-
described Ni/Mn-N-C catalyst performed excellent CO,RR
activity with the highest CO faradaic efficiency of 96.6% and the
partial current density of 13.3 mA cm 2 at —0.76 V, exceeding
that of the monometallic Ni-N-C and Mn-N-C counterparts.
Further, the detailed electrochemical analyses revealed a buff-
ered local pH on the Ni/Mn-N-C surface, indicating that the
introduction of Mn-N sites dynamically regulated the local pH,
accelerating the kinetics of the PCET step and thus promoting
the CO, electroreduction to CO. These findings suggested that
constructing various synergistic catalytic sites to modulate the
surface local microenvironment might be an attractive strategy
for promoting CO,-to-CO conversion and providing insights
into advanced catalyst design for optimizing the local micro-
environment in CO,RR and other electrocatalytic reactions.
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