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Abstract

Electrochemical conversion of small molecules such as carbon dioxide (CO,) and carbon
monoxide (CO) to high-value multi-carbon products (C,.) offers a chemical upgrade approach
for fuels and chemical feedstocks production using renewable energy, in the possible absence
of petrochemical industry under the new energy system such as hydrogen economy.

Identifying robust and efficient electrocatalysts to selectively produce the C,. products




remains a challenge. Herein, we report a synthetic strategy of atomically dispersing copper
atoms on nitrogen-rich porous carbon (Cu-N-C) through pyrolysis of a supramolecular
assembly. Benefitting from the unsaturated coordination structure, in KOH electrolyte, the Cu-
N-C with a Cu content of 6.9 wt% exhibits a maximum acetate Faradaic efficiency (FE) of 30%
with an acetate partial current density as high as 48 mAcm2 in electrochemical CO reduction.
Different from the C-C coupling mechanism on metallic copper, we propose a CO insertion

mechanism for the acetate production on the single site copper catalyst.

Introduction

The chemical upgrade based on the renewable-energy-driven carbon dioxide reduction
reaction (CO:RR) is a key component to supply necessary chemicals for the new energy
system such as hydrogen economy, where the petrochemical industry may no longer exist.*®
Copper (Cu) is the only single metal catalyst that is capable of electrocatalytic converting CO-
or CO into multi-carbon products (C,.) with a considerable selectivity and activity due to its
unique d-band center and intermediate strength of CO adsorption.®*! It has been proven that
CO is a key reaction intermediate for C-C coupling and suppression of the competing
hydrogen evolution reaction during the CO;RR, hence, compared to the direct CO;RR route, a
two-step electrochemical process where CO; is first reduced to CO (CO,-derived CO) and then
sequentially reduced to C,., can effectively improve the current efficiency and the selectivity
towards C. upgrade.'*'®* Many efforts have been devoted towards optimizing the Cu-based
electrocatalysts by engineering its composition, dimension, structure, and morphology to
lower the energetic barriers for CO./CO electroreduction via stabilizing reaction intermediates
and transition states.® > 1725 Although some progress has been made in the development of
more active and selective electrocatalysts, understanding of the structure-activity correlation
still faces many challenges. When the Cu nanoparticles size is below 5 nm, the activity and
selectivity for H, and CO is dramatically increased, which was attributed to the high ratio of
low-coordinated surface Cu atoms.?! The catalytic performance of single-site catalysts (SSCs)
is also greatly affected by the surrounding coordination environment.?%?’” Whether Cu-based
SSCs can selectively produce C,. products by modulating the coordination environment of Cu
sites is still an open challenge. Recently, SSCs have attracted great attention in
electrochemical energy conversion,® 7 26 2832 yet Cu-based SSCs are rarely explored in the
CO,/CO electroreduction. Cu-based SSCs were reported to usually produce single-carbon
compounds such as CO, methane, or methanol in CO, electrolysis,**” and Cu-based SSCs for
the highly selective production of acetate from CO,/CO electrolysis has not yet been reported.

Herein, we report a synthetic strategy of atomically dispersing Cu atoms on nitrogen-rich
porous carbon (Cu-N-C) via pyrolysis of a supramolecular complex composed of Cu-melamine

and cyanuric acid. Aberration corrected high-angle annular dark-field scanning transmission



electron microscopy (HAADF-STEM) and X-ray absorption spectroscopy (XAS) demonstrated
that the isolated Cu single atoms were homogenously anchored on the surface of nitrogen-
doped porous carbon. Remarkably, in 1 M KOH electrolyte, the Cu-N-C with a Cu content of 6.9
wt% exhibited an acetate Faradaic efficiency (FE) of 30% with an acetate partial current
density up to 48 mAcm?? in electrochemical CO reduction. Unlike the C-C coupling mechanism

on metallic copper, we believe that the acetate forms via a CO insertion mechanism.

Results and discussion

Synthesis and characterization of Cu-N-C single-site electrocatalysts.

Coordinative pyrolysis strategy has been identified as an effective route to anchor single
metal atoms on the nitrogen-doped carbon.?® 29323841 A5 shown in Figure 1, the Cu-N-C single-
site electrocatalysts were synthesized via pyrolysis of the supramolecular complex composed
of Cu-melamine and cyanuric acid under the Ar atmosphere at 550 °C. The actual Cu contents
in the final product of catalysts were determined by the inductively coupled plasma-optical
emission spectroscopy (ICP-OES). ICP confirmed the Cu contents of 6.9 wt% and 2.3 wt% in
two Cu-N-C catalysts which were prepared by controlling the dose of Cu precursor (Table S1).
For control purpose, a blank sample was synthesized without copper precursor and denoted
as N-C. X-ray diffraction (XRD) patterns of 6.9 wt% Cu-N-C, 2.3 wt% Cu-N-C, and blank N-C
showed that no peaks of metallic Cu can be observed (Figure S1). The peak located at 26° is
corresponding to the (002) plane of graphitic carbon.
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Figure 1. Schematic illustration of the synthesis of Cu-N-C. Cu-melamine and cyanuric acid
are assembled into a supramolecular complex through a facile process. The Cu-N-C
electrocatalysts are obtained by the pyrolysis of the supramolecular complex under Ar

atmosphere.

Transmission electron microscopy (TEM) (Figure 2a, b, and Figure S2) and scanning electron
microscopy (SEM) (Figures 2c) images reveal that the Cu-N-C catalyst features a porous

nanodonut structure with 1.6 * 0.2 um particle size (Figures S3). High-magnification TEM



image (Figure 2b) confirms the absence of any Cu nanoparticles or clusters and the
nanoporous structure of Cu-N-C. The HAADF-STEM image of 6.9 wt% Cu-N-C (Figure 2d) shows
the homogeneous distribution of high-density Cu single atoms which is enabled by the Z-
contrast. The electron energy loss spectra (EELS) clearly exhibit the presence of both N K-
edge (Figure S4) and Cu L-edge (Figure 2e), which confirm that Cu atoms are anchored on the
porous N-doped carbon. The large-area HAADF-STEM image and corresponding energy
dispersive X-ray spectroscopy (EDS) elemental mapping reveal the homogeneous distribution
of Cu, N, and C throughout the whole hollow nanodonut (Figure 2f). The electron microscopy
techniques were also used to characterize 2.3 wt% Cu-N-C (Figures S5) and showed similar
structure and morphology to the 6.9 wt% Cu-N-C. All the above results together evince that

the Cu species in N-doped carbon are atomically dispersed.
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Figure 2. Electron microscopic characterization of the 6.9 wt% Cu-N-C. (a) Low-
magnification, and (b) high-magnification TEM images of the 6.9 wt% Cu-N-C. (c) SEM image
of 6.9 wt% Cu-N-C. (d) Aberration-corrected HAADF-STEM image, and (e) EELS spectra. (f)
HAADF-STEM image and corresponding EDS elemental maps of Cu (yellow), N (green), and C
(red). Scale bars: (a) 500 nm, (b) 50 nm, (c) 10um, (d) 2 nm, and (f) 1 pm.

To explore the structure and coordination environment of Cu species in Cu-N-C at the atomic
level, X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements were carried out (Figure S6-9 and Table S2). In the Cu L-edge
X-ray XANES spectra (Figure 3a), shifts in the energy of the Ls-edge peaks from 930.2 to 930.4
and 930.8 eV for CuO, 2.3 and 6.9 wt% Cu-N-C, respectively, are attributed to the difference



of coordination geometries in the ligand fields, indicating the appearance of Cu?* and Cu* in
Cu-N-C.* Figure 3b shows the Cu K-edge XANES spectra of Cu-N-C, Cu foil, Cu,0, and CuO. The
absorption edges of Cu-N-C are located between the Cu foil and CuO, which indicate that the
oxidized state of Cu atom (i.e. carrying positive charges) in the Cu-N-C is between 0 to 2. The
Fourier transformed EXAFS spectra (Figure 3c) of Cu-N-C in which the Cu-Cu bonds at ~ 2.2 A
are absent, confirm that the Cu species anchored in Cu-N-C are atomically dispersed single Cu
atoms instead of the Cu clusters or nanoparticles, consistent with the HAADF-STEM
observation. The main peaks of Cu-N-C at ~ 1.6 A are attributed to Cu-N coordination.3* 38 As
illustrated in Figure 3d, the wavelet transforms EXAFS patterns show that the maximum of the
wavelet transform of the 6.9 wt% Cu-N-C and Cu foil at around 3.5 and 7.0 A can be assigned
to Cu-N and Cu-Cu contribution, respectively. The wavelet transforms EXAFS patterns of the
2.3 wt% Cu-N-C, Cu20, and CuO are presented in Figure S6. To confirm the geometric structure
of Cu in Cu-N-C, EXAFS fitting was conducted. The fitting parameters are given in Table S2. As
shown in Figure 3e, the Fourier transformed EXAFS curve of Cu-N-C can be well fitted with the

proposed Cu-N; and Cu-Ns; mixed structure shown in Figure 3f.
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Figure 3. Spectroscopic characterization of Cu-N-C. (a) Normalized Cu L-edge and K-edge (b)
XANES spectra of Cu foil, Cu,0, CuO, 2.3 wt%, and 6.9 wt% Cu-N-C. (c) Fourier transformed
EXAFS spectra of Cu K-edge. (d) Wavelet transform plots of 6.9 wt% Cu-N-C (top) and Cu foil
(bottom). (e) The corresponding EXAFS fitting curve of 6.9 wt% Cu-N-C. (f) The schematic
model of Cu-N-C (Cu-N; and Cu-Ns), Cu (yellow), C (gray), and N (purple).



Electrocatalytic performance

To evaluate the performance of Cu-N-C electrocatalyst in CO electroreduction, a flow-cell
electrolyzer was employed (Figure. S10). As described in previous reports,'* > the flow-cell
electrolyzer enables a high rate of CO reduction by constructing the tri-phasic interface to
overcome inherent mass transport limitations of CO in aqueous electrolyte. The current
densities and Faradaic efficiencies (FE) of the CO reduction products are summarized to
demonstrate the electrocatalytic performance (Figure. 4). In 1 M KOH, the major C,. products
on the 6.9 wt% Cu-N-C were ethylene and acetate with almost no CH,4 produced (i.e. Ca.
selectivity is ~ 100%), while maximum CH, FE of 27% was observed on the 2.3 wt% Cu-N-C
(Figure. 4c). To exclude the activity contribution from the support materials, the N-C catalyst
was tested as the blank and hydrogen was found as the only product (Figure. S11).
Remarkably, a maximum acetate FE of 30% (Figure. 4a) and acetate partial current density up
to 48 mAcm™ (Figure. 4b) were achieved on the 6.9 wt% Cu-N-C in 1 M KOH, which is the
highest selectivity of acetate formation on Cu-based SSCs. The 2.3 wt% Cu-N-C catalyst
prefers CH4 production and suppresses the acetate formation (Figure. 4c¢), which indicates that
the key intermediates *CHO and *COH formation are a pair of competing parallel pathways. In
other words, the catalyst with a relatively low density of Cu sites prefers to produce *CHO
intermediate for CH, formation, while catalyst with a high density of Cu sites tends to
generate *COH for acetate production. Comparing the Figure. 4a and c, the 6.9 wt% Cu-N-C
catalyst can suppress the competing hydrogen evolution reaction more than 2.3 wt% Cu-N-C,
suggesting that more active sites in 6.9 wt% Cu-N-C catalyst are used for CO reduction. To
characterize whether the morphology and structure of the Cu-N-C catalyst changed after the
electrolysis, electron microscopy and XRD were employed. Post-reaction XRD pattern of the
6.9 wt% Cu-N-C catalyst supported on gas diffusion electrode (GDE) shows no metallic copper
diffraction peak (Figure S12), while EELS of Cu L-edge (Figure S13) confirms the presence of
Cu element. After electrocatalysis, the HAADF-STEM image of the 6.9 wt% Cu-N-C catalyst
(Figure S14) also shows an atomically homogeneous distribution of high-density Cu single
sites anchored on nitrogen-doped carbon materials. The presented results confirm the

structural stability of the Cu-N-C catalyst for CO electroreduction.
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Figure 4. CO electroreduction performance of Cu-N-C. (a) Faradaic efficiency (FE) and total
current densities (geometric area) (b) for electroreduction of CO on 6.9 wt% Cu-N-C in 1M
KOH. (c) Faradaic efficiency (FE) and total current densities (d) for CO electroreduction on 2.3

wt% Cu-N-C in 1 M KOH.

Based on the high selectivity of acetate formation observed herein, as well as the
information from prior works,* ***’ a possible reaction pathway (Figure. 5a) that the formation
of acetate via the CO insertion mechanism (an Eley-Rideal mechanism) is proposed. The CO
adsorbed on the active site generates *COH or *CHO species via proton-coupled-electron-
transfer (PCET). The adsorbed *COH species are then hydrogenated to *CH, species which
serve as the selectivity determining intermediate (SDI) for the acetate formation.*® After CO
insertion to *CH,, the subsequent *CH,CO intermediate is believed to be highly oriented for
acetate, as only one more PCET is needed for the final product.’® To rationalize our hypothesis,
we performed the CO partial pressure experiment (Figure. 5b) and measured the Tafel slope
(Figure. 5c¢) around the onset potential. At the high CO partial pressure region (Pco > 0.3),

where *CO is likely to saturate the single Cu sites, the Jacette Still shows a positive dependence



with respect to Pco. This observation indicates, unlike the Langmuir-Hinshelwood mechanism,
here a direct insertion from gas-phase CO is likely to contribute to such monotonically
increasing of Jacetate VS. Peo at the CO saturated region.*® The reaction order, however, is not
exactly 1 at CO saturated region, which could be ascribed to a mixed rate-determining step
(RDS) between Eley-Rideal and Langmuir-Hinshelwood mechanisms or a slow turnover from
*CO to *CH,. The Tafel slope of -118 mV-dec™ indicates that the RDS is likely the first PCET,
the *CO protonation in our case.*® The CH, and acetate pathway bifurcate differently on 6.9 wt
% Cu-N-C and 2.3 wt% Cu-N-C, that 6.9 wt% Cu-N-C is more selective for acetate, while more
CH, was observed in the products from 2.3 wt% Cu-N-C. To understand such difference, we
need to consider the kinetic barriers for forming subsequent *CH; and *CH.CO intermediates
on the two studied Cu-N-C catalysts. From EXAFS modeling, we have found subtle differences
in coordination and bonding structures of Cu-N; moieties, which cannot sufficiently explain the
selectivity difference over CH,. However, some features of the substrate might vary between
the two catalysts, for example, the defects, the N-C coordination, and the form of N-dopant
(pyrrole-N and pyridine-N), due to the different Cu loading. These differences could in turn
deviate the charge transfer capability in low and high Cu-Ns loading samples,?” 3%5! which
steer the reaction pathway between CH. and acetate. To elucidate the bifurcation between
CH, and acetate pathways following *CH,, future work is needed to resolve the local structure

of Cu-Ns based catalysts and calculate the kinetic barriers for *CH; and *CH,CO intermediates.
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Figure 5. Mechanism study. (a) Proposed reaction pathway of the electroreduction of CO to
the acetate on Cu-N-C electrocatalyst. (b) Acetate partial current densities over the partial

pressure of CO (balanced with Ar). (c) Tafel analysis for acetate.

Conclusion

In summary, we developed a strategy to pyrolyze the supramolecular assembly to
synthesize the atomically dispersed Cu atoms on porous nitrogen-doped carbon materials
with an unsaturated coordination structure of Cu-N, and Cu-Ns. In electrochemical CO
reduction, an overall C,, selectivity (over C;) of ~100%, a maximum FE of 30% for acetate
production and an acetate partial current density of 48 mAcm= were achieved in 1 M KOH on
6.9 wt% Cu-N-C catalyst, which were the highest among the previously reported Cu-based
SSCs towards acetate production. We propose that the high selectivity of acetate formation on
Cu-N-C catalysts may be attributed to the CO insertion mechanism. This work offers insights
into the design and development of catalysts for C,. production and uncovering the C,.
formation mechanism which leads to the rational design of the electrocatalysts for CO, and

CO reduction, contributing to the chemical upgrade under the hydrogen economy.
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