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ABSTRACT: Electrochemical conversion of CO, to high-value chemical fuels offers a
promising strategy for managing the global carbon balance but faces huge challenges due to
the lack of effective electrocatalysts. Here, we reported PdCu; alloy nanoparticles with
abundant exposed (110) facets supported on N-doped three-dimensional interconnected
carbon frameworks (PdCu;/NC) as an efficient and durable electrocatalyst for
electrochemical CO, reduction to CO. The catalyst exhibits extremely high intrinsic
CO, reduction selectivity for CO production with a Faraday efliciency of nearly 100% at a
mild potential of —0.5 V. Moreover, a rechargeable high-performance Zn—CO, battery
with PdCu;/NC as a cathode is developed to deliver a record-high energy efficiency of
99.2% at 0.5 mA cm™ > and rechargeable stability of up to 133 h. Theoretical calculations
elucidate that the exposed (110) facet over PdCu;/NC is the active center for CO,
activation and rapid formation of the key *COOH intermediate.

KEYWORDS: CO, reduction reaction, exposed facet, CO product, alloy electrocatalyst, Zn—CO, battery

B INTRODUCTION provide appropriate binding energy for reduction intermediates
(*COOH) to minimize the energy barrier to this step.'”
However, within the same potential range, they can also
furnish suitable binding energies for other reduction
intermediates, resulting in a wide variety of reduced products
and low purity CO, making it difficult to use the CO product
directly.”” Therefore, it is desirable to modify Cu-based
catalysts for catalysis of CO,RR to CO with high selectivity.
Alloying is one of the most promising approaches to
adjusting the intrinsic performance of catalysts, which can
change the surface strain and electronic structure of the alloy
by controlling the atomic ratio. Therefore, alloying Cu with
other metals for CO production with high selectivity could be
a promising strategy. The metals, such as Au,'®" Ag,ls_20
Pd,*"** and Zn,*>** with high selectivity of CO,RR to CO,
have been selected for modifying Cu-based catalysts. Among
them, Pd plays a key role in the improvement of CO
generation on Cu-based catalysts because Pd can form a
saturated Pd—H phase at near-zero potential, where CO, is
more easily adsorbed on Pd—H,**”® and control the d-band

The electrochemical carbon dioxide (CO,) reduction into
value-added chemicals under ambient conditions provides a
feasible strategy to retard the depletion of fossil fuels and
alleviate the greenhouse gas emission to mitigate the
environment and energy crisis.' Various CO, reduction
reaction (CO,RR) products can be achieved by different
CO,RR pathways, such as C; (CO, CH,, HCOOH, etc.), C,
(C,H,, C,H;OH, etc.), and even C; (C;H;O, etc.).4_8 Among
them, the conversion of CO, to CO is one of the promising
reaction pathways because it possesses great prospects in Zn—
CO, battery, and the product, CO, can be easily separated
from the aqueous electrolytes for further use.” More
importantly, CO as a fundamental chemical feedstock holds
large market compatibility and a wide range of applications in
chemicals, metallurgy, medicine, and so forth.'%!! Although
many breakthroughs have been made in exploring various
catalysts for the selective electrochemical conversion of CO, to
CO, there are still huge challenges in terms of activity,
selectivity, and long-term stability.

To realize the production of CO with high selectivity from ———
CO,RR, the proper binding strength of the *COOH Received: May 30, 2022 -
intermediate is considered a pivotal point, which requires Accepted:  August 28, 2022 j
catalysts to bind *COOH strongly enough to facilitate the Published: September 7, 2022
activation of CO, and *CO weakly enough to allow CO
desorption readily from the catalyst surface.'”"’ As widely
studied electrocatalysts for CO,RR, Cu-based nanomaterials
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Figure 1. Morphology and structure characterizations of PdCu;/NC. (a) XRD pattern. (b) TEM image, the inset is the low-magnification HAADF-
STEM image. (c) HAADF-STEM and the corresponding EDS maps of Pd and Cu. (d) 3D reconstruction rendering of one PdCuy particle, which
was achieved from 145 HAADF-STEM images at different tilt angles. (e) Atomic-resolution HAADF-STEM image and the corresponding FFT
pattern (blue: Cu atoms; grey: Pd atoms). (f) Atomic structure model of the PdCu;(110) plane.

center of the active site and generate the key reduction
intermediate, *COOH, thereby realizing the selective
production of CO from CO,RR.”’~*’ However, the PdCu
alloy catalyst still has competitive reactions in CO,RR, such as
the competition between the product formic acid and CO after
the formation of the *COOH intermediate, the hydrogen
evolution reaction and CO evolution in the same potential
range, and so on.’”*" Therefore, it is necessary to improve the
structure of PdCu alloys to reduce the effect of competing
reactions on the production of CO from CO,.

Here, we designed and synthesized PdCu; alloy nano-
particles with abundant exposed (110) planes supported on N-
doped three-dimensional interconnected carbon frameworks
(PdCu;/NC) according to our previously reported dissolution
and carbonization method®*® for highly efficient CO
production from CO,RR. The PdCu;/NC catalyst achieved
high selectivity for CO evolution with a Faradic efficiency (FE)
of up to 99.8% at the applied potential of —0.5 V versus the
reversible hydrogen electrode (vs RHE, all potentials in this
work are given vs RHE unless stated otherwise.) in 0.1 M
KHCO; electrolyte. Moreover, the PdCu;/NC electrode was
demonstrated to be an efficient cathode catalyst for a high-
performance Zn—CO, battery with a maximum power density
of 0.77 mW cm™2 an open-circuit potential of 1.0 V, and
energy efficiency of 99.2% at 0.5 mA cm™> In addition, up to
133 h of the long-term multicurrent step test proved its
excellent rechargeable stability.

B RESULTS AND DISCUSSION

Synthesis and Characterization. X-ray diffraction
(XRD) pattern of the as-prepared PuCu,;/NC (Figure 1a)
exhibits a typical tetragonal structure, where the two
characteristic diffraction peaks at 20 = 42.3 and 49.1°
correspond to the (117) and (200) planes of PdCu; (JCPDS
no. 65-9675),"* respectively. No other diffraction peaks of
Pd and Cu can be observed, indicating the synthesis of high-

purity PdCu; alloy. Furthermore, the morphology and
structure of the PdCu;/NC were characterized by transmission
electron microscopy (TEM). The high-angle annular dark-field
scanning TEM (HAADF-STEM), TEM images, and size
distribution diagram in Figures 1b, S1, and S2 show that
nanoparticles with an average size of 220 + 1.96 nm are
distributed on the three-dimensional interconnected frame-
works. The framework structure can greatly increase the N,
adsorption volume, as demonstrated by the high specific
surface area of 1416.05 m*> ¢! and a pore volume of 0.711 cm®
g~ (Figure S3), which is beneficial to the mass transport of
electrolytes in the process of CO,RR.

The energy-dispersive X-ray spectroscopy (EDS) element
mapping images in Figure 1c confirm that Pd and Cu atoms
homogeneously distribute on the particles, and the Pd and Cu
EDS maps are completely overlapped with the HAADF-STEM
image, which evidences the formation of the PdCu; alloy. One
PdCu; alloy particle was reconstructed and visualized in three
dimensions (3D) by HAADEF-STEM electron tomography
(Figure 1d), which shows the faceted (110) surface exposed.
The atomic-resolution HAADF-STEM images and the
corresponding fast Fourier transform (FFT) pattern in Figure
le show that the outermost crystal plane of PdCu; along the
[111] zone axis direction is the (110) crystal plane and has
some stepped surfaces. The abundant (110) plane with a
lattice spacing of 0.262 nm is further demonstrated by the
high-resolution TEM image in Figure Slc, and its atomic
structure model is shown in Figure 1f.

To study the electronic effects of Pd on Cu in the PdCu,/
NC, we conducted the X-ray photoelectron spectroscopy
(XPS) analysis on PdCu;/NC and control samples (Pd/NC
and Cu/NC). Pd/NC and Cu/NC were prepared under the
conditions similar to PdCu;/NC, with the same moles of Pd
for Pd/NC and Cu for Cu/NC as that of the total Pd and Cu
for PdCuy/NC (see the Experimental Section for more
details). Their characterizations are shown in Figures S4 and
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Figure 2. Synchrotron radiation X-ray absorption fine structure (XAFS) and XPS measurements for PdCu;/NC. (a) High-resolution Pd 3d and (b)
Cu 2p XPS spectra. (c) Pd K-edge XANES spectra of PdCu;/NC and Pd foil. (d) Cu K-edge XANES spectra of PdCu;/NC and Cu foil. The k*
weighted (e) Pd and (f) Cu K-edge FT-EXAFS spectra of PdCu;/NC and their reference samples.

SS. The XPS spectra of PdCu;/NC in Figure S6a show that the
Pd 3d spectrum is divided into the Pd 3d;;, and Pd 3d;,
peaks, each of which is further split into two double peaks
assigned to the Pd® and Pd** chemical states, respectively.*®’
The peaks of Pd** could be attributed to the small amount of
Pd dispersed on the carbon matrix in the form of ions. The
ones of Pd® could be contributed to by the metallic Pd in the
PdCu; alloy. For the Cu 2p XPS spectrum, the two peaks at
the binding energies of 932.4 and 951.3 eV (Figure S6b) could
be assigned to Cu 2ps;, and Cu 2p,,, respectively.”* "
Impressively, by comparing PdCu;/NC with Pd/NC and Cu/
NC (Figures 2a,b and S7), it can be found that Pd 3ds), is
shifted to the higher binding energy, while Cu 2p;,, is shifted
to the lower energy. These shifts might be attributed to the
complex electronic effects brought about by the formation of
Pd—Cu bonds between Pd and Cu. Based on the above XPS
analysis, it can be concluded that the Pd and the Cu can adjust
the electron structure of each other, in which Pd active sites are
electron-rich and thus could facilitate the adsorption of CO,
and the formation of the key *COOH intermediate.

The local chemical and electronic configurations of Pd and
Cu species in the PdCu;/NC catalyst were further investigated
by X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). The K
edges of Pd and Cu XANES spectra for the PdCu;/NC are
close to those of Pd foil and Cu foil, respectively (Figure 2c,d),
which indicates that the valence state of Pd and Cu in the

41971

PdCu;/NC is close to 0. This is consistent with the XPS
analysis (Figure S6). Furthermore, the Pd—Cu bond was
detected by the corresponding Pd (Figure 2e) and Cu (Figure
2f) K-edge Fourier-transformed (FT) EXAFS spectra at about
2.60 (+£0.02) A.*" The fitting result of the Pd EXAFS spectrum
in Figure 2e shows that the first coordination shell of Pd is
affected by Pd—Cu but not by Pd—Pd scattering, indicating
that Pd atoms are uniformly distributed on the particles. On
the other hand, the first coordination shell of Cu (Figure 2f) is
affected by the scattering of Cu—Pd and Cu—Cu but not by
the additional scattering of oxygen,”" which can be confirmed
from the EXAFS fitting results (Table S1).

CO,RR Performances. The CO,RR catalytic activity of the
catalysts was first evaluated in an H-cell with a typical three-
electrode system. The linear sweep voltammetry (LSV) curves
in Figure 3a show that the current densities of the PdCu;/NC
catalyst in CO,-saturated KHCO; solution are much larger
than that in N,-saturated KHCOj solution, indicating that the
PdCu;/NC has high activity for CO,RR. Moreover, in a CO,-
saturated electrolyte, the PdCu;/NC catalyst displays a more
positive onset reduction potential and a larger current density
than that of Pd/NC and Cu/NC, suggesting higher catalytic
activity of PdCu;/NC than that of Pd/NC and Cu/NC.
Furthermore, the products after the CO,RR within the
potential range from —0.4 to —0.9 V were investigated. The
gas and liquid products were quantified by gas chromatography
(GC) and 'H nuclear magnetic resonance (NMR), respec-

https://doi.org/10.1021/acsami.2c09615
ACS Appl. Mater. Interfaces 2022, 14, 41969—41977


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

ao b
100
N 80
5 -
£ Q PdCu,/NC
o < 60
< 3 Pd/INC
£ PdCuy/NC (N,) | 4 40 Cu/NC
~-10 PdCu,/NC (CO,)
PdINC (CO,) 20
15 Cu/NC (CO,) 0
0.9 0.6 -0.3 0.0 09 08 -07 -06 -05 -04
E (V vs.RHE) E (V vs. RHE)
c d
PdCuy/NC| 0.16 A
I C
. ranc | £ o
E u $0.12 s de
>
< = eC
= NES
% ) go.os 00
2 g
2 004 PdCu,/NC
g PdINC
2 Cu/NC
0 ©0.00
09 -08 -07 -06 -05 -04 42 10 -08 -06 -04
E (V vs. RHE) Log (j/ mA cm?)
e
0] e o006 00660 0 0 e ® %0000 o000 00000 000 100
- L
1= 753
o Y =
< -2 ~
E 50 ujS’
3 .
"~
4 25
5 0
0 10 20 30

Time (h)

Figure 3. CO,RR performance measurements. (a) LSV curves of PdCu;/NC, Pd/NC, and Cu/NC recorded in a CO,- or N,-saturated 0.1 M
KHCO; solution. (b) FEs of PdCu;/NC, Pd/NC, and Cu/NC for CO production at the various potentials. (c) Partial current densities of PdCu,/
NC, Pd/NC, and Cu/NC for CO production. (d) Tafel slopes for PdCu;/NC, Pd/NC, and Cu/NC catalysts. (e) Stability of total current density
and FEscq during 33 h continuous electrolysis on PdCu;/NC at the applied potential of —0.5 V.

tively. The analysis results reveal that CO is the main product
of CO,RR on PdCu;/NC. The FE of CO over the PdCu;/NC
catalyst (Figure 3b) is not lower than 40% at the wide applied
potentials (—0.4 to —0.9 V) and reaches the optimal value of
99.8% at —0.5 V, superior to highest values of Pd/NC (27.4%
at —0.7 V), Cu/NC (54.1% at —0.8 V), and most of other
previously reported catalysts (Table S2). Moreover, no liquid
reduction product was detected after electrolysis at —0.5 V for
1 h (Figure S8). Furthermore, the partial current density of
CO on the PdCuy/NC catalyst (Figure 3c) increases with
more negative applied potential and reaches up to 4.45 mA
cm™? at —0.7 V, which is 7.5 and 3.8 times those of Pd/NC
(0.59 mA cm™2) and Cu/NC (1.16 mA cm™2), respectively.
These results demonstrate the excellent electrocatalytic
selectivity of PdCu;/NC for CO,RR to CO.

Besides, the Tafel slope for PdCu;/NC is determined as 60
mV dec™, which is lower than those of Pd/NC (90 mV dec™")
and Cu/NC (70 mV dec™"). The lower Tafel slope of PdCu,/
NC indicates that the PdCu;/NC catalyst favors the activation
step of *CO, to *COOH. The fast activation kinetics of the
PdCu;/NC electrode was further supported by electrochemical
impedance spectroscopy (EIS) analysis (Figure S9) that the
smaller impedance of the PdCu;/NC than those of the Pd/NC
and Cu/NC suggests a lower charge transfer resistance of the
CO,RR on PdCu;/NC. Moreover, electrochemical double-
layer capacitances (Cy) were measured to explore the cause of
the enhanced CO,RR activity of the PdCu;/NC catalyst. As

shown in Figure S10, the cyclic voltammograms (CVs) of the
catalysts were scanned at the scan rates of §, 10, 15, 20, and 25
mV s~ The PdCu,/NC electrode achieves a Cy value of 69.0
mF cm™?, which is larger than those of Pd/NC (60.4 mF
cm™?) and Cu/NC (68 mF cm™?), implying higher surface area
and more exposed active sites of the PdCu; catalyst, which is
beneficial to enhance the CO,RR activity.

To evaluate the stability of the PdCu;/NC electrode,
electrolysis at the constant applied potential of —0.5 V was
carried out. As shown in Figure 3e, a current density of about
1.45 mA cm™2 was obtained on the PdCu;/NC electrode, and
the FE for CO production was maintained at about 99.8%
throughout the entire process of continuous electrolysis for 33
h. The characterization results of PdCu;/NC after the
electrochemical stability test (Figure S11) show that the
PdCu; particles keep the crystal structure of the PdCu; alloy
and have an average size of 217 + 1.94 nm, similar to the
average size before the stability test (220 + 1.96 nm).
Moreover, the exposed (110) facet is not sharp enough, but it
still exists. These results demonstrate the high long-term
stability of the PdCu;/NC catalyst for the CO,RR.

Based on the excellent CO,RR performances of the PdCu,/
NC catalyst, a Zn—CO, battery was assembled (see the
schematic diagram in Figure 4a and the digital photograph of
the assembled cell in Figure S12). Figure 4b shows the
charge—discharge polarization curves of the Zn—CO, battery
and the open circuit potential of 1.0 V. It exhibits a maximum
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Figure 4. Zn—CO, battery based on PdCu;/NC. (a) Schematic diagram. (b) Charge—discharge voltage curves. (c) Power density curve. (d)
Galvanostatic discharge curves at various current densities and the corresponding FEs for CO production. (e) Galvanostatic discharge—charge

cycling curves at 0.5 mA cm™ for 400 cycles.

power density of 0.77 mW cm™? at the current density of 2 mA

cm™? during the discharge process (Figure 4c). Moreover, at
the discharge current density values of 0.5, 0.9, 1.3, and 1.7 mA
cm™?, the Zn—CO, battery exhibits the voltage plateaus of
0.58, 0.53, 0.49, and 0.44 V, respectively (Figure 4d),
indicating the stable discharge profiles of the battery.
Moreover, the corresponding CO production was maintained
within the range between 80 and 98%, indicating the excellent
conversion ability of CO, for CO production and operation
durability of the Zn—CO, battery device within a wide
discharge current range. In addition, a discharge voltage of 0.58
V with the energy efficiency of 99.2% was obtained at a
discharge current density of 0.5 mA cm™2, which is superior to
the previously reported Zn—CO, batteries (Tables S3 and S4).
Moreover, the battery exhibits superior rechargeable durability
over the continuous operation for 400 cycles (133 h) at the
discharge and charge current density of 0.5 mA cm™* (Figure
4e).

DFT Studies. To further elucidate the origin of the high
activity of the PdCu;/NC catalyst for CO,RR to CO, DFT
calculations were performed by using Vienna Ab-initio
Simulation Package (VASP). The electrochemical CO,-to-
CO pathway was investigated via a computational hydrogen
electrode model. The Pd site (PdCu;—Pd) and Cu site
(PdCu;—Cu) over the PdCuy alloy were selected as the active

41973

sites of the PdCu;/NC catalysts, respectively. The bare
Pd(110) and Cu(110) slabs were used as references. The
calculated free energy profiles of the CO,RR on different active
sites are presented in Figure 5. CO, activation through
*COOH formation is the first proton-coupled electron-transfer
step. It is associated with an uphill energy barrier, which
requires an overpotential to form reactive intermediates. The
computational results show that the required free energy
change (AG) for the PdCu;—Pd(110) site from CO, to
adsorbed *COOH is closest to zero (0.83 eV), lower than that
of PdCu;—Cu(110) (1.38 eV), Pd(110) (095 eV), and
Cu(110) (1.73 eV). The bond length changes show the same
sequence (Table SS). After the formation of adsorbed
*COOH, the free-energy pathway is thermodynamically
downbhill for the second proton-coupled electron-transfer step
to form adsorbed *CO. These results illustrate that the first
step with *COOH formation is the potential-determining step,
and the PdCu;—Pd active site requires the lowest energy
barrier in this step.

The comparison of the Gibbs free energies of CO,-to-CO
pathways over Cu(110), Pd(110), PdCu,—Pd(110), and
PdCu;—Cu(110) in Figure S shows that the PdCu;—Pd(110)
has the lowest Gibbs free energy barrier at the potential-
determining step. To unveil the interaction between the Pd
and near Cu atoms in PdCu;, we calculated the Bader charges

https://doi.org/10.1021/acsami.2c09615
ACS Appl. Mater. Interfaces 2022, 14, 41969—41977


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09615/suppl_file/am2c09615_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09615?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

-A‘ﬂ-ﬂ L ' A.

.o.o.o..!.

B (o
‘A“ PR .ﬂ’t
o ....A- Y o
.‘o’o‘l.‘.'.‘oo‘o'O.
‘o.o o " ek
_ 2 Cu (110)
i Pd (110)
~ PdCu,-Cu (110)
5 1 PdCu,-Pd (110)
[
[
£ /
20
2
0 *,
+CO,* *COOH+ CO*+ “+CO+
-1{ 2H"+2e" H'+e’ H,0 H,0

Figure S. Gibbs free energies of CO,-to-CO pathways over Cu(110),
Pd(110), PdCu;—Pd(110), and PdCu;—Cu(110). The inset is the
optimized configurations of ¥*CO,, *COOH, and *CO on PdCu;—
Pd(110) and PdCu;—Cu(110).

of Cu(110), Pd(110), PdCus—Pd(110), and PdCu;—Cu(110).
The Bader charge in Figure S13 shows the Pd atom withdraws
0.25 e from the near Cu atom, leading to stronger adsorption
of the Pd atom to the intermediate (*COOH), improving the
catalytic activity. Thus, the PdCu;—Pd(110) active site shows
the highest catalytic activity for CO production from CO,RR.

B CONCLUSIONS

In summary, we designed and synthesized a PdCu;/NC alloy
catalyst, confirming that the alloy particles contain a large
number of exposed (110) facets. In addition, it is highly
efficient in electrochemical CO, conversion to CO. The
catalyst exhibits superior CO, reduction catalytic performances
with an FE of 99.8% for CO production at —0.5 V and
excellent long-term stability. Moreover, the assembled aqueous
Zn—CO, battery using the PdCu;/NC catalyst as cathode
material achieves an energy efficiency of up to 99.2% at 0.5 mA

m~* and long-term rechargeable stability of up to 133 h. DFT
calculations reveal that the (110) plane over the catalyst is the
active center for CO, activation and rapid formation of the key
*COOH intermediate. This work not only designs an
electrocatalyst for robust CO,RR to CO and Zn—CO, battery
but also provides an in-depth understanding of CO,RR to CO
on alloy electrocatalysts.

B EXPERIMENTAL SECTION

Synthesis of PdCus/NC. We employed a dissolution and
carbonization method to synthesize PdCu;/NC. Specifically, 1.92
mg of tetraamminedichloropalladium (CLH;,N,OPd), 492 mg of
cupric chloride (CuCl,), and 690 mg of hydroxylamine hydrochloride
[(NH;0H)Cl)] was dissolved in 40 mL of deionized water by
ultrasound. 144 mg of glucose (C¢H;,0¢) was dissolved in 40 mL of
ethanol. After that, the ethanol solution was mixed with the aqueous
solution. And the mixed solution was dried at 80 °C overnight.
Afterward, the dried sample was put into a porcelain boat. It was
heated from room temperature to 950 °C at a heating rate of S °C
min~" under the protection of an Ar atmosphere and maintained for 4
h. After the temperature returned to room temperature, the porcelain
was taken out. The resulting product was ground to a fine powder and
denoted as PdCu;/NC. In addition, Pd/NC and Cu/NC were

prepared under the same conditions as PdCu;/NC, except for 5.78
mg of Cl,H ,N,OPd but no CuCl, added and 11.56 mg of CuCl, but
no CLH ,N,OPd added, respectively, to keep moles of Pd for Pd/NC
and Cu for Cu/NC same as those of the total Pd and Cu for PdCu;/
NC.

Characterizations. X-ray Diffractometry (XRD) measurements
were performed with an X-ray diffractometer (Rigaku D/max 2500)
in the range of 10 to 90° at a scan speed of 20° min~'. HRTEM
images and SAED patterns were achieved using a Thermo Fisher
Scientific Talos F200X 200 kV field emission (S)TEM. Atomic-
resolution HAADF-STEM images and EDS elemental maps were
taken using a Thermo Fisher Scientific Titan Cubed Themis G2 300
probe Cs corrected (S)TEM operating at 200 kV. Nitrogen
adsorption/desorption was investigated using an Autosorb-iQ-MP
system operated at 77 K, and the specific surface area of the catalyst
was finally calculated based on the Brunauer—Emmett—Teller (BET)
equation. Concentrations of Pd and Cu elements in samples were
determined using inductively coupled plasma-mass spectrometry
(ICP-MS). Measurements of the Pd and Cu K-edge X-ray absorption
fine structure (XAFS) spectra were performed at the beamline TPS
44A of the National Synchrotron Radiation Research Center (NSRR).
XPS spectra were recorded on a Kratos AXIS Ultra DLD system with
Al Ka radiation as the X-ray source, and the binding energies were
calibrated with reference to the C 1s peak at 284.8 eV. The gas
products for CO, reduction were measured by gas chromatography.
The liquid products were tested on an AVANCE III HD 400 MHz
Digital NMR spectrometer, and dimethyl sulfoxide was used as an
internal standard. All electrochemical tests were carried out on a
CHI660D electrochemical workstation.

HAADF-STEM Tomographic Reconstruction. A tilt series of
HAADEF-STEM images was acquired from —70 to 74° at one interval.
During the acquisition, we didn’t find any loss of mass or radiation
damage on the PdCu, particle. A Matlab script package (e-Tomo)
written by R. Hovden (Muller group, Cornell) with contributions
from H. L. Xin was used to align and reconstruct the acquired tilt
series.

Electrode Preparation. 6 mg of the sample powder and 500 uL
of 5% Nafion perfluorinated resin solution were dispersed in 500 uL
of ethanol by ultrasound for 1 h to form an ink. After that, the catalyst
ink was dropped on 1 X 1 cm?® of hydrophobic carbon paper as the
working electrode with a loading of 0.5 mg cm™, and then the carbon
paper was dried under a baking lamp for electrochemical test.

Electrochemical Performance Tests. All relevant electro-
chemical measurements are performed on the CHI660D workstation
using “H”-type three-electrode electrochemical cells separated by a
Nafion-117 membrane. The platinum foil and Ag/AgCl electrodes
were used as counter and reference electrodes, respectively. 0.1 M
KHCO; (pH = 6.8) aqueous solution is used as the electrolyte for the
CO, reduction measurement. Before the test, CO,/N, was blown into
the system for 30 min at a flow rate of 30 mL min™' to reach
saturation. The CV scan was recorded at a scan rate of 100 mV s™" in
the range of —0.6 to —2.0 V, with at least 50 scans relative to the Ag/
AgCl electrode to deactivate the catalyst. After that, LSV curves were
recorded at a sweep rate of 10 mV s~ to evaluate the CO, reduction
activity of the sample.

The potential of the reversible hydrogen electrode is reasonable

Ege = Exg/agal + 0.059pH + 0.197 V

To analyze the product distribution of CO, reduction reaction.
Electrocatalysis was carried out under CO, gas bubbling (30 mL
min~") at a given potential for 1 h. The gaseous products were
quantified by gas chromatography (Agilent 7890B) equipped with a
PoraPLOT Q column and molecular sieve column. The liquid
product was analyzed using a 'H nuclear magnetic resonance (NMR,
AVANCE AV III 400 Bruker, Germany) spectrometer.

The electrochemically active surface area (ECSA) is represented by
the electrochemical double-layer capacitance (Cy), which is
determined by measuring the double-layer charging current at a
scan rate of 5, 10, 15, 20, and 25 mV s™". Electrochemical impedance
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spectroscopy (EIS) spectra are recorded in the frequency range of 10
kHz to 10 MHz with an AC amplitude of 5 mV.

Calculation of Faradaic Efficiency. The calculation of FEq was
described as

FE.o(%) = (2n X F)/Q
= (2Cg X Veop X 1072 X t X F)/24.8Q

where 7 is the mol amount of CO generated, F is the Faraday constant
(96,485 C mol™"), Q is the total of electric charge, Cgss is the volume
concentration of the gas-phase products based on the calibration of

the GC results, Vo, is the flow rate of CO, (20 mL min~'), and t is

electrolysis time (60 min).

Assembly of Zn—CO, Battery. PdCu,/NC is used as the
cathode of an aqueous rechargeable Zn—CO, electrochemical cell,
and a Zn plate with an area of 2 X § cm? is used as the anode. 0.8 M
KHCOj; aqueous solution is used as the catholyte, and 0.8 M KOH
and 0.02 M Zn(CH,;COO), aqueous solution is used as the anolyte.
The cathode chamber and anode chamber are separated by a bipolar
membrane. During the discharge process, CO, was controlled to flow
into the cathode chamber at a rate of 30 mL min~". All tests were
performed in a dual electrolyte system. In addition, the calculation of
energy efficiency (EE) was described as

EE(%) = (” X F X Vdischa.rge + AGeo, splitting X FEco

+ AGH?.O splitting X FEHER)/(n X FX V;harge)

where 7 is the number of electron transfer in CO, reduction reaction,
F is the Faraday constant (96,485 C mol™"), Viischarge 30d Veharge are
the discharge voltage and charge voltage of the Zn—CO, battery,
respectively, and AGco, giitting a0d AGp,0 glitting are the free energies
required for the decomposition of CO, and H,O, respectively.

Density Functional Theory Calculations. All calculations are
based on the ab initio DFT calculation method using VASP in the
generalized gradient approximation (GGA-PBE). The electronic
exchange and correlation energy are described using a plane-wave
basic set defined with a 500 eV cut-off energy and the Perdew—
Burke—Ernzerhof (PBE) functional. The DFT-D3 method with
Becke—Jonson damping is adopted to calculate the van der Waals
interactions. PdCu;(110), Pd(110), and Cu(110) are sampled at S X
5 X 1 k points for Brillouin zone integration, where the atomic force
and energy convergence standards are 0.02 eV A~! and 107° eV,
respectively. A vacuum of 20 A vertically separated the slab from its
periodic image. In the geometric optimization process, only the
bottom two layers are fixed, while the top two layers are completely
relaxed. In free energies calculations, the entropic corrections and
zero-point energy (ZPE) have been included.
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