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Highly Efficient Electroreduction of CO2to Methanol on
Palladium-Copper Bimetallic Aerogels

Lu Lu,®? Xiaofu Sun,®* Jun Ma,? Dexin Yang,® Haihong Wu,® Bingxing Zhang,*° Jianling Zhang,?®

Buxing HanaP*

Abstract: Electrochemical reduction of CO, to CH3OH is a very
interesting topic. Aerogels are fine inorganic superstructure with high
porosity and are known to be exceptional materials. Here we
developed a Pd-Cu bimetallic aerogel electrocatalyst for conversion
of CO; into CH3;OH. The current density and Faradaic efficiency of
CH3OH can be as high as 31.8 mA cm and 80.0% over Pdg;Cus;
aerogel at a very low overpotential (0.24 V). The superior
performance of the electrocatalyst results from efficient adsorption
and stabilization CO, radical anion, high Pd%Pd" and Cu'+Cu®Cu"
ratios and sufficient Pd/Cu grain boundaries of aerogel nanochains.

CO; is the main greenhouse gas, and also a cheap, non-toxic,
and abundant C1 feed stock.!! The interest in electrochemical
CO; reduction reaction (CO.RR) has sparked a sustained
research effort. In recent years, many electrocatalysts has been
studies, including metals, metal oxides, transition-metal
chalcogenides and carbon-based materials.?”1 In particular,
numerous efforts have been dedicated to developing and
improving the performance of metal catalysts for CO,RR,©4
among which controlling the size, shape and morphology of
nanostructured metals is an effective strategy.'® However,
substantial advances for searching new electrodes in CO2:RR
are still needed to meet the criteria for practical applications.

Generally, Cu is the unique metal electrochemical catalyst that
is capable of reducing CO; to a series of hydrocarbons, acids
and alcohols with comparative Faradaic efficiency.*% But there
are still some drawbacks for Cu electrodes for CO2RR, such as
high overpotential, wide product distribution and a severe
competing reaction of hydrogen evolution.!Y Many efforts have
been devoted to improving the selectivity and current density for
CO2RR to a specific product over Cu-based catalysts, including
designing Cu complexes, nanoscale Cu, oxide-derived Cu and
alloying.*?>% In comparison with Cu, Pd have low overpotential
for CO; reduction, but CO or HCOOH are usually the major
product,i*® and hardly reduced to alcohols with high Faradaic
efficiency.

Different strategies have been developed to increase the
activity of bimetallic catalysts, such as alloy, shape control,
surface modification ‘and oxidative treatment.l*”?% Recently,
mesoporous Pd-Cu bimetallic electrodes were reported to be
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efficient for selective electrocatalytic CO,RR to CO.PY Cu-
modified Pd catalyst was demonstrated to improve the Faradaic
efficiency of HCOOH.?2 As a synergistic catalyst, polymer-
supported Pd-Cu nanoalloy can enhance the ability for CO;
reduction to CH4.*3 Pd-Cu catalysts with ordered, disordered,
and phase-separated atomic arrangements also have different
selectivities to CO/hydrocarbons.? However, the use of Pd-Cu
bimetallic electrode for CO,RR to CH3;OH with a satisfactory
selectivity has not been reported (Table S1).

Aerogels are fine inorganic superstructure with enormously
high porosity and are known to be exceptional materials with a
variety of applications, especially for catalysis. The physical and
chemical properties of aerogel materials are often superior to the
conventional nanoparticles since the specific properties of the
nanomaterials are combined and magnified by self-assembly on
the macroscale.?>%1 As a unique class of aerogels, Pd-based
aerogels have attracted great interest. They can be used as
unsupported electrocatalysts to offer enhanced overall catalyst
activity and high stabilities.?>! Hence, appropriate Pd-based
bimetallic aerogels may have potential application in CO;RR.

Herein, we report the first work to use bimetallic aerogels as
the catalysts for CO, electroreduction. We prepared a serious of
PdyCuy bimetallic aerogels with controlled composition via a
template-free self-assembly process. By using PdssCuir
bimetallic aerogels on carbon paper (CP) as electrode and 1-
butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4)
agueous solution as electrolyte, the Faradaic efficiency for
CH3OH production could reach 80.0 % with a current density of
31.8 mA cm?, which is higher than those reported in the
literature.?”3% The varying composition in PdsCu, aerogels
resulted in different Pd%/Pd" and Cu'+Cu®/Cu" radios, which was
found to be correlated with the CO, electrocatalytic activity and
CH3OH selectivity. Moreover, the special nanochain structure of
aerogels also contributed to the enhancement of Pd/Cu grain
boundaries and CH3OH production.

PdxCuy aerogels were obtained via in situ reduction of metal
precursors and supercritical CO; (scCOy) drying (Figure S1). We
varied the mole ratios of Pd and Cu precursors to prepare a
series of PdyCuy (Table S2). Strong Pd and Cu peaks can be
observed from X-ray photoelectron spectroscopy (XPS) spectra
of the PdgsCui; aerogel in Figure S2. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images (Figure 1A and 1B) show that PdgsCui; aerogel has a
typical three-dimensional porous architecture with
interconnected nanowires. High-resolution (HR) TEM images
(Figure 1C) show that PdssCui7 aerogels are fairly uniform with
an average nanowire diameter of about 6 nm. The lattice
spacing presented in Figure 1D is about 0.22 nm corresponding
to (111) interplane distance of face-centered cubic (fcc) Pd.
Obvious metal segregation can be seen, and the amorphous
parts belonged to amorphous Cu. The element mapping
analysis and line-scan analysis were performed (Figure 1E-H),
revealing presence of Pd and Cu in the aerogel. The typical
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selected-area electron diffraction (SAED) patterns of PdgsCuir
aerogel is shown in Figure 1l. Compared with pure Pd, no
change of the corresponding radius of diffraction ring of
Pds3Cuy7 aerogel was observed, indicating that the aerogel was
not alloy. According to X-ray diffraction (XRD) (Figure 1K), the
peaks can be assigned to (111), (200), (220) and (311) planes of
fcc Pd, which is consistent with SAED pattern. No distinct shift of
peak position was observed on PdgsCui; aerogel relative to Pd
metal (JCPDS# 65-6174), further suggesting that the bimetallic
nanostructures were composed of crystallized Pd and
amorphous Cu rather than PdCu alloy.

Intersity / a.u.
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(220) (311)
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Figure 1. A) SEM, B, C) TEM, D) HR-TEM, E-G) EDX mapping images (scale
bar: 20 nm). H) Distribution of the Pd (a) and Cu (b) in PdssCui7 by line-scan
analysis. 1) SAED pattern of the PdssCuiz and pure Pd (scale bar: 10 1/nm). K)
XRD pattern of PdssCui7 aerogel.

The surface areas estimated from Brunauer-Emmett-Teller
(BET) plots are 72.8, 65.7, 72.7, 76.8 and 76.9 m?g?' for
PdggCUjj, PdggCuu, Pd37CU13, Pd71CU29 and Pd57CU33 aerogels,
respectively (Figure S3). All the aerogels show a broad range of
pores from micropores to mesopores. Besides, SEM, TEM
images and XRD petterns of other PdyCuy are shown in Figures
S4-S5. All_of them have similar three-dimensional porous
architectures morphology with a bimetallic nanostructure rather
than alloy.
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The electrocatalytic performances of Pd«Cuy, aerogels were
investigated in CO,-saturated [Bmim]BF, aqueous solution with
25 mol% [Bmim]BF4 and 75 mol% water by using a H-type cell.l®!
The linear sweep voltammetry (LSV) curves for Pd,Cuy, aerogels
are shown in Figure 2A. The applied potential was swept
between -0.6 V and -2.5 V (vs. Ag/Ag*) at a sweep rate of 20 mV
s’1. The overall current density also contains hydrogen evolution
reaction current.
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Figure 2. CO: electroreduction reactions in [Bmim]BF4 aqueous solution with
25 mol% [Bmim]BF4+ and 75 mol% water. A) LSV curves for PdxCuy aerogels:
(@) Pds7Cuzs, (b) Pd71Cuze, (c) PdgsCuiz, (d) Pdg7Cuis, (e) PdsesCuii. B)
Faradaic efficiency for CHsOH over PdxCuy aerogels. C) Current density and
Faradaic efficiency of long term electrolysis over PdssCui7 aerogel electrodes
at -2.1 V vs. Ag/Ag*. D) Tafel plots for CHsOH production over PdssCui7
aerogel electrode.

Controlled potential electrolysis at each given potential was
performed in the same system. The main gaseous product was
H, and a trace amount of CO (<1 %) was determined by gas
chromatography (GC). The electrolyte was analyzed by using *H
NMR, showing that CH3;OH is the only liquid product. We also
used ¥CO, over the PdgsCui7 aerogel in the same system. 13C
NMR spectra showed an obvious peak at 49.5 ppm, which is
attributed to 3CHs;OH (Figure S6A). 'H NMR spectra indicated
only 3CH3OH is produced (Figure S6B), and more discussion is
given in the supporting information. These data confirm that CO,
is the only carbon source for CH3OH. Figure 2B shows the
Faradaic efficiency of CHsOH on Pd«Cuy aerogels electrodes
from -1.9 V to -2.4 V (vs. Ag/Ag*). The proportion of Cu in
Pd«Cuy aerogels has a significant impact on the Faradaic
efficiency of CH;OH. We also studied the change of CH3;OH
Faradaic efficiency at different potentials and electrolyte with
different water mole fractions (Figure S7). The PdssCuiz shows
the highest Faradaic efficiency for CH3;OH production (80.0 %) at
-2.1V (vs. Ag/Ag*) in [Bmim]BF, aqueous solution with 25 mol%
[Bmim]BF4 and 75 mol% water after 5 h electrolysis. We also
studied CO2RR over Pdg;Cuiz in 0.5 M NaHCO3; and Na,SO,
aqueous solution, but only H, and a trace of HCOOH were
detected.
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The durability experiment over the PdgsCu;7 aerogel with long-
time electrolysis was investigated at -2.1 V (vs. Ag/Ag*) and the
results are provided in Figure 2C. The current densities and
Faradaic efficiency did not decrease during 24 h in the
electrolysis. The difference of TEM images (Figure S8) of
Pds3Cuy7 aerogel before and after electrolysis is not notable. The
XPS spectra of PdgsCui; after 24 h electrolysis determined in a
UHV-XPS chamber (Figure S9-S10), further confirming the
stability of aerogel. Besides, HR-TEM image of PdssCus; after 24
h electrolysis (Figure S11) indicates that the nanostructure of fcc
Pd and amorphous Cu did not change. The durability
experiments of the other Pd,Cuy, aerogels (Figure S12) also
suggest that they are stable during CO;RR.

To gain kinetic insights for CO.RR to CH3OH on Pds;Cuizy
aerogel, the current density for CH3;OH at various overpotentials
were measured and Tafel plot was constructed in Figure 2D. A
Tafel slope of was 124.4 mV dec?, which indicates the rate-
determining step is the first electron transfer step (CO, + e —
CO3"), which is a commonly accepted mechanism over metal
elecrtrodes.B!
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Figure 3. XPS spectra of A) Cu 2p level and B) Pd 3d level of catalysts. The
relative intensity ratios of C) Pd’/Pd" and D) Cu'+Cu®%Cu" in catalysts.

We characterized the electrocatalysts by XPS to get more
information between surface electronic states and catalytic
performance (Figure 3, Figure S13-S14). The Cu 2p spectra
were fitted with two components, which are Cu'+Cu® (2psp,
931.1 eV; 2pi1j2, 950.0 eV) and Cu" (2pzr2, 933.6 eV; 2p1;z, 953.2
eV). On the other hand, the intense Pd 3ds;, peaks of PdgzCuiz
aerogel at 334.7 eV and 336.1 eV correspond to the metallic Pd°
and Pd", and the Pd 3ds, peaks at 340.0 eV and 341.1 eV
correspond to Pd® and Pd'". The variation of the molar ratios of
Pd and Cu in aerogels leads to different relative intensity ratio of
Cu'+Cu%Cu" and Pd%Pd" (Figure 3C-4D). PdgsCu;7; shows the
highest Pd%/Pd" and Cu'+Cu®/Cu" radio. This indicates that some
O species exist on the aerogel surfuce, which may result mainly
from the oxidation of the aerogels upon their exposure to air.
The bimetallic nanostructures were composed of crystallized Pd
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(fcc) and amorphous Cu. Amorphous Cu had large amount of
low-coordinated atoms and hence was abundant defects. Thus,
more catalytic centers were created to enhance CO; catalytic
performance.? In the meantime, the moderate O-modified Pd-
Cu surface can be benefit to CO, chemical adsorption and
subsequent hydrogenation in CO,RR.P¥%% The CO,s and
CHOags can be also adsorbed efficiently on Cu'+Cu® species,637]
resulting in the increasing of CH3OH yields.

We also prepared the pure metal Pd and Cu by using the
same method. However, Pd or Cu could not form hydrogel
despite the sediments were obtained. As shown in Figure S15,
the monometallic Cu had a flake-like morphology, and the
monometallic Pd formed aggregated particles. We can conclude
that both Cu and Pd are essential in the coalescence of the
initial spherical particles into chainlike structures in the process
of hydrogel formation. The Faradaic efficiencies and current
densities for CO2RR over monometallic Cu or Pd with different
applied potentials after 5 h electrolysis are shown in Table S3-
S4. CH3;OH was not detected at all applied potentials, indicating
the excellent performance of aerogel is attributed to the
synergistic effect between Pd and Cu.

We characterized the electrochemical activities of PdxCuy
aerogels according to the Randles-Sevcik equation. The
reduction current density at -2.1 V (vs. Ag/Ag*) plotted against
the square root of scan rate are shown in Figure 4A. PdgsCuizy
aerogel electrode has largest slope, indicating the increased
apparent concentration of reactant and highest electrochemical
activity for CO.RR. Additionally, the stabilization of reduced
CO; intermediate plays an important role in CO,RR to CH;OH.
Generally, the overpotential of SO,> adsorption can be
considered as a measure of binding strength of intermediates in
the electrochemical reaction.®® So we examined SOs*
adsorption as a surrogate on the Pd,Cuy aerogels electrodes by
measuring single oxidative LSV scans betweeen 0 and 1.7 V (vs.
Hg/Hg,S0,) at 10 mV s in N,-saturated 0.1 M H,SO, electrolyte,
which can explore the binding affinity of the reduced
intermediate CO,~ during CO,RR. Based on the data in Figure
4B, the overpotential for PdssCui; aerogel electrode is lowest,
indicating largest binding energy and stronger binding of SO,
Hence the PdgsCui; aerogel electrode can stabilize CO;-
intermediates more efficiently.
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55| Pasrcun Siope: 863 mF cm2 g 0.0f
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Figure 4. A) The reduction current density at -2.1 V (vs. Ag/Ag*) plotted
against the square root of scan rate for PdxCuy aerogels. B) Single oxidative
LSV curves for SO4* adsorption in Nz-saturated 0.1 M H2SOa.

The high electrocatalytic activity of PdgsCui7 aerogel is also
ascribed to the highly porous non-supported network, which may

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

favor the exposure of electrochemical active sites and a good
reactant flux. We also studied the influence of different drying
method on the CO; electrocatalytic activity, including vacuum
hot drying (HD) and freeze drying (FD) (Figure S16). Both the
HD and FD sample show lower Faradaic efficiency for CH;OH
(9.6 % and 19.6 %) at -2.1 V (vs. Ag/Ag*) (Figure S17).

In summary, the electrocatalytic reduction of CO, to CHz;OH
has been studied over a series of Pd,Cuy aerogels. The
PdssCui;  aerogel electrode is very efficient and stable
electrocatalyst. When 25 mol% [Bmim]BF, and 75 mol% water is
used as electrolyte, the Faradaic efficiency of CH3sOH production
can reach 80.0 % with a current density of 31.8 mA cm?2. The
excellent catalytic performance of the aerogel originates mainly
from the synergistic effect between Pd and Cu with special
valence states as well as the network structure of the aerogel.
This work provides a promising method for electrolytic synthesis
of CH3;OH from CO,. We believe that other multimetallic aerogel
catalysts can be designed for efficient CO,RR to useful
chemicals and fuels.
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