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electrochemical reduction of CO, to useful intermediates or
ABSTRACT: Electrochemical conversion of CO, holds fuels such as formic acid, carbon monoxide, hydrocarbons, and
promise for u'Flllzathn of CO, as a carbon feedstock and alcohols.” ™ This process can be driven by the vast amounts of
for storage of e e renewable energy. Presently Cu intermittent excess electricity that are becoming available with the
is the iny metallic electrocatalyst known to reduce COZ_ to rapid increase in the number of solar and wind power plants.
appreciable amounts of hydrocarbons, buf often a wide Although the electroreduction of CO, to value-added products
range of products such as CO, LCOOy al.ld H, are has promise, the high overpotential of this reaction and low
foiimed as .avirlell.hl?e}:ter lcatial}.fsts fthat exhg)lt hlgg activity activity of the currently known catalysts still hamper this process
an decslpi-cll Yy igh se ?CI?_VIW Hc?r épeCIPdc prol ucts e.u'}el from becoming close to commerecialization. Cu s the only catalyst
needed. ere a range o imetaliic Cu— cat_a ysts wit known to electrochemically convert CO, to hydrocarbons and/or
ordered, disordered, and phase-separated atomic arrange- iderably hih daic effici but i
ments (Cu,:Pd, = 1:1), as well as two additional oxygenates at considerably high Faradaic efficiency (FE), but it
disordered a;rraartl emer.lts, (Cu3Pd and CuPd3 with also produces other products such as CO, HCOO7, and H, at
C _ & . . fairly high FEs. Intensive research efforts, both experimental
u,:Pd,, = 3:1 and 1:3), are studied to determine key e . 310
(nanostructured Cu catalyst,” oxide-derived Cu catalyst,” " etc.)

factors needed to achieve high selectivity for C1 or C2
chemicals in CO, re ductiongWhen cothpare d with the and theoretical (key intermediates,"" different reaction path-

disordered and phase-separated CuPd catalysts, the ways,l.z’.13 etc.), have focused on improving the olverpotential and
ordered CuPd catalyst exhibits the highest selectivity for selectivity of Cu catalysts for the electroreduction of CO, to a
Cl products (>80%). The phase-separated CuPd and specific product. However, the observed Faradaic efficiencies for
Cu3Pd achieve higher selectivity (>60%) for C2 chemicals both C1 and C2 chemicals are typically below 40%. Norskov et al.
than CuPd3 and ordered CuPd, which suggests that the suggested developing bimetallic Cu-based catalysts to break the
probability of dimerization of C1 intermediates is higher scaling relationship and stabilize the reaction intermediate to
on surfaces with neighboring Cu atoms. Based on surface lower the overpotential.”' Recently, experimentalists have started
valence band spectra, geometric effects rather than to develop various Cu-based bimetallic catalysts such as Au—Cu
electronic effects seem to be key in determining the nanoparticles,'® polymer-supported CuPd nanoalloys,'® and
selectivity of bimetallic Cu—Pd catalysts. These results Au@Cu core@shell nanoparticles'” for CO, reduction. However,
imply that selectivities to different products can be tuned most of these studies only focused on improving the selectivities
by geometric arrangements. This insight may benefit the for C1 products. Also, these reports only studied the effect of
design of catalytic surfaces that further improve activity composition (ratio of two metals). To date the lack of bimetallic
and selectivity for CO, reduction. catalysts with well-defined arrangement of respective metal atoms

has prevented study of the effect of structure (different mixing
patterns of two elements) on product distribution. Here, we
A_ tmospheric CO, levels recently have reached 400 ppm and pursue a major challenge, the synthesis and characterization of

are expected to continue to rise. This increase in CO, levels bimetallic catalysts with well-defined elemental arrangements,
has been associated with undesirable climate effects such as global specifically bimetallic Cu—Pd catalysts with different elemental
warming, rising sea levels, and more erratic weather patterns. A arrangements (ordered, disordered, phase-separated, Figure 1a)
variety of strategies (e.g., switching to renewable energy sources, and different atomic ratios (1:3 to 3:1) to study the effect of
enhancing the energy efficiency of buildings and cars, and structure and composition on catalyst activity and selectivity for
capturing carbon from point sources) needs to be pursued to CO, reduction. Possible active sites for the production of C2
reduce CO, emissions and, thereby, curb the increase in
atmospheric CO, levels." Another promising strategy to help Received: October 13, 2016
address the issue of high atmospheric CO, levels is the Published: December 13, 2016
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Figure 1. Physical characterization of bimetallic Cu—Pd catalysts with
different atomic mixing patterns: ordered, disordered, and phase-
separated. (a) Illustration of prepared CuPd nanoalloys with different
structures; (b) XRD patterns of prepared CuPd nanoalloys as well as
previously reported Cu, Pd and CuPd alloys; (¢, d, e) High-resolution
TEM images; (£, g, h) HAADF-STEM images; (i, j, k) Combined EDS
elemental maps of Cu (red) and Pd (green).

chemicals and CH, are proposed based on the electrochemical
analysis of the performance of these bimetallic catalysts.

The preparation of the samples studied, a solid-solution type
CuPd alloy (disordered sample, Cu,:Pd, = 1:1), an ordered
CuPd alloy (Cu,:Pd, = 1:1), a phase-separated (PhaseSep)
CuPd sample (Cu,:Pd, = 1:1), as well as a Cu3Pd sample
(Cu,:Pd, = 3:1) and a CuPd3 sample (Cu,:Pd, = 1:3), is
described in the Supporting Information (SI). The composition
of these samples was examined using a scanning electron
microscope equipped with energy dispersive X-ray spectroscopy
(SEM-EDS). The measured atomic ratios of the various
synthesized CuPd samples are summarized in Table S1.

The X-ray diffraction (XRD) pattern (Figure 1b) indicate that
the ordered and disordered bimetallic Cu—Pd samples form
homogeneous structures. The XRD pattern of the ordered CuPd
sample fits well with an ordered B2 structure (Figure Sla) in
which alternatively arranged Cu and Pd atoms reside on
neighboring sites in a bee-based lattice, as previously reported.'®
The disordered CuPd sample shows a broad single peak around
20 = 42°, which is likely due to a diffraction from the (011) plane
in a bee-based structure. However, the peaks at higher angles do
not match a bee structure (Figure S1b), implying low crystallinity.
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The absence of the characteristic peak of the ordered B2 structure
around 26 =30° ((001) plane) suggests that the Cu and Pd atoms
form a disordered structure in this sample. XRD data also reveal
that the sample we will refer to as phase-separated is composed of
three separate phases: fcc-type Cu, Cu,O, and fcc-type Pd (Figure
Sic).

High-resolution transmission electron microscope (HR-TEM)
measurements showed that three CuPd alloys indeed have
different morphologies and particle sizes (Figure lc—e): the
ordered sample consists of interconnected crystalline features
with a particle size of ~50 nm; the disordered sample consists of
uniform spheres with a particle size of ~5 nm; the phase-separated
sample consists of two aggregates with distinct morphologies: (1)
spherical particles ~50 nm in size and (2) an interconnected
structure with smaller particles ~20 nm in size.

We also examined the chemical microstructure of these three
different CuPd alloys using a scanning transmission electron
microscope combined with EDS (STEM-EDS) to yield high-
angle annular dark-field STEM (HAADF-STEM) images and
STEM-EDS maps of the alloys (Figure 1f—k). Similar
morphologies as shown in the HR-TEM images were evident
from the HAADF-STEM images; however, clear differences in
the elemental distributions were observed. The EDS mapping of
the ordered sample (Figure 1i) shows that Cu (red) and Pd
(green) atoms are homogeneously distributed, forming an
ordered intermetallic structure. We could not find large domains
composed of only Cu or Pd throughout the disordered alloy
particles (Figure 1j). XRD data indicate that this sample has a
solid-solution type alloy structure that contains small domains of
Cu atoms due to its disordered character (Figure 1a). In contrast,
the EDS mapping of the phase-separated sample exhibits separate
phases of Cu and Pd elements; within each phase, most of the
neighboring sites are from the same element (Figure 1k). In
summary, these STEM-EDS results are in good agreement with
the XRD results; we successfully obtained ordered, disordered,
and phase-separated mixing patterns in the samples.

X-ray photoemission spectroscopy (XPS) results combined
with Auger spectra (Figure S2) show that different valence states
of Cu exist on the surface of the different bimetallic Cu—Pd
samples due to the differences in their elemental arrangement.
Note, however, that the initial amount of Cu oxides on the surface
does not affect the product distribution significantly in the
electroreduction of CO,, as previously reported.'”

To evaluate activities of catalysts for CO, reduction, each
bimetallic Cu—Pd catalyst was deposited onto a gas diffusion layer
to form a gas diffusion electrode (GDE), which was assembled in a
flow reactor that we reported previously.'® The electrolysis was
performedina 1 MKOH electrolyte in potentiostatic mode under
ambient conditions. Gas- and liquid-phase products were
analyzed by gas chromatography (GC) and nuclear magnetic
resonance (NMR) spectroscopy, respectively. Figure S3 shows
the single electrode polarization curves of the ordered,
disordered, and phase-separated samples with Table S2
summarizing total current densities (CDs) using different
samples under various potentials. The phase-separated sample
achieves the highest total CD of 370 mA cm ™2, while the ordered
sample has the lowest total CD, indicating that the phase-
separated sample exhibits the highest overall production rate
among these three samples.

Figure 2a—2d show Faradaic efficiencies (FEs) as a function of
cathode potential for each of the major products using the
ordered, disordered, and phase-separated CuPd samples. At
cathode potentials more positive than —0.3 Vyy, the CO FE is
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Figure 2. Faradaic efficiencies for (a) CO; (b) CH,; (c) C,H,; (d)
C,H;OH for bimetallic Cu—Pd catalysts with different mixing patterns:
ordered, disordered, and phase-separated.

almost the same for all three samples; at cathode potentials more
negative than —0.3 Vyyp, where C2 chemicals start to be
produced, the ordered CuPd exhibits the highest CO FE, and the
phase-separated CuPd achieves the lowest CO FE (Figure 2a).
However, for C2 chemicals, the phase-separated CuPd exhibits
the highest FE (up to 63%, among the highest reported values for
C2 production'”), and the ordered CuPd has the lowest C2 FE
(<5%, Figure 2c and 2d). Note that the FE for ethanol on the
phase-separated sample is relatively high, similar to our previous
work that reports high FEs for ethanol and ethylene on Cu
nanoparticles, indicating that the reaction mechanism for the
phase-separated sample is similar to the reaction mechanism on
Cu nanoparticles reported previously.'” The disordered CuPd
has a higher FE for CH, compared to the FEs observed for
ordered or phase-separated CuPd alloys (Figure 2b). This result is
in agreement with prior experimental'® and theoretical studies'*
reporting that alloying Cu with an element with a high oxygen
affinity improves the FE for CH,. Although the ordered CuPd has
more alternating Cu—Pd sites than the disordered CuPd, the
higher CH, FE observed for the disordered sample may be due to
a higher surface coverage of the intermediate. All the above
observations indicate that (1) CO is an important precursor for
C2 chemicals production'>*’ and (2) the phase-separated CuPd
catalyst converts adsorbed CO to C2 chemicals more easily than
the ordered CuPd catalyst, with the latter converting adsorbed
CO more easily to CH, than the phase-separated catalyst.
Linking mixing patterns of the catalysts with the trend in FE for
C2 products, we suspect that the catalyst structure with dominant
neighboring Cu atoms (the phase-separated sample) may favor
conversion of CO, to C2 chemicals, while the structure with
intermetallic mixing patterns (the ordered sample in this study)
favors conversion of CO, to CH,. Specifically, in the phase-
separated structure, due to the neighboring feature of Cu atoms
which may allow for the favorable molecular distance and small
steric hindrance, adjacently adsorbed CO will be dimerized easily
to the COCOH intermediate. The COCOH intermediate will
then be converted mainly to C2 products, with only a small
portion decomposing and converting to CH,. While in the
ordered structure, Cu—Pd intermetallic structures are majorly
present. The adsorbed CO on a Cu atom tends to form the CHO
intermediate with the oxygen atom partially adsorbed on the Pd
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atom, which stabilizes the adsorption of the CHO intermediate
and favors the further production of CH,, as predicted from prior
theoretical studies.'* Therefore, the dimerization of adsorbed
CO, a key step for the production of C2 chemicals, may be
preferred on sites with neighboring Cu atoms. Our observations
also indicate that the formation of CH, and C2 chemicals
proceeds through different reaction pathways as proposed
previously."?

To study the effect of composition on catalyst activity and
selectivity, we prepared two samples with different Cu:Pd ratios
for the disordered structure: Cu3Pd (Cu,:Pd,, = 3:1) and CuPd3
(Cu,:Pd,, = 1:3). The HR-TEM data (Figure S4) show that the
morphologies of Cu3Pd and CuPd3 resemble the disordered
CuPd sample. The crystalline structure of Cu3Pd is similar to that
of the disordered CuPd sample, with some shoulder peaks around
35°—40° indicating the existence of oxides, while the crystalline
structure of CuPd3 resembles that of fcc-type Pd (Figure SS).
Next, we performed electrochemical characterization: The FEs
for various products using these two samples, as well as the
disordered CuPd sample, Cu nanoparticles (Cu-1 data from prior
work under the same conditionw), and Pd nanoparticles, are
provided in Figure 3. As the concentration of Cu increases from

- Cu -@-Cu3Pd -#-CuPd (Disordered) -& CuPd3 Pd
100 10
. - |(b)
< 80 =8
> o
5 5
S 60 S
g &
Q 2
g g
£ £
g 20 52
0 \
12
=2 L
® = (d) \
z 5 °
8 e
e i
F 26
g S
& w
w I
: s \
0 - - v -
10 08 06 04 02 00 10 08 06 -04 02 00

Cathode Potential / VV vs. RHE Cathode Potential / V vs. RHE

Figure 3. Faradaic efficiencies for (a) CO; (b) CH,; (c) C,H,; (d)
C,HOH for catalysts with different Cu:Pd ratios: Cu, Cu3Pd, CuPd,
CuPd3, and Pd.

Pd, CuPd3, CuPd to Cu3Pd and Cu, the FEs for C2 products
increase. This observation further supports the idea that the
dimerization of adsorbed CO to form C2 chemicals may be
preferred on the sites with neighboring Cu atoms. The CH, FEs
for both Cu3Pd and CuPd3 are lower than that for the disordered
CuPd, probably due to the lower amount of Cu—Pd intermetallic
sites within these two samples compared to the disordered CuPd.
The disordered CuPd, Cu3Pd, and CuPd3 have different FEs for
C2 chemicals despite their similar morphology. The fact that the
phase-separated CuPd achieves the highest total current density
despite its large particle size further indicates that the difference in
morphologies and particle size among the samples probably is not
the major cause for the observed differences in performance for
the different catalyst structures shown in Figure 2.

We also suspect that electronic effects induced after mixing Cu
with Pd may cause some of the observed differences in FEs for
various products. To confirm this possibility, surface valence band
photoemission spectra of the ordered, disordered, and phase-
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separated samples, as well as Cu and Pd nanoparticles, were
collected. The d-band centers of these samples relative to the
Fermi level are plotted in Figure 4. According to Hammer and
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Figure 4. Surface valence band photoemission spectra of CuPd
nanoalloys relative to Fermi level. All the spectra are background
corrected. The vertical line indicates the d-band center of each sample
relative to Fermi level.

Norskov,”! for different transition metals, alower d-band position
(relative to the Fermi level) leads to weaker binding between the
intermediate and the catalyst surface due to the occupancy of
antibonding states. Phase separated CuPd has the lowest lying d-
band center, while Cu nanoparticles have the highest lying d-band
center (Figure 4), which indicates that the phase separated CuPd
should have the weakest binding, while Cu nanoparticles should
have the strongest binding with CO. However, since phase
separated CuPd and Cu nanoparticles have similar catalytic
selectivity and activity, geometric/structural effects probably play
a more important role rather than electronic effects to determine
catalytic selectivity and activity among various alloy samples in
this study. Specifically, we suspect that the different mixing
patterns of Cu and Pd atoms in various samples cause different
orientations of the intermediate on the surface, therefore leading
to different selectivities. In homogeneous catalysis, the
orientation of intermediates toward the active site affects reaction
activity.”” Here, we suspect similar effects occur on the alloys with
different mixing patterns.

In summary, through the synthesis and characterization of
bimetallic Cu—Pd catalysts with different elemental mixing
patterns and compositions, we demonstrate that mixing patterns
of the components play an important role in determining each
catalyst’s activity and selectivity. The sample that features
neighboring Cu atoms (phase-separated) favors production of
C2 products, while the sample that features the alternating Cu—
Pd arrangement favors the production of CH,. This finding
provides insight for the design of even better Cu-based alloy
catalysts for the conversion of CO, to desired products.
Maintaining the neighboring Cu sites while alloying with other
transition metal atoms seems to be important. Computational
studies on determining the actual number of Cu atoms within the
active site for the production of C2 chemicals would be desired in
the future.
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