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ABSTRACT

Electroreduction of carbon monoxide (CO) possesses great potential for achieving the renewable
synthesis of hydrocarbon chemicals from CO,. We report here selective reduction of CO to
acetate using Cu-Pd bimetallic electrocatalysts. High activity and selectivity are demonstrated for
CO-to-acetate conversion with >200 mA/cm? in geometric current density and >65% in Faradaic
efficiency. An asymmetrical C-C coupling mechanism is proposed to explain the composition-
dependent catalytic performance and high selectivity toward acetate. This mechanism is
supported by the computationally predicted shift of the *CO adsorption from the top-site
configuration on Cu (or Cu-rich) surfaces to the bridge sites of Cu-Pd bimetallic surfaces, which
is also associated with the reduction of CO hydrogenation barrier. Further kinetic analysis of the
reaction order with respect to CO and Tafel slope supports a reaction pathway with *CO-*CHO
recombination following a CO hydrogenation step, which could account for the electroreduction
of CO to acetate on the Cu-Pd bimetallic catalysts. Our work highlights how heteroatomic alloy
surfaces can be tailored to enable distinct reaction pathways and achieve advanced catalytic

performance beyond monometallic catalysts.



INTRODUCTION

Electrochemical reduction of carbon dioxide is promising for mitigation of carbon emissions and
building up carbon-neutral energy infrastructures.’? Electrolytes of high alkalinity are known to
favor C-C coupling in this process, a key step toward value-added multi-carbon (Cz+) products
such as ethylene, ethanol, acetate and n-propanol.>»* However, the undesired side reaction with
CO: has limited the practical implementation of alkaline electrolytes in CO> electrolyzers.® This
challenge can be circumvented by sequential electroreduction of CO2 to CO and then CO to
C»:.512  While the former step can be carried out at >90 % Faradaic efficiency (FE) in
bicarbonates (e.g., KHCO3)"*"13, the latter is compatible with alkaline electrolytes such as KOH
and allows for taking advantage of the high alkalinity to enhance Ca: selectivities.!® 1924

Electroreduction of CO has thus gained increasing attention for renewable synthesis of

hydrocarbon chemicals.?

Copper (Cu) has been the sole metal known for favoring Cs+ products in CO
electroreduction (this also holds true to CO» electroreduction).® 26 The rate of C2+ production
is typically limited by the C-C coupling step between adjacent *CO(H) adsorbates, which is
sensitive to the surface structure of Cu.!®-2%26 Multiple reaction pathways can co-exist on Cu
surfaces with shared rate-determining steps (RDSs), limiting the selectivity toward a specific Cao+
product.” ! To overcome this challenge, alloying Cu with another transition metal (e.g., Au,?” %
Ag, 31 Pd3? etc.) has been investigated for CO (and CO,) reduction electrocatalysis. In alloy
catalysts, the heteroatomic interactions between the dissimilar metals can be utilized to modify

the surface adsorption properties and reactivities via geometric and electronic effects.?-*> The

alloy electrocatalysts studied for CO2 and CO reduction, however, have largely been limited to



those conventional alloys without control over the surface atomic ensembles, for which the
mechanistic understanding has focused on nanoscale mophological!:3%3%37 or strain?” 3 effects.
The lack of atomically resolved interpretation of active sites and reaction pathways on bimetallic
surfaces has impeded the development of alloy electrocatalysts with substantially superior

performance than monometallic Cu.

We report here bimetallic Cu-Pd alloys as advanced electrocatalysts for selective
reduction of CO to acetate. Surfactant-free Cu-Pd nanocrystals were synthesized with control
over the composition and applied for electrocatalytic studies by using gas-diffusion electrodes
and flowing alkaline catholytes. The catalytic activity and selectivity toward different C»
products were systematically studied and correlated to the alloy composition. Density functional
theory (DFT) calculations and kinetic studies were combined to interpret the relationship
between alloy composition and catalytic performance. Our findings feature distinct catalytic
mechanisms of the bimetallic electrocatalysts for CO reduction in comparison to monometallic

copper.

RESULTS AND DISCUSSION

Cu-Pd nanocrystals of three different compositions (with elemental ratio of 70:30, 49:51, and
23:77; Table S1) were synthesized by adopting a surfactant-free approach previously reported by
Ma et al* The derived products presented an agglomerated form and have particle sizes in the
range of ca. 10-30 nm (Figures 1a and S1-S4). This was in line with the size and morphology of
the Cu and Pd controls prepared in a similar way. High-resolution transmission electron

microscopy (HRTEM) images show polycrystalline nanostructures with crystal domains on the
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sub-10 nm scale for all of the three alloy compositions (Figure 1b-d). Element mapping based
on energy-dispersive X-ray spectroscopy (EDX) displayed uniform distribution of both Cu and
Pd throughout the bimetallic nanostructures, confirming the formation of homogeneous alloys
(Figure 1c-e). This was confirmed by the X-ray diffraction (XRD) patterns collected on the
bimetallic nanocrystals, which exhibit the features of single face-centered cubic (fcc) phase
(Figure S5). It is noted that thermal annealing to introduce phase ordering (or formation of
intermetallic phase) was avoided to prevent nanocrystal aggregation or agglomeration and loss of

active surface areas.>?

Electrocatalytic performance of the bimetallic Cu-Pd electrocatalysts for CO reduction
was evaluated using a three-compartment gas-diffusion electrode (GDE) cell.®® The three
bimetallic electrocatalysts delivered similar current densities, e.g., 191, 211 and 206 mA/cm? at
—1.0 V (versus reversible hydrogen electrode, RHE; the same potential scale is used in following
discussion unless otherwise specified) for Cu7oPd3o, Cus9oPdsi and Cux3Pd77, respectively
(Figures 2 and S6). In comparison, the Cu control gave a current density of 193 mA/cm? at this
potential. Ethanol and acetate were the primary products obtained with Cu7Pd3o (Figure 2b).
Ethanol was consistently detected at >14% Faradaic efficiency (FE) at potentials more negative
than —0.5 V, while the yield of acetate exhibited gradual increase with overpotential, from 20%
at —0.5 V to 29% at —1.2 V. The Cu49Pds; catalyst produced acetate dominantly throughout the
investigated potential range (Figure 2c¢). In this case, the CO-to-acetate conversion had an onset
potential of —0.4 V and the corresponding FE was found to be consistently above 50% from —0.7
Vito—-12V. At-1.2V, >65% FE toward acetate was achieved, while the other CO reduction
products (ethanol, ethylene, and methane) had a total FE of <10%. This selectivity of Cu49Pds:

toward acetate even surpassed the performance of Cu nanosheets, which was previously reported
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for favoring acetate production from CO reduction.’® For the Pd-rich catalyst (CuxsPd77), the
hydrogen evolution reaction (HER) became dominant in the electrocatalytic process and
occupied >40% FE throughout the investigated potential region. Acetate was also detected as the
primary product of CO reduction, but with lower FEs than that of Cu49Pdsi, i.e., at ca. 20-30 %
from —0.5 V to —1.2 V (Figure 2d). Ethanol was the only other CO reduction product detected at
significant amounts, with a peak FE of 14% obtained at —0.9 V. In comparison, ethylene and
ethanol were found to be the major CO reduction products from the Cu control, with the peak
FEs reaching 38% (at —0.8 V) and 25% (at —1.2 V), respectively, whereas acetate was detected
as a minor product with a maximum FE of 6.1% (at —1.1 V) (Figure 2a). Pure Pd, on the other
side, was found to be inactive for CO reduction and only produced H> under similar reaction
conditions (Figure S7). It can be seen that, while the Cu- (Cu7oPdso) and Pd-rich (Cux3Pd77)
catalysts resemble pure Cu and Pd, respectively, to a large extent, the intermediate composition

(Cu49Pds1) gave distinct behaviors that selectively reduce CO to acetate.

The composition-dependent electrocatalytic performance of Cu-Pd can be better
visualized by comparing the FEs and partial current densities for Co+ products (Figure 3 and
Figure S8). At —1.0 V, CusPds; delivered 163 mA/cm? of geometric current density toward
acetate, ethylene and ethanol in total (Jc2+, Figure S8a). This was only slightly higher than Cu,
which had a Jco+ of 128 mA/cm?. They were followed by CuzoPdso and Cuz3Pd77, which had Jco+
of 103 and 68 mA/cm? at this potential, respectively. Since the total reaction current densities
were quite consistent among the five catalysts, the trend in terms of FE toward C»+ products,
FEc2+, followed a similar trend, namely Cus9Pds; > Cu > Cu70Pd3p > Cu23Pd77 > Pd (Figure 3a).
The high FEc2+ of Cu4oPdsi arose from its high selectivity toward acetate. The dependence of

partial current density (Jacetate) and Faradaic efficiency (FEacetate) for acetate production on the
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alloy composition exhibited a “volcano” shape as the content of Pd increases (Figure 3b). Jacetate
increased from 11.0 mA/cm? with Cu to the peak value of 144.7 mA/cm? with CusoPds, and then
dropped to 53.9 mA/cm? for CupsPd77. Correspondingly, FEacetate €levated from 5.7% for Cu to
65.2% for CugoPdsi. In contrast to the case for acetate, the production of ethylene decreased
monotonically in terms of both partial current density and FE at increasing Pd content (Figure
3c). While Cu delivered 30.2% of FEethyiene and 58.4 mA/cm? of Jemyiene at —1.0 V, these values
drastically dropped to 5.3% and 10.2 mA/cm? for CuzoPdso. The yields of ethylene were even
lower on the more Pd-rich catalysts. The case for ethanol seems to sit between the situations for
acetate and ethylene, for which Cu and Cu70Pd3o had rather similar performances and FEethanol of

~20%, in comparison to ~5% for Cus9Pds; and Cuz3Pd77 (Figure 3d).

It is noted that, although the above discussions of electrocatalytic performance are based
on the geometric current densities (Figures 3 and S8), similar conclusions can also be drawn
from the specific activities, due to rather consistent electrochemically active surface areas
(ECSAs) for the involved catalysts prepared using similar methods (Figures S9-S11). Post-
reaction analysis of the surface composition indicates that the coverages of Cu and Pd largely
follow the elemental ratio of the bulk, in line with the expectation from homogeneous, random
alloys (Figure S12). The stability of the Cu49Pds; was also examined continuously at -1.0V vs.
RHE for over 30 hours in 1 mol/L KOH (Figure S13). The result shows a stable and
undiminished current density (>200 mA/cm?) in CO electroreduction and the selectivity towards
acetate was kept over 50% during the test period. Post-reaction characterization combining XRD
(Figure S14), HRTEM (Figure S15), and EDX-based element mapping (Figure S16) confirmed

the stability of the alloy catalysts in terms of both morphology and crystal phase.



The composition-dependent product distribution points to a different catalytic mechanism
on the Cu-Pd bimetallic surfaces from the corresponding situation on pure Cu. Noticeably, such
a phenomenon was not reported in the previous studies of CO> reduction on similar Cu-Pd

t.32 40 Electron-transfer

electrocatalysts, where CO was found to be the dominant produc
mediated *CO-*CO dimerization has been generally accepted as the C-C coupling mechanism
for the electroreduction of CO to Ca+ hydrocarbons on Cu surfaces.® *'*** Such symmetrical C-C
coupling is believed to have a lower energy barrier than asymmetrical C-C coupling after a
hydrogenation step, e.g., between *CO and *CHO (or *COH). The latter likely takes place at
relatively high overpotentials and has been suggested as a plausible mechanism toward

oxygenated hydrocarbons such as ethanol and acetate** *, although *CO-*CO dimerization has

also been cited to account for the selective reduction of CO to acetate.?’

To understand the distinct catalytic selectivities of Cu-Pd alloys as compared to pure Cu,
we performed density functional theory (DFT) calculations to simulate the adsorption and

hydrogenation of CO on the bimetallic catalyst surfaces. The DFT calculations were performed

46, 47

using the Vienna Ab initio Simulation Package with the revised Perdew-Burke-Ernzerhof

(RPBE)* % exchange-correlation functional and spin polarization. The Brillouin zone was

sampled using generalized Monkhorst-Pack k-point grids with a minimum distance of 55 A in

50, 51 52,53

corresponding real-space superlattices. The effect of solvation on the free energies of

adsorbates was treated as a constant energy shift!®>*

as deteremined from a statistical analysis of
DFT calculations using the implicit solvation model implemented in VASPsol.>> We chose (100)
as the model surface considering that it is likely the most active for C-C coupling,® !> and DFT

in the generalized gradient approximation (including RPBE) is known to predict the incorrect

adsorption site for CO on Cu(111).>”3® To account for the disorder in the alloys, 4 randomly
8



ordered slabs were generated at each composition and results were reported by taking the
average at each type of site over the four slabs. Standard errors of the mean were relatively
small. They are reported along with the averages (see Table S2 and Table S4) and shown as
error bars in plots (see Figure 4a and Figure S26). Reaction energetics was evaluated using the
computational hydrogen electrode model.”” * Equilibrium CO coverage was determined by
calculating the differential adsorption energy of CO,%" %2 which measures the adsorption energy
of the last adsorbed CO molecule at a given coverage. The coverage before this differential
adsorption energy changes sign was used as the equilibrium coverage. Additional details of the
computational methods are provided in Section 2 of the Supporting Information. A more
comprehensive computational study of all possible reaction pathways post C-C coupling on the
random Cu-Pd alloy catalysts remains challenging. This situation is different from the previous
studies of bimetallic catalysts where only one type of element is considered on the surface.?”- 6
The variety of adsorption sites, possible orientations and arrangements of multi-carbon
adsorbates, and multiple steps in competing pathways makes it significantly more complicated

for the simulation of CO reduction toward C; hydrocarbons on the disordered, heteroatomic Cu-

Pd surfaces. We have thus focused the present discussion on the C-C coupling mechanisms.

At the CO partial pressure of 1 atm used in the experiments, we predict the surfaces of
the catalysts to be covered with 2 monolayer of CO (Figure S23). Previous experiments have
shown that the ground state of adsorbed CO (*CO) on the Cu(100) surface at this coverage is a

c(2x2) structure (Figure S24a) on the top sites,®* and on the Pd(100) surface it is a

C(2\/§ X\/E)R 45° structure (Figure S24e) on the bridge sites.®> ® Both ¢(2x2) and

c (2\/5 x~2 )R 45° structures were considered for bridge adsorption on the bimetallic surfaces,
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with 0(2\/5 X\/E)R 45° consistently found to be slightly more stable than ¢(2x2) for the

various Cu-Pd (including Cu and Pd) surfaces. Our calculations indicate that as the Pd content in
the Cu-Pd bimetallic catalysts increases, the transition from on-top to bridge adsorption takes
place between CusPd; and CuiPd: (Figure 4a; also see Figure S25 and Table S2 in the

Supporting Information for more details). The change of CO adsorption site is predicted to have
a significant effect on the energetics of CO hydrogenation. In the 0(2\/5 x2 )R 45°

configuration, the average energy for hydrogenation of *CO to *CHO (which is significantly
more stable than *COH on both the top and bridge sites, see Tables S5 and S6) on the Cu-Pd
bridge sites of the CuiPd; surface is 113 (or 54) meV lower than that on the Cu (or Pd) top sites
of the CuszPd; surface. The corresponding difference is 228 meV (or 169 meV) in the case of

c(2x2).

Further examination of the molecular configurations reveals that the reduced
hydrogenation energy on the Cu-Pd bridge sites can be attributed to the enhanced stabilization of
*CHO via electronic interactions between the O atom and the Cu side of the bridge, where the H
atom 1is positioned toward the Pd side (Figure 4b, Table S5). This suggests that the *CO
molecules on the Cu-Pd bridge sites of CuiPd; and CuiPd; are more likely to be hydrogenated
than their counterparts on the top sites of Cu or CusPd surfaces (see also Figure S26). The
unique feature of the Cu-Pd bridge sites is better illustrated in the correlation of CO
hydrogenation energy to the CO adsorption energy. As shown in Figure 4c¢ for the different
adsorption sites on CuPd;, the Cu-Pd bridge sites clearly deviate from the linear scaling
relationship drawn for homoatomic Cu-Cu or Pd-Pd sites. Notably, this finding is in line with the

alloying effect previously suggested for breaking the linear scaling relationship governing the
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activity of monometallic catalysts for CO, reduction.®’ After a *CO on the Cu-Pd bridge site is
hydrogenated, it can undergo C-C coupling with a neighboring *CO on the Cu sites to form C»
species, which accounts for the electroreduction of CO to C hydrocarbons on the Cu-Pd
bimetallic catalysts (Figure 4d). Such asymmetrical *CO-*CHO coupling mechanism, as
enabled by the heteroatomic ensembles of Cu and Pd on the bimetallic catalyst surfaces, is
distinct from the symmetrical *CO-*CO dimerization mechanism taking place on Cu surfaces,

which is known for selective production of ethylene.

The occurrence of *CO hydrogenation prior to C-C coupling was further supported by
measurements and modeling of the CO electroreduction reaction kinetics. Figure 5 summarizes
the measured reaction orders with respect to CO (nco, at —1.0 V) and Tafel slopes (). The
dependence of Jacetate On the CO partial pressure (Pco) consistently exhibited a linear regime at
lower CO partial pressures and a plateau at higher CO partial pressures. The plateau was reached
at 63.3, 25.3 and 25.3 kPa for Cu7oPdz0, Cus9Pdsi and Cux3Pd77, respectively. The decrease of the
saturation pressure with the increase of Pd content in the bimetallic catalysts can be attributed to
the stronger binding of CO, as predicted from the DFT calculations (Figure 4a). Before the
saturation was reached, nco was determined to be nearly 1 for CusoPds; and Cu3Pd77 and about
0.5 for Cu70Pdz0. By performing kinetic modeling for the CO reduction reaction, we can assign
the first order to surfaces in which *CO hydrogenation is relatively fast compared to *CO-*CO
coupling, whereas the half order is observed when the competing *CO-*CO coupling pathway is
relatively fast (see the Supporting Information for more details). The latter case is in line with the
observation of more ethylene on the Cu-rich surfaces, which are likely to be derived from the
*CO-*CO pathway® (Figure 2a, b). The kinetic models, DFT calculations (Figure 4b), and

experimental reaction order data (Figure 5) support the idea that increasing Pd content leads to
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more rapid CO hydrogenation, shifting the reaction pathway towards increased *CO-*CHO

coupling.

Despite the different reaction orders with respect to CO, the Tafel slope of Jco was
determined to be consistently at ca. =120 mV/dec for the three alloy catalysts at saturation
pressures (see the insets shown in Figure 5). This is because, for both pathways, the rate is
limited by the first electron transfer, namely the proton coupled electron transfer (PCET) of *CO
hydrogenation for the *CO-*CHO pathway and the electron transfer mediated *CO-*CO
coupling in the other case.!>?! The combination of theoretical analysis and experimental data are
thus consistent with the asymmetrical C-C coupling mechanism as presented in Figure 4¢, which
accounts for the electroreduction of CO to acetate on the Cu-Pd bimetallic catalysts. Notably,
this mechanism also explains the experimentally observed trend of acetate production with
respect to the alloy composition (Figure 3b), as the number of Cu-Pd bridge sites on a random

alloy surface maximizes at the equimolar composition (Figure S21).

The above discussion has accounted for the unique C-C coupling mechanism on the Cu-
Pd bimetallic catalysts. While the difference in C-C coupling mechanism can largely explain the
suppression of ethylene formation, it remains unclear why acetate is favorably produced over
ethanol. An examination of CO reduction on the bimetallic Cu-Pd catalysts in 1 mol/L KHCO3
(pH = 8.4) shows that ethanol is the most favorable C» product, albeit with relatively low overall
FEs for the multi-carbon products (up to 38% at —1.2 V vs. RHE) (Figure S17). This is distinct
from the situation with 1 mol/L of KOH (pH = 14), where acetate was found to be dominant
product (up to 65% for FEcuscoo at -1.0 V vs. RHE). We note that, although the partial current

densities toward acetate (jcuicoo-) are quite different, the partial current densities toward ethanol
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(jemzcoon) are actually quite consistent between the two cases. These results indicate that the
reactivity of Cu-Pd for CO-to-ethanol conversion is pH-independent, whereas the CO-to-acetate
conversion is enhanced at high electrolyte pH. This finding is consistent with the alkalinity effect
reported in the electroreduction of CO to acetate on Cu.*” It is suggested that, although the
alcohol pathway shares a common *CO—*CHO intermediate, the hydroxylation of ethenone with
H>O or OH™ are unique for the acetate pathway, which is enhanced in alkaline electrolytes.
Elucidation of the reaction pathways post C-C coupling on the heteroatomic surfaces toward
different C; hydrocarbons would require much more sophisticated computational simulations and

goes beyond the scope of present study.

CONCLUSION

We have investigated the electroreduction of CO on Cu-Pd bimetallic catalysts. High activity
and selectivity have been demonstrated for the electrosynthesis of acetate by using gas-diffusion
electrodes and flowing alkaline catholytes, achieving >65% in Faradaic efficiency and >200
mA/cm? in geometric current density. An asymmetrical C-C coupling mechanism via *CO-
*CHO coupling has been proposed to explain the composition-dependent catalytic performances
and selective reduction of CO to acetate. This mechanism was supported by the computational
prediction of *CO adsorption on the bridge sites of bimetallic surfaces and correspondingly
reduced CO hydrogenation barrier as compared to the on-top adsorption on Cu-rich surfaces. The
proposed *CO-*CHO coupling mechanism was further supported by the first-order reaction
kinetics as determined from the combined experimental and computational studies. It is noted

that further investigations of the CO2 and CO reduction electrocatalysis on such heteroatomic

13



surfaces of alloy catalysts can be performed by using in-situ molecular spectroscopy. More
comprehensive computational simulation of the reaction pathways toward different C, products
would also be important to understand the distinct catalytic selectivities of the bimetallic

catalysts as compared to monometallic Cu.
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Figure 1. Characterization of the Cu-Pd bimetallic electrocatalysts. (a) Representative low- and
(b) high-resolution TEM images of Cus9Pdsi. (c-e) Element mapping analyses for (c) CuzoPdso,
(d) CusoPds; and (e) Cux3Pd77. The green and red colors represent Cu and Pd elements,

respectively.

15



e, B cH. B Acetate [ Ethylene Ethanol I n-Propanol

(b)

——
Q
—

Cu CuzPd;
100 -‘—I {300 .~ 100 4300
S E & ™| 5
- g 3 7 S
g 80 << g 80 <
s E & E
c 200 © 4200 2
= 60| = Ee0f 5
i % i %
) 3]
2 a =2 a
S a0t = Jat =
© 1100 o & 1100 o
(-] ©
W20} g a2t / 3
0
0.3 0.4 -0.5 -0.6 -0.7 -0.8 0.9 1.0 1.1 -1.2 0.3 0.4 -0.5 -0.6 -0.7 -0.8 0.9 1.0 1.1 1.2
(C) Potential (V vs. RHE) (d) Potential (V vs. RHE)
Cu,,Pd;, . Cu,,Pd.,
?'100 - {300 o~ ?100 - I_’- 300 o~
= =
Sl ] $ 3 :
o sor -E 080 ‘é
-] - _
g {m = 3 {20 2
=60l T 60 5
i 2 & 2
o 7
= [a] =
B a0} - J 40 E
© Ji0 S @& {100 §
© E © E
o9l S "* = o
0
-0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 1.0 1.1 -1.2 0 0304 0.5 0.6 07 0.8 0.9 1.0 14 12
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 2. Summary of the Faradaic efficiencies (FEs) and geometric current densities measured

for the electroreduction of CO on: (a) Cu, (b) Cuz0Pds3o, (¢) CusoPds; and (d) Cuz3Pd77.

16



Jethano! (MA/CM

-1.0 Vvs. RHE 100-1:0 V vs. RHE
80 | B
150 —
o
~60r N
< g
+
o
WDaol 100 £
[ +
o
[&]
-
20+ 1%
0 0
Cu Cu,Pdy Cu,Pd;, Cu,;Pd;; Pd Cu Cu,Pdyy Cu,Pdy, CuyPdy; Pd
(c) (d)
-1.0 V vs. RHE 100 -1.0 V vs. RHE
‘—I 30|
40
=]
)
= § =
e ﬁ e 20}
g £ B
2 15 = 5
z e £
201 s o
w ® w
L 3 10|
]
0 i . T — 0
Cu Cu,Pd4y Cu,Pd;, CuyPd;; Pd Cu Pd

Cu,Pd4y Cu,Pd;, CuyPdy;

200

20

Jacetate (MA/CM

2
gen)

Figure 3. Comparison of the electrocatalytic performances of various catalysts for CO reduction:

partial current densities and FEs (at —1.0 V) toward all C»+ products (a), acetate (b), ethylene (c)

and ethanol (d).

17



(a) 0.2 (C) < 1.2 —
3)’ ¢ Bridge Cu-Cu in (2 x 2) # Bridge Cu-Cuin ¢(2v2 x vV 2)R45
Y 0.0 > 4 Bridge Cu-Pdinc(2x2) & Bridge Cu-Pd in ¢{2v2 x VZ) R45
: o= g 11 3| BridgePdPdinc(2x2) g gridge Pd-Pd in c(2v2 x VE)R45"
o= = =
=) 0.2 (TP k.
55 -04 e L
[ © 5
o g c 0.9 ~. +
L g -0 g ~2
8”2 -0.8 -g 0.8 * R i
g o Cl| m—m top-e(2x2) :E‘ Cu-Cu
z O _q.of|* bridge-c(2x2) o 07 CuPd |
> ® bridge-('(2\/—2_><\[§) R 45° o
S Tlhiee Sy Sy B -10 -08 -06 -04 -02 00 0.2
Individual Free Energy of CO Adsorption (eV)
(b) Relative (d)
Hydrogenation
-228 -113 -59 0 Energy (meV)
| | | | .
I T T T - O\ y QO OH
2 A

0 O +e’ H,0 | ethylene/
i /‘ alcghols
C

O?l) o o)

.......
.......

a8 ® ) 68 8 | ol N
2@ | H lae 29, @ L 08 | ks - e 210 acetate
i B Q' e & alcohols
Cu-Pd bridgein ~ Cu-Pd bridge in Pd top in Cutop in
c(2x2) 1'{2ﬁxﬁ)R 45° c(2x2) c(2x2)

@ Cu @ Pd ¢ C @ O « H
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coupling mechanisms for the electroreduction of CO on Cu (above) and Cu-Pd alloy (below)

surfaces.
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Figure 5. Reaction orders determined at —1.0 V for the electroreduction of CO on the different
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Tafel slopes derived from the measurements at 1 atm of CO. Error bars for the reaction order
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