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Electrochemical Reduction of CO2 at Au-Pd Core-Shell
Nanoparticles: Product Distribution vs. Shell Thickness
Jo J. L. Humphrey,[a] Dr. Daniela Plana,[a] Dr. Verónica Celorrio,[a] Dr. Sajanikumari Sadasivan,[b] Dr.
Robert P. Tooze,[b] Dr. Paramaconi Rodríguez,[c] and Prof. David J. Fermín[a]*

Abstract: The electrocatalytic reduction of CO2 at carbon-supported
Au-Pd core-shell nanoparticles is systematically investigated as a
function of Pd shell thickness. Liquid and gas phase products were
determined by off-line 1H NMR and on-line electrochemical mass
spectrometry (OLEMS). Our results uncover the relationship between
the nature of products generated and the Pd shell thickness. CO and
H2 are the only products generated at 1 nm thick shells, while shells
of 5 and 10 nm produced HCOO- , CH4 and C2H6. The concentration
of HCOO- detected in the electrolyte was dependent on the applied
potential, reaching a maximum Faradaic efficiency of 27% at -0.5 V
vs. RHE for 10 nm thick shells. We conclude that collisions between
absorbed hydrogen at relaxed Pd lattices and strongly bound “CO–
like” intermediates promote the complete hydrogenation to C1 and C2
alkanes, without the generation of other products such as alcohols
and aldehydes.

Introduction
Since the middle of the 20th century, mean annual atmospheric
CO2 levels have increased by over 25 %; in May 2014, the
atmospheric concentration of CO2 exceeded 400 ppm for the first
time.[1] One of the greatest technological challenges in the energy
sector is the development of effective and scalable means of
transforming CO2 into high added value products, without emitting
further CO2 into the environment. Arguably, this can only be
achieved by technologies that can be powered by renewable
energy sources. Electrochemical approaches offer a route to the
conversion of carbon dioxide into renewable fuels, such as
methanol or formic acid, under mild conditions.[2-8] Not only would
this assist in alleviating the detrimental effects of accelerated
global warming and climate change, but it would also facilitate the
production of alternatives to fossil fuels.
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The majority of work in this area so far has focused on the use of
flat metallic cathodes to catalyse the electroreduction of CO2.[2, 4,
5, 7, 9, 10]
Hori et al. demonstrated that bulk Cu electrodes could be
used to produce hydrocarbons, such as CH4 and C2H4, with
efficiencies of 65 and 20%, respectively.[2] More recently, the
Jaramillo group explored the activity and selectivity towards the
CO2 reduction of a range of transition metals, employing gas
chromatography and NMR techniques to detect gas and liquid
phase products of CO2 electrolysis with high sensitivity.[4, 11, 12]
They suggested descriptors such as the binding energies of the
COads intermediate and Oads (i.e. surface oxophilicity) to rationalise
reactivity trends and hence tune reactivity and selectivity.[12] On
the other hand, Pd has shown unique reactivity for CO2 reduction
compared to other group 10 elements, producing HCOOH at low
overpotentials,[13-15] and hydrocarbons at higher overpotentials.[16]
This behaviour has often been ascribed to the ability of Pd to not
only adsorb hydrogen on its surface, but also absorb reactive
hydrogen into its crystal lattice.[10, 13, 17, 18]
Min and Kanan reported a kinetic analysis of the
electrohydrogenation of CO2 and KHCO3 at carbon-supported Pd
nanoparticles, concluding that HCOO- formation proceeded with
Faradaic efficiencies close to 100% in the potential range
between -0.05 to -0.35 V vs. RHE.[15] In addition, the authors also
reported the rapid deactivation process of the electrode
associated with the formation of CO via a minor reaction
pathway.[15] Further mechanistic studies by Kortlever et al. have
shown the influence of pH on the CO2 reduction reaction at Pd,
Pd-Pt and Pt disc electrodes.[13] Those studies demonstrated that,
at low overpotential, HCOO- could be formed at Pd electrodes
either by direct reduction of CO2 or by HCO3- reduction, while at
higher overpotentials formic acid is produced only by direct
reduction of CO2.
Bimetallic materials offer an effective way of tailoring the
electrocatalytic activity of d-metals, which can be rationalised in
terms of the so-called ligand and strain effects.[19] Au-Pd has
recently
been
studied
as
electrocatalyst
for
CO2
electroreduction,[8, 20] motivated by the fact that these bi-metallic
systems exhibit good activity towards HCOOH oxidation.[21, 22]
Hahn et al. employed electron beam deposition techniques to
prepare Au-Pd alloy thin films with varying atomic compositions,
and demonstrated that the alloys showed improved selectivity for
HCOO- compared to either Au or Pd.[20] Another level of control
over the selectivity of CO2 reduction could be achieved by growing
thin Pd layers at Au surfaces. Plana et al. showed that the
competition between CO2 reduction and hydrogen evolution
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significantly shifted towards the latter upon increasing the shell
thickness in Au-Pd core-shell (CS) nanoparticles from 1 to 10
nm.[8] Januszewska et al. reported that CO2 reduction becomes
more hindered as the thickness of Pd overlayers on Au(111)
surfaces increases due to the formation of adsorbed CO
intermediates.[23]
The work presented herein examines the interplay between CO
adsorption, hydride formation and the hydrogen evolution reaction
on the electrochemical reduction of CO2 at Au-Pd CS
nanoparticles. Our analysis, based on off-line proton NMR and
on-line electrochemical mass spectrometry (OLEMS), shows that
decreasing the Pd thickness from 10 to 1 nm leads to a decrease
in the Faradaic efficiency towards the generation of HCOOH, CH4
and C2H6. We link this trend to a decrease in CO affinity with
increasing Pd strain, as well as a decrease in the overall H
population absorbed in the Pd lattice. Under the experimental
conditions employed in this work, we recorded a maximum
Faradaic efficiency in excess of 25% for 10 nm Pd shells at low
CO2 reduction overpotential. At more negative potentials, the
Faradaic efficiency for HCOO- decreases due to an increase in
the rate of H2 evolution, as well as hydrocarbons.

Results and Discussion
Dynamic electrochemical responses as a function of Pd
thickness
High-resolution TEM images shown Figure 1a, d and g show a
clear contrast between Au core and Pd shell domains, as well as
lattice fringes extending from the core to the shell. These data
corroborate a core-shell structure, obtained by the lowtemperature synthesis of these Au-Pd nanostructures. Further
evidence of the nanomaterials’ core-shell nature is given by the
dark-field high resolution STEM-HAADF images shown in
Figures 1c, f and i, and is particularly clear for the CS5 and CS10
particles. TEM images displayed in Figures 1b, e and h also
show that particles are well dispersed in the Vulcan XC-72 matrix.
Furthermore, these images demonstrate the monodisperse
nature of the particles, and that Pd only nucleates on the Au cores.

Figure 1. High-resolution TEM images of CS1 (a), CS5 (d) and CS10 (g). TEM
images of CS1 (b), CS5 (f) and CS10 (h) dispersed on Vulcan XC-72R. STEMHAADF images of CS1 (c), CS5 (f) and CS10 (i) particles. The Pd shell
thickness is indicated by the arrows on the HR images.

Table 1: Structural parameters of the catalysts as analysed by HR-TEM, selected area electron diffraction and composition analysis based on EDX and AAS.
Shell Thickness¥

Particle Diameter¥

Metal Loading

Pd Mass Ratio

Effective Pd Lattice Strain¥

nm

nm

%wt

%wt

%

COads Charge Density¥§
0.5 M H2SO4
104 C cm-2

-

19.3 ± 1.2

19.5 ± 1.2

0

-

-

CS1

1.3 ± 0.9

21.8 ± 1.1

20.7 ± 3.9

16 ± 4

3.3 ± 0.6

1.6 ± 0.3

CS5

5.1 ± 0.9

29.5 ± 1.2

16.2 ± 1.6

59 ± 7

1.4 ± 0.6

3.1 ± 0.2

CS10

9.9 ± 1.1

38.9 ± 1.5

23.6 ± 4.3

82 ± 8

0.6 ± 0.6

3.6 ± 0.5

Catalyst

Au

[¥] Data averaged from several hundreds of nanoparticles including those reported in ref. [21]
[§] Adsorbed COads oxidation data are exemplified in the supporting information (Figure S1).
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Table 1 summarises the main structural parameters of the
metallic catalysts which are consistent with our previous
studies.[21, 24, 25] Metal loadings and Au:Pd mass ratio in the
catalyst layers have been quantified by atomic absorption
spectroscopy (AAS) and energy dispersive x-ray spectroscopy
(EDX), and are reported as an average of the two techniques. In
our previous studies,[25] selected area electron diffraction patterns
allowed the effective Pd strain induced by the Au cores to be
estimated as a function of the average thickness; within the error
margins, the Pd lattice in the 10 nm shells can be considered fully
relaxed.[21, 24, 25] The mean oxidation charges of a CO monolayer
at the Pd shells in 0.5 M H2SO4 are also included in Table 1.
Typical voltammograms obtained for the oxidation of adsorbed
CO are displayed in Figure S1, showing identical trends to those
previously reported.[21] Under these conditions, the CO coverages
decreases with shell thickness, a trend consistent with values
obtained at Pd(111) single crystal surfaces and a pseudomorphic
Pd monolayer on a Au(111) substrate.[26]

Figure 2: Cyclic voltammograms of Au and Au-Pd CS electrocatalysts recorded
in Ar (black dotted) or CO2 (red) saturated Na2SO4 (pH 4) at 0.020 V s-1. The
potential is initially swept from 0.7 V to 1.3 V, followed by scanning to -0.7 V and
back to 1.3 V.

Figure 2 contrasts cyclic voltammograms of Au and Au-Pd CS
nanoparticles recorded in Ar and CO2-saturated electrolytes at pH
4. This pH ensures the maximum CO2 concentration in aqueous
solutions, minimising competing equilibria with HCO3- species
which can also be reduced by Pd electrodes.[13] Therefore all
electrochemical signals and any products formed can be directly
attributed to the reduction of dissolved CO2. In view of the pH
sensitivity of the CO2 reduction reaction, control experiments
require solution pH to be the same in the absence and presence
of CO2, something which is often overlooked in the literature.[6, 23]
Accordingly, the pH of Ar-saturated Na2SO4 was adjusted to pH 4
using 0.5 M H2SO4 to ensure it was the same pH as CO2saturated electrolyte.
In Ar-saturated electrolyte, Au nanoparticles exhibit
electrochemical signals in the region 0.0 to -0.7 V, which are
related to hydrogen processes, and are the only significant signals
in this potential range. For the CS nanostructures, signals
associated with Pd oxide formation and reduction are observed at
potentials above 0.7 V. Responses associated with H-absorption,
hydride formation and hydrogen evolution are observed at
potentials more negative than -0.2 V. In the positive scan, signals
in the range between 0.0 and 0.4 V are linked to H-desorption
from the Pd surface and from within the crystal lattice. The
magnitude of the hydrogen-related signals increases with
increasing shell thickness, in agreement with previous studies
carried out in more acidic solutions.[8, 21, 25] The Pd shells exhibit
good stability upon repetitive cycles within the potential range
investigated.
In CO2-saturated electrolyte, the onset of CO2 reduction at Au
nanoparticles is located at -0.3 V. For the CS nanoparticles,
significant changes can be seen as a function of the Pd thickness.
In the negative-going potential scan, a clear contrast in the
cathodic current can be seen upon CO2 saturation. The onset for
CO2 reduction shifts slightly towards more positive potentials with
increasing Pd thickness. A similar effect was observed for Au-Pd
alloy electrodes, and linked to concomitant Pd-hydride formation,
which was more facile in alloys with higher Pd content.[20] Minor
cathodic peaks can be seen between 0.3 and -0.3 V for CS5 and
CS10, which could be linked to the adsorption of CO2 to the
catalyst surface.[27, 28] However, the most noticeable features for
the thicker Pd layers correspond to the partial suppression of the
H-related responses in the positive scan up to approximately 0.4
V. In the case of Au nanoparticles and CS1, the differences in the
voltammograms between Ar- and CO2-saturated electrolytes in
this potential range are rather minor. Another interesting feature
observed, particularly for CS5 and CS10 catalysts, is a welldefined peak at 0.8 V in the positive scan. It should be mentioned
that this peak is not observed in the initial part of the first
voltammogram in the region of 0.7 to 1.25 V; systematic variation
of the negative potential limit shows that the oxidation peak at 0.8
V is only observed when the potential is swept beyond the onset
potential for CO2 reduction.
The precise identity of the intermediate responsible for the
voltammetric feature at 0.8 V remains to be fully elucidated, with
works suggesting adsorbed CO[29] or a range of multi-bonded CO
radicals, (HCOO), CHO, C(OH)2 and CHx.[6, 28, 30] For the sake of
simplicity, we shall refer to this feature as “CO-like” oxidation. It is
noticeable that the “CO-like” oxidation current significantly
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decreases as the shell thickness decrease from 10 to 1 nm. This
observation correlates well with the decrease in the COads
oxidation charge summarised in Table 1.[21] However, the excess
anodic current in the whole potential range above 0.5 V is also
noticeable, particularly for CS5 and CS10 electrocatalysts in the
presence of CO2. This excess current could be related to the
oxidation of other species generated from CO2 reduction. Indeed,
Pérez-Rodríguez et al. suggested that CO2 reduction at Pd
nanoparticles leads to the formation of a range of adsorbed
intermediates such as HCOOads, HCOads and CHx species, which
can be linked to the oxidation current observed in the positive
going scan.[6] On the other hand, these responses can be
associated with H-desorption processes which are shifted to more
positive potentials due to surface-adsorbed species previously
formed during CO2 reduction.[6, 18, 31]
CO2 electrolysis and product analysis
Figure 3a contrasts the charge density as a function time
recorded during potential step measurements in the Ar and CO2
saturated solutions for the CS1 electrocatalysts at -0.3 V. This
potential corresponds to the onset of CO2 reduction (see Figure
2). Interestingly, the charge density recorded in CO2-saturated
electrolyte is approximately an order of magnitude lower than in
Ar-saturated solution. This result suggests that CO2 adsorption
inhibits the competing hydrogen processes.[28] Figure 3b
illustrates the systematic increase in charge density for CO2
electrolysis at CS1 electrocatalyst with variation in potentials from
-0.3 V to -0.7 V. A significant step change in the value of the
charge density is recorded at -0.7 V, suggesting a strong
contribution from the hydrogen evolution reaction at these
negative potentials. There was a negligible increase in the
solution pH (< 0.3 pH units) for electrolysis at potentials more

Figure 3: Charge density during electrolysis in Ar- and CO2-saturated
electrolytes at -0.3 V for CS1 catalyst (a). Charge density of CO2 electrolysis at
CS1 catalyst at various potentials (b).

Figure 4: 1H NMR spectra of electrolyte between 8.29 to 8.35 ppm following 1
h CO2 electrolysis at potentials between +0.1 and -0.7 V at CS10 electrocatalyst.
The singlet peak at 8.31 ppm is attributed to the α-proton of formate, HCOO-.

positive than -0.5 V. However at -0.7 V, the pH increased by up
to 0.8 pH units during the course of the electrolysis for CS5 and
CS10. This observation is consistent with a significant proton
consumption, which is as a result of the competing hydrogen
evolution reaction at the thick shell nanostructures.
Representative 1H NMR spectra between 8.29 and 8.35 ppm of
the electrolyte following CO2 electrolysis with CS10
electrocatalyst are presented in Figure 4. At applied potentials of
-0.3 and -0.5 V, there is a singlet peak at 8.31 ppm which is
attributed to the α-proton of formate, HCOO-. No HCOO- is
detected at potentials below -0.1 V, nor at -0.7 V. These results
confirm that HCOO- is formed in a narrow potential range which
is consistent with previous reports.[13-15, 18, 20, 32]
Figure 5a shows the concentration of HCOO- detected in the
electrolyte for the Au and CS electrocatalysts as a function of the
applied potential. By keeping the sample preparation and NMR
acquisition parameters consistent, it was possible to quantify the
concentration of HCOO- present in the electrolyte following bulk
potentiostatic CO2 electrolysis (see Supporting Information). For
Au and CS1 electrocatalysts, HCOO- was not detected by 1H
NMR experiments at any of the applied potentials investigated.
Approximately 7 µM of HCOO- was detected at -0.3 V for CS5
nanostructures. The largest concentration of HCOO- was obtained
for electrolysis with CS10 nanoparticles, yielding values close to
50 µM at -0.7 V. The corresponding Faradaic efficiencies are
presented in Figure 5b. CS10 nanoparticles exhibit a maximum
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Figure 5: Concentration of HCOO- (a) and corresponding Faradaic efficiency
(b) recorded after 1 hour CO2 electrolysis at Au and Au-Pd CS nanoparticles.

Faradaic efficiency towards HCOO- of approximately 27% at
potentials between -0.3 and -0.4 V, falling sharply at more
negative potentials. Decreasing Pd thickness also leads to a
sharp decrease in the Faradaic efficiency. The maximum
Faradaic efficiencies towards HCOO- in Figure 5b are somewhat
lower than the maximum values recently reported by Koper et al.
(Pd-Pt alloy nanoparticles)[13, 17] and Kanan et al. (Pd
nanoparticles)[15] in the range of 60 to 100%. On the other hand,
Gao et al. reported very low Faradaic efficiencies (below 1% for
HCOOH) for small Pd particles between 1 and 10 nm at a range
of acidic pH,[33] while Hahn et al. obtained efficiencies of below
10% for HCOO- at alloy Au-Pd film electrodes in aqueous
KHCO3.[20] The range of Faradaic efficiencies reported in the
literature indicate that electrode composition and nanostructuring,
as well as electrolyte composition and pH, play an important role
in this complex reaction.
Figure 6 shows ion currents corresponding to m/z 2 (H2 ), 15 (CH4)
and 26 (C2H6) obtained by OLEMS during electrolysis with CS5
and CS10. There is a very short time delay between the current
responses (Figures 6a and b) and H2 detection (Figures 6c and
d) at -0.7 V, indicating that this is the main reaction product.
Interestingly, CS5 (Figure 6e) and CS10 (Figure 6f) exhibit
responses associated with CH4 and C2H6 species. In this case,
signals relating to both CH4 and C2H6 progressively increase for
approximately 500 s, followed by a period of saturation and a slow
decrease after 1000 s, while H2 is also seen to decrease. This
gradual decline in the activity toward hydrocarbon formation may
indicate accumulation of poisoning intermediates on the
electrocatalysts’ surface. For CS1 and Au, CH4 and C2H6
products were not detected during CO2 electrolysis (Supporting
Information Figures S3 and S4), and no CO2 reduction products
were detected when the electrolyses were performed in Arsaturated electrolyte for any of the electrocatalysts (Supporting

Figure 6. Faradaic and ion currents measured by OLEMS during CO2 reduction
at -0.7 V at CS5 and CS10 electrocatalysts: current (a, b), H2 (c,d), CH4 and
C2H6 (e, f). All OLEMS data correspond to the ion currents measured during the
course

Information Figures S5-8). It was not possible to unequivocally
confirm the formation of CO with this technique, as CO can be
formed as a fragment of HCOO-, as well as from CO2 itself. The
m/z 31 fragments for methanol was also monitored, but was not
detected for any catalyst. The ion currents measured for H2
evolution are lower in CO2-saturated electrolyte compared to Ar
(Figures S6 and S7). Recently, work on Au-Cu core-shell
electrocatalysts revealed a change in the distribution of gas phase
CO2 reduction products with electrolysis time, e.g. some catalysts
showed a decrease of C2H4 generation concomitant with an
increase in CH4 formation.[34] Such changes in product distribution
with electrolysis time were not seen in our systems.
Product Distribution as a Function of Shell Thickness
Scheme 1 summarises the CO2 reduction products generated at
Au and Au-Pd CS electrocatalysts. Qualitative and quantitative
changes in the product distribution were observed as a function
of both applied potential and catalyst composition, with Au and
CS1 reducing CO2 to CO, while CS5 and CS10 also produced
HCOO- and hydrocarbons. The majority of transition metals (the
exception being Cu) catalyse the 2e- reduction of CO2 to CO or
HCOO-, with the selectivity for each of these products dependent
on the binding mode of the initial intermediate.[10, 35] It has been
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proposed that CO is formed when the reaction pathway involves
a Pd-C bond, i.e. a carboxyl intermediate, *COOH, formed by
concerted proton-electron transfer.[35] Reduction of CO2 to
hydrocarbons at metal electrodes proceeds via further reduction
along this CO pathway, by protonation of the “CO-like” species to
adsorbed *COH or *CHO.[35, 36] Based on the Sabatier principle,
hydrocarbons may be generated when “CO” binds strongly
enough to allow further hydrogenation, yet not so strongly that the
electrode is poisoned.[7] However, in most cases, reduction of CO2
to CH4 requires high overpotentials due to the thermodynamically
unfavourable protonation step.[7, 35, 37] Formate, on the other hand,
is formed via a separate pathway in which the initial intermediate
binds to the catalyst via oxygen, either in a monodentate or
bidentate configuration, leaving the carbon atom of CO2 available
for hydrogenation.[7, 35]
CS1 catalysts showed no formate or hydrocarbon products by
NMR or OLEMS analysis, indicating a similar reactivity to pure Au
nanoparticles. In the case of Au, the low oxophilicity means that
CO2 binds primarily via a Pd-carbide bond, thus inhibiting the
HCOO- reduction pathway. Indeed, reports have shown Faradaic
efficiencies of >85% for CO at Au electrodes in acidic
electrolyte.[27, 38] Our results show that a 3.4 % expansion of the
Pd lattice leads to substantial weakening of the affinity towards
“CO-like” intermediates, preventing further reduction steps. This
behaviour is fully consistent with the decrease in the mean CO
coverage with Pd thickness shown in Table 1.
Both CS5 and CS10 exhibit product distributions similar to that
reported for Pd electrodes, generating HCOO- at low

overpotentials (between -0.3 and -0.5 V), and hydrocarbons at
higher overpotentials (-0.7 V). The detection of HCOO- indicates
intermediate binding of CO2 via oxygen atoms, which can be
protonated either by H+ from solution, or by an insertion
mechanism with ad/absorbed H.[35] Given that HCOO- was only
detected for these thicker shell nanostructures, and not CS1, we
speculate that the collision is between absorbed hydrogen and
the surface-bound intermediate in this pathway. This step has
been suggested in various studies at bulk Pd electrodes, [10, 13, 15,
17]
and this conclusion is supported by the increased
concentration of HCOO- produced at CS10 nanostructures, which
have the highest H-absorption charge density of all the CS
catalysts investigated.[25]
Both CH4 and C2H6 were detected by OLEMS. While Au-Pd CS
electrocatalysts have higher tolerance to CO poisoning than pure
Pd,[21, 39] this intermediate still binds strongly. At CS5 and CS10,
the more relaxed Pd shells facilitate binding of the “CO-like”
intermediate, increasing the probability of undergoing further
hydrogenation with readily available absorbed H. Based on
models describing carbon-carbon coupling at Cu electrodes, the
pathway for the formation of C2 hydrocarbon at Pd electrodes can
be described in terms of two processes: (1) dimerization of
intermediates produced on the C1 (methane) pathway,[40] or by a
bi-molecular surface reaction involving “CO-like” species.[41] The
high overpotentials required to generate hydrocarbons at Pd
electrodes may indicate that the dimerization pathway is the most
likely mechanism for the formation of C2 species. This is also
consistent with fact that no other products such as acetate or
acetaldehyde are detected in our studies.

Conclusions

Scheme 1. Qualitative summary of CO2 reduction products generated at Au and
Au-Pd CS nanostructures.

The present study shows that the efficiency and product
selectivity of CO2 electroreduction at thin Pd shells is determined
by two key parameters: (i) H absorption (Pd hydride formation)
and (ii) CO adsorption, with both parameters strongly linked to
shell thickness. Increasing Pd shell thickness from 1 to 10 nm
leads to a change of product formation from CO and H2 to a more
complex distribution including CH4, C2H6 and HCOO-. A maximum
Faradaic efficiency of more than 25% towards HCOO- is obtained
at nanoparticles with 10 nm thick Pd shells. This suggests that
HCOO- is the most dominant product of the CO2 reaction,
considering that previous studies under identical conditions have
concluded that the overall Faradaic efficiency for CO2 reduction
at these particles is about 40% (with the remaining 60% linked to
hydrogen evolution).[8] Increasing the Pd shell thickness on Au
cores on this length scale leads not only to an increase in the
amount of hydride formed per particle, but also to a decrease in
the Pd effective lattice strain and an increase in CO affinity (see
Table 1: Structural parameters of the catalysts as analysed by
HR-TEM, selected area electron diffraction and composition
analysis based on EDX and AAS.). Consequently, CO and H2 are
preferentially generated at the 1 nm shell nanoparticles due to the
weaker CO affinity. As the Pd shell thickness is increased to 5 and
10 nm, lattice relaxation and increased CO affinity, along with
increased H-absorption charge density, enable hydrocarbon
formation. Given that no partially hydrogenated species, such as
alcohols or aldehydes, are detected, we suggest that multiple
electron-proton transfer steps are effectively mediated by Pd
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hydride promoting fast surface hydrogenation reactions. The lack
of partially reduced species also indicates that the production of
HCOO- at CS5 and CS10 occurs via an alternative reaction
pathway, in which CO2 binds via oxygen, as opposed to carbon.
The peak concentration of HCOO- detected at CS10
nanostructures was more than 6-times that obtained for CS5,
indicating that a fine balance between “CO-like” adsorption and
Pd-hydride formation is required with respect to controlling not
only the product distribution, but also the efficiency, of
electrochemical CO2 reduction.

Experimental Section
Electrocatalyst Synthesis and Characterisation
Synthesis of Au-Pd CS nanoparticles by a two-step colloidal method, and
their subsequent anchoring at a mesoporous carbon support (Vulcan XC72R), has been described in previous publications.[25] [21, 25] Briefly, 19 nm
diameter Au seeds were prepared by refluxing gold (III) chloride trihydrate
in the presence of trisodium citrate. Pd overlayers were subsequently
grown onto the Au cores by addition of aqueous H2PdCl4 in an ice bath
with vigorous stirring, followed by L-ascorbic acid over 1 h to ensure the
formation of CS, as opposed to separate Pd clusters. The thickness of the
Pd shells was controlled by the volume of the Pd-precursor solution added
to the colloidal Au nanoparticles. Finally the electrocatalyst was prepared
by stirring the aqueous suspension of nanoparticles at room temperature
in the presence of Vulcan for 3 days.
Elemental composition and metal loading of the electrocatalysts was
determined by atomic absorption spectroscopy and energy dispersive Xray spectroscopy (EDX). For AAS, carbon-supported CS nanoparticles
were digested in aqua regia and diluted to 25 mL. The sample was
analysed on a Unicam 919 AAS, calibrated with Au and Pd standards. EDX
was performed on a JEOL SEM IT300 operating at 30 kV.
Samples for transmission electron microscopy (TEM) were prepared by
drop-casting 10 µL electrocatalyst suspension in EtOH onto a 3 mm
carbon-coated Cu grid (300 mesh) and drying in air. TEM imaging was
carried out on a JEOL JEM 1200 EX MkII, and high-resolution TEM (HRTEM) was carried out on a JEOL 200 Kv Hi Resolution TEM 2011, with the
imaging software ‘Soft Imaging Systems GmbH analySIS 3.0’. High-angle
annular dark-field scanning transmission electron microscopy (STEMHAADF) images and EDX analysis were performed in a FEI Tecnai F30,
equipped with a field emission gun working at 300 kV.
Electrode Preparation and Electrochemical Studies
Catalyst inks were prepared by mixing 2.0 mg of the nanoparticle-loaded
carbon with 15 µL of Nafion© perfluorinated proton exchange membrane
(5 %wt, Sigma Aldrich) in 500 µL MilliQ water (≥18.2 MΩ), and sonicating
to obtain a homogeneous dispersion.[21] The working electrodes were
prepared by drop-casting 20 µL of ink onto a freshly polished glassy carbon
electrode (5 mm diameter) and dried in air. Electrocatalysts were first
activated to remove any residual surface-bound stabilising ligands by
cycling the potential between -0.85 and +1.50 V (vs. RHE) at 0.500 V s-1
in Ar-saturated electrolyte, until stable voltammograms were obtained.
Electrochemical experiments were performed on a µAutolab potentiostat,
controlled by GPES software. Currents were normalised by the
electrochemically active surface area based on our previous studies
employing Au oxide formation, CO adsorption and hydrogen
adsorption/absorption in acid solution (see Figure S1).[21, 25]
Measurements were carried out in 0.1 M Na2SO4 as the background

electrolyte, adjusted to pH 4 by the addition of high purity H2SO4. The pH
was measured before and after the electrolysis. Although a number of
buffers were investigated, all produced electrochemical signals in the
potential range of CO2 reduction. Furthermore, some buffers can severely
compromise the sensitivity of 1H NMR measurement in a critical range of
chemical shifts.
A two compartment electrochemical cell was used separating the working
and Hg/Hg2SO4 (MSE) reference electrodes from the counter electrode
(Pt) by a glass frit. All potentials were subsequently transformed to RHE.
The uncompensated resistance (Ru) in this configuration is typically bellow
100 Ω, thus IRu potential drop are insignificant under the conditions
investigated. For electrolysis experiments, the total cell volume was 15.0
mL, with 7.5 mL in each compartment. Fresh electrolyte was used for each
measurement.
Detection and Quantification of CO2 Electroreduction Products
Liquid phase electrolysis products were quantified by 1D 1H nuclear
magnetic resonance (NMR) spectroscopy employing an Agilent VNMRS
500MHz spectrometer using a pre-saturation pulse sequence centred on
the water peak. A 700 µL aliquot of the electrolyte was sampled from the
working half of the cell with an added 35 µL of D2O (99.9 atom % D). The
concentration of HCOO- in the electrolyte following CO2 electrolysis was
determined by comparing the absolute integral of the peak area associated
with HCOO- (8.31 ppm), with that of known standards. Further details
regarding NMR experimental protocol and calibration (Figure S2) are
provided in the Supporting Information. NMR spectroscopy results also
showed trace amounts of methanol. However, this species was also
detected when electrolysis was performed in the absence of CO2, and is
thought to be due to minor degradation of the carbon support under
electrolysis conditions. This was confirmed by the fact that no MeOH was
detected by on-line OLEMS, where Vulcan was not present.
Detection of gas phase products was performed with a custom built
OLEMS system, featuring a small Kel-F tip supporting a Teflon cylinder.
The tip is placed close to the electrode surface, allowing the detection of
volatile products with a quadrupole mass analyser. The tip is a 1.2 mm
diameter porous Teflon cylinder (Porex with an average pore size of 5 µm
- 10 µm and 45 - 55 % porosity) in a Kel-F holder. The tip configurations
were cleaned overnight in a solution of 2 M NaOH solution (VWR,
EMSURE) and rinsed 5 times with ultrapure warm water before use. A
secondary electron multiplier (SEM) voltage of 2100 V was used, except
for hydrogen (m/z = 2) where a voltage of 1134 V was used. The pressure
was equilibrated for 1 h prior to each measurement. The results presented
in this work have been baseline corrected and the water partial pressure
contribution subtracted.
In order to avoid any contribution of the oxidation/reduction of the citrate
stabilising agents, the unsupported colloidal Au or Au-Pd CS nanoparticles
solutions were washed first 3 times with a mixture 50:50 ultrapure
water/ethanol (Fisher Scientific, analytical grade and centrifuged at 3000
rpm for 10 min), and then another 4 times with ultrapure water. The
resulting solution of nanoparticles was re-dispersed in 5 mL ultrapure
water, drop-cast onto a glassy carbon electrode and dried in an oven at
40°C. Electrolysis experiments were performed by applying a potential of
-0.73 V for 1 h in both Ar- and CO2-saturated electrolyte. The following
mass fragments (m/z) were monitored during the electrolyses: 2 (H2), 15
(CH4), 26 (C2H6), 29 (CO), 31 (CH3OH), 46 (HCOOH) and 44 (CO2).
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influence product distribution.
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