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ABSTRACT

The green transition requires new strategies to develop active and stable nanomaterials for energy
conversion. We describe the preparation of Pd-Au bimetallic nanocatalysts using a surfactant-free
electrodeposition method in a deep eutectic solvent (DES) and test their electrocatalytic
performance for the formic acid oxidation reaction (FAOR). We use choline chloride plus urea
DES to tune the composition of Pd and Au in the bimetallic nanostructures, as well as their
morphology and active surface area. We measure the increase in the electrochemically active
surface area (ECSA) of the prepared Pd-Au bimetallic surfaces by Cu underpotential deposition
(UPD). Our results indicate a surface area increase of 5 to 12-fold compared to Pd and PdAu
extended polycrystalline electrodes. We observe that the higher activity of Pd-Au nanostructures
is principally due to its increased active area. Our results also reveal that Pd-Au nanostructures
with ca. 50% of Pd and Au display the best activity and stability in relation to the Pd mass loading
proving the synergy between Pd and Au in the bimetallic catalyst. We highlight that an in-depth
analysis of the ECSA, as well as surface and electronic structure effects in bimetallic

nanostructures, are crucial aspects for the rationalization of their catalytic properties.
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INTRODUCTION

The development of new and sustainable strategies for the controllable preparation of bimetallic
nanostructured catalysts has gained attention in the past decade 3. Compared to bulk materials,
nanocatalysts often show improved electrocatalytic activity due to their high electrochemically
active surface area (ECSA) combined with reduced loadings of noble and expensive metals.
Additionally, their electrocatalytic properties can be tuned by tailoring the shape, size, morphology
and composition 4. Among other synthesis procedures, metal electrodeposition in deep eutectic
solvents (DES) has emerged as a versatile, green and affordable alternative to prepare bimetallic
and multi-metallic nanostructures °. DES are non-toxic solvents formed by the mixture between a
quaternary ammonium salt and a neutral proton donor, and show wide potential limits and enough
conductivity for metal electrodeposition 52, Interestingly, they do not require the addition of

surfactant agents to reduce the metal ions to its metallic form and calibrate the growth of the



nanostructures. These added surfactant-agents, typically used in colloidal nanoparticle syntheses,
are difficult to remove and can deactivate the surface °. In contrast, the majority of DES are soluble
in water and can be easily removed after the synthesis, allowing the preparation of clean and
surface active nanostructures’®. In recent years, some groups have investigated the
electrodeposition of a few bimetallic nanostructures in DES, such as CuAu 1, PdPt or PdAg 2. In
our earlier work on Cu-Au bimetallic nanostructures prepared by co-electrodeposition in DES 11,
we observed that the DES reduces the difference in the reduction potentials of Cu and Au,
facilitating the co-deposition and formation of high surface area bimetallic Cu-Au with tunable
composition. In this work, we prepare Pd-Au bimetallic nanostructures with tunable composition
by electrodeposition in choline chloride: urea DES for the first time. This method provides an
appealing and sustainable strategy to fabricate clean and active Pd-Au bimetallic nanostructures.
We then test these bimetallic nanomaterials as electrocatalysts for the formic acid oxidation

reaction in fuel cells.

The formic acid oxidation reaction (FAOR) have attracted interest since the 70s *1°. Fuel cells
are promising energy conversion devices that convert the energy stored in the chemical bonds of
a fuel into electricity. In a direct formic acid fuel cell (DFAFC), the oxidation of formic acid to
carbon dioxide (CO>) takes place at the anode, and the reduction of oxygen occurs at the cathode.
The use of formic acid as a fuel has several benefits: it is soluble in water at room temperature,
holds a high energy density and can be easily stored. These benefits make formic acid an excellent
energy carrier to be integrated in a fuel cell if the generated CO- is captured and recycled to keep
a carbon neutral-cycle *'7. The FAOR has been extensively investigated, particularly over Pd-
and Pt-based materials, as they show relatively high performance 316, Studies on Pt and Pd show

that FAOR proceeds via two main mechanism paths: i) the complete oxidation of HCOOH to CO;



through an active intermediate 1819 j.e. the desired pathway; ii) a path involving the formation
of poisoning species such as adsorbed CO 820, which suppresses the FAOR activity %21, On Pt,
the FAOR typically undergoes the two oxidation pathways in parallel 142224 In contrast, on Pd, it
generally follows the first pathway, being fully oxidized to CO, 17?28, Studies on different Pd
facets and overlayers have revealed that FAOR on Pd is highly active and sensitive to both the
catalyst structure and the electrolyte composition 2°. In particular, large Pd<100> domains in
perchloric acid solutions display the best activities, while the <110> facets shows the lowest
activity 331, Increasing the amount of defect sites with <111> geometry reduces the activity of Pd,
demonstrating the strong dependence of this reaction to the surface structure °. Despite the low
CO poisoning effect, Pd still suffers from fast deactivation and degradation at high polarization
conditions. Two main explanations of the Pd deactivation are: i) CO species are gradually formed
and poison the surface 123234 although the formation of CO from dehydration of HCOOH
occurs at very slow rates 2. ii) The adsorption of anions and oxygenated species (e.g. Pd-OH
species, PdO and PdO2) block and degrade the Pd surface 1°. To increase the stability of Pd and
reduce CO poisoning over time, different strategies have been proposed. One strategy consists of
decorating the Pd surface with adatoms such as SnO», which promotes the oxidation of CO-
poisoning species enhancing the FAOR performance 2%, Alternatively, alloying or combining Pd
with other elements such as Au can enhance the stability of Pd towards the FAOR 3% In addition,
the electrocatalytic activity of bimetallic materials can be typically enhanced with a combination
of geometric and electronic effects 3. Finding new methodologies to fabricate Pd-Au
nanostructures with tailored composition and structure is an attractive alternative to tune the FAOR

activity and stability.



The aim of this work is two-fold: 1) to establish a method to prepare Pd-Au nanostructures with
tuned composition, morphology and size using a choline chloride: urea DES; 2) to perform an in-
depth analysis of the critical parameters affecting the electrocatalytic performance of bimetallic
Pd-Au nanostructures for the FAOR. We used flat polycrystalline Pd and PdAu extended electrode
surfaces as benchmark electrodes for the reaction. To tune the nanostructure composition, we used
bath-solutions with different concentrations of Pd and Au salts. Then we performed
electrochemical deposition at moderate applied potentials to ensure controlled growth of the
nanostructures. We observed that Pd-Au and Pd nanostructures displayed activities of ca. 3 to 7
times higher than PdAu(poly) and Pd(poly) extended surfaces. We found that differences in the
activities and stability of the Pd-Au and Pd nanostructures towards the FAOR are not only related

to the different compositions, but also to the surface structure and active surface areas.

EXPERIMENTAL SECTION

Preparation of the nanostructured Pd-Au deposits: The DES was prepared by mixing both
choline chloride (ChClI, Across organics, 99%) and urea (Sigma-Aldrich, 99%) salts in a 1:2 molar
ratio and under constant stirring at 40°C. Different bath solutions were prepared with specific
amounts of anhydrous AuCls and PdClI; salts (Sigma-Aldrich, 99% purity) and dissolved in the
DES under magnetic stirring, and heating conditions (T<60°C) overnight. The metal-DES baths
were then dried using either vacuum or an Ar stream for a few hours, to facilitate the co-deposition

of the metals without the interference of the solvent and water-traces reduction °.

The following bath solutions were prepared for the electrodeposition of the different metallic
nanostructures: i) 0.1 M AuClz + DES solution; ii) 0.14 M PdCl.: 0.86M AuCls + DES solution,

i.e. Pd and Au 1:6 molar ratio; iii) 0.025 M PdCl2: 0.075 M AuCls + DES solution, i.e. Pd and Au
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1:3 molar ratio; iv) 0.05 M PdCl2: 0.05 M AuClz + DES solution, i.e. Pd and Au 1:1 molar ratio;
v) 0.075 M PdCl2: 0.025 M AuClz + DES, i.e. Pd and Au 3:1 molar ratio; vi) 0.05 M PdCl, + DES

solution.

We carried out the metal electrodeposition in DES using a thermostatic small-volume (25 mL)
three-electrode cell with two Au (or Pd for pure Pd deposition) wires acting as counter- and pseudo
reference electrode. Potential values in the electrodeposition process, were referenced to the
Ag|AgCI electrode scale. The temperature was kept at 70 °C in all experiments carried out in DES
to enhance the deposition rates and avoid the solvent co-reduction . We conducted the depositions
at constant potential using chronoamperometry technique until a specific charge was reached. We
used a Biologic potentiostat and software to carefully monitor and calculate the integrated charge

of the co-deposited Pd and Au nanostructures.

Surface pre-treatment and electrochemical measurements: The working electrodes utilized
were: a glassy carbon (GC) disk as the substrate of the deposited nanostructures, a Au bead
(prepared following the Cavalier method %), a polycrystalline Pd disk (from Mateck, 99.999%
purity) and a PdAu alloy (Mateck, 99.999% purity; 5x3 mm). All of the working electrodes have
a geometric area of 0.196 cm? except for the Au bead which is 0.208 cm?. The preparation of the
working electrodes consisted of polishing the GC electrode until mirror finish using water-based
a-alumina powder of 0.3 um and 0.05 pm coarseness (Struers). After polishing, the GC stub was
sonicated in milli-Q (18.2 MQcm, TOC<S5 ppm) water for 1 minute, and dried with a nitrogen
stream prior electrodeposition. The commercial Pd(poly) and PdAu(poly) electrodes were polished
with a-alumina (0.05 um) and then, sonicated with milli-Q water five times for 15 minutes. The

polycrystalline electrodes were then electrochemically treated by cycling between [0.2 — 0.8] V



vs. RHE in 0.1 M HCIOg4 electrolyte until stable cyclic voltammograms (CVs) manifested. The Au

(bead) was pre-treated by flame-annealing and quenched in milli-Q water.

We carried out electrochemical measurements with the working electrodes in a meniscus
configuration and in a three-electrode cell configuration using a Bio-Logic potentiostat. Cyclic
voltammetry technique was used to assess the Cu UPD, CO stripping and FAOR in aqueous
solution. The chronoamperometry technique was employed to perform the deposition of the Pd-
Au nanostructures and to test their stability under FAOR conditions. A saturated calomel electrode
(SCE) from Crison was used as a reference electrode and placed in a Lugging capillary. All results
were converted to the reversible hydrogen electrode scale (RHE). The counter electrode was a gold

wire for all Au containing samples and a Pt wire for pure Pd electrodes.

Cu underpotential deposition and determination of the ECSA: The Cu underpotential
deposition solution was prepared using 10 mM CuSOg4 (Sigma-Aldrich, 99-100.5%) + 0.5 M
H2S04 (96%, Merck, Suprapur®). The calculation of the ECSA of the investigated samples relied
on the separate integration of charge involved in the cathodic and anodic voltammetric curve of
the Cu UPD CVs. Since the Cu UPD is a reversible process, an average of the cathodic and anodic
charge values was calculated for each sample. These values were normalized with the geometric
area of the working electrode to obtain the charge density of the electrode surfaces (uC cm),

which can be normalized to literature values 4143

Morphology and bulk composition analysis: Before the ex-situ morphological characterization,
the samples were cleaned with milli-Q water at near 90 °C, in order to remove residual DES from
the surface. The morphology of the samples was analysed using the high-resolution Zeiss Gemini
500 field emission scanning electron microscope at Haldor Topsge S/A. An Inlens and SE2

detector were used at low voltage (2 keV) to take high resolution images with the FE-SEM. Higher



voltages (15 keV) were used when collecting energy dispersive X-ray (EDS) data. EDS was
performed using a Thermo Scientific UltraDry silicon drift detector and processed using Pathfinder
Software. The EDS semi-quantitative analysis provided the weight percentages of Pd and Au in
each sample, from which the total molar relation of Pd and Au in the deposited deposit was
estimated. The loading of Pd and Au (mg cm™) in the nanostructures was calculated using the EDS
data, giving the molar relation of Pd and Au in the sample, and from the charge circulated during
the chronoamperometric deposition. We used the Faraday law: Q = znF, which relates the total
amount of mols of deposited Pd and Au with the circulated charge. Q represents the circulated
charge, z is the number of transferred electrons in the reduction of the ionic metals M**, n is number

of moles of ions and, F is the Faraday constant (F= 96500 C/mol ¢°).

X-ray photoelectron spectroscopy (XPS) analysis: XPS measurements were conducted by a
Theta Probe instrument (Thermo Scientific) using an Al anode X-ray source (K, line = 1,486.6
eV, pass energy 50 eV). The XPS base pressure was <8.0x10° mbar. Prior to the XPS
measurements, the samples were sputtered (1keV, and 1.0 pA) with N6 Ar (1.1x10°" mbar) for 15
min %, C 1s, Ols, Au 4f, Pd 3d and Au 4d peaks were measured near their expected positions in
steps of 0.1 eV >4 in order to gain detailed insight on the chemical state and stoichiometry of the
samples. The survey spectra is represented in the Supporting Information, Figure S4. Additionally,
broad spectra surveys at 1 eV were obtained to identify potential sources of contamination (see
supporting information). The CasaXPS software was used to process the data. The Au 4d peaks
were fitted with a Gaussian-Lorentzian GL(100) shape with full width half maximum (FWHM)
ca. 3.5 eV. The Pd 3d peaks were fitted a DS (0.1;100) (Doniach-Sunjic type *’) peak shape with

a maximum FWHM of 1.3 eV. Shirley type background was used for all instances.



CO stripping and FAOR measurements: Ultra-pure 0.1 M perchloric acid (Merck, Suprapur®,
99.995 % purity) was used when assessing base CVs and CO stripping. To perform the CO
stripping measurements, the surface-electrodes were held at a potential value positioned in the
capacitive region of each surface (between 0.46 and 0.52 V vs. RHE). Then, the solution was
saturated with CO for 10 to 15 minutes to ensure that CO fully covers the surfaces. After that the
solution was bubbled with Ar to remove the excess of CO in the cell. The adsorbed layer of CO
was then oxidized going to a high potential value of 1.3 V vs. RHE. The CO stripping was
monitored using CV at 20mV/s. Ultra-pure perchloric acid and formic acid (Sigma-Aldrich, >98%
of purity) were used to prepare a 0.1 M HCIO4 + 0.2 M HCOOH employed for the for formic acid
oxidation reaction. The FAOR was assessed by using CVs at 20 mV/s and the stability of the
deposits was analysed by chronoamperometric technique. The potential of the anodic curves of the
FAOR were IR-corrected. IR represents the ohmic drop, which is the electrode potential change
induced by the current (1), though the electrolyte with resistance Rs. So the actual electrode
potential is E = Eap-IRs, where Eap is the applied potential. The solution resistance Rs was

measured by means impedance spectroscopy “8.

RESULTS AND DISCUSSION
Preparation and physical characterization of Pd-Au nanostructures

We have denoted samples prepared from the Pd and Au baths as follows along the manuscript:
1Pd:6Au, 1Pd:3Au, 1Pd:1Au and 3Pd:1Au. The number indicates the molar ratio of Pd and Au in
the solution used to prepare the deposits. Description of the CVs, as well as the
chronoamperometric curves of the Pd-Au deposition can be found in the Supplementary

Information (S.1.). Co-electrodeposition of the Pd-Au bimetallic nanostructures on GC substrates

10



was performed by applying a moderate overpotential between -0.35 V and -0.40 V vs. Ag|AgCI
(Figure S1). These applied potentials were selected to avoid fast growth of the deposit or
overlapping with the solvent reduction, following a similar strategy to that in our previous work
on the preparation of Cu-Au bimetallic nanostructures in DES ! At moderate applied
overpotentials, we obtain bimetallic nanostructures homogeneously distributed on the surface. The
morphological analysis of the Pd-Au bimetallic nanostructured electrodes from the four different
Pd-Au bath solutions was assessed by FE-SEM. The depositions were performed at a selected low
overpotential of -0.375 V vs. Ag | AgCI until reaching a charge of Q =-10 mC. The SEM image
in Figure 1A shows that the 1Pd:6Au deposit produces sharp flower-shape nanoclusters of
diameters larger than 300 nm, unlike Au nanoclusters which have a cauliflower-shape (Figure
S2A) *°. Figure 1B shows the morphology of the sample prepared from 1Pd:3Au solution. Similar
to Figure 1A, flower-shaped nanoparticles (NPs) are formed but with a smaller diameter of ca. 100
nm. Increasing the Pd concentration as seen on the 1Pd:1Au sample, rounded NPs of around 100
nm are obtained instead. This concentration dependent morphology aspect of the NPs is clearly
observable in Figure 1C. The size of these NPs decreases when the deposit is prepared from the
3Pd:1Au solution (Figure 1D). Very small NPs are formed coalescing and covering the substrate
surface. The SEM analysis reveals that the progressive increase of the Pd in solution produces
round and smaller nanoparticles similar to pure Pd (Figure S2B) 0. The semi-quantitative EDS
analysis of the abundance of the elements in the different Pd-Au samples (Figure S3) confirms the
presence of both metals in the bimetallic nanostructures. It also shows evidence of the higher
amount of Pd in the samples prepared from the Pd-concentrated bath solutions. Moreover, the EDS

analysis (Figure S3A, B and C) indicates that the bulk molar ratio of the samples prepared from
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the 1Pd:3Au, 1Pd:1Au and 3Pd:1Au solutions are approximately: Pd:Ausz, PdAu and Pd2Auz in

line with the respective bath solution compositions.

Figure 1: FE-SEM images of -10 mC deposits prepared at -0.375 V vs. Ag|AgCl from a molar ratio

solution of (A) 1Pd:6Au; (B) 1Pd:3Au; (C) 1Au:1Pd; (D) 3Pd:1Au. All images have a horizontal
field width (HFW) of 5 um (the insets are a magnification of the main images with a factor of 2.7)

and were taken at 2 keV.

To complement the EDS analysis, which provides semi-quantitative information of the bulk
chemical composition of the nanostructures, we also carried out XPS measurements on 1Pd:3Au,

1Pd:1Au and 3Pd:1Au as-prepared nanostructured films, as well as the extended PdAu(poly) alloy.
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Before performing the XPS analysis, the samples were slightly sputtered in order to remove the
layer of contaminants on the top of the surface, as the samples have been stored in air for a long
time. Figure 2 shows the XPS data for the four Pd-Au samples. The position of the advantageous
carbon (C1s) was evaluated for each sample, and it remained constant at 284.5 eV “°, see Figure
S5. We measured three observable peaks at binding energies of ca. 353 eV, 340 eV and 335 eV
corresponding to Au 4ds2, Pd 3ds2 and the overlap of the Au 4ds/, and Pd 3ds/2 peaks °. All four
samples in Figure 2 show a peak, Au 4ds, at binding energies between 353.1 eV to 352.9 eV, in
line with previous reports °2. The variation of the peak position for Au 4ds to lower binding
energies is correlated to the increase of Pd content 3, see Figure S6. The same trend of chemical
shift can be observed in the Au 4f peak, see Figure 2 3. The Pd 3da/2 position remains constant
independently of the composition of the sample at 340.3 eV. The overlapping Au 4ds> and Pd 3ds/2
peaks give a good indication of the amount of palladium in the samples when conducting
quantitative peak analysis. When the content of gold in the sample is higher, the Au4d 3, atca. 352
eV peak, is more evident. On the other hand, when there is a higher Pd content, the Pd 3ds/. peak,
at 335 eV adopts a sharp asymmetric shape characteristic of the Pd tail. We note that the Pd 3ds2
is less intense and broader in the 1Pd:3Au deposit (Figure 2B) compared to the PdAu(poly) sample
(Figure 2A). However, we calculated that the 1Pd:3Au deposit has mainly the same composition
of Pd as the PdAu(poly) alloy (Table S1). We attribute the observed Pd 3d peak changes to the
variation in amount of defects and uncoordinated sites, which results in an increase of the FWHM

and therefore broadening the peak °1°2,

To complement the interpretation of the Au 4d and Pd 3d XPS spectra, we show the Au 4f peaks
on Figure 2. The Au 4f 72 is positioned at 83.9 eV for the 1Pd:3Au nanostructured film, whereas

it is slightly shifted to 83.7 eV for the 3Pd:1Au as seen in Figure S6 2. The chemical shift can
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be attributed to the presence of Pd and alloy formation that results in charge transfer between Au
and Pd during the XPS excitation >3. At 87 eV, there is the Pd 4s peak that we accounted for by
fitting at this position a Gaussian-Laurentzian line shape with a FWHM of ca. 5eV. With the
analysis of the Au 4d, Pd 3d, Au 4f and Pd 4s peaks we were able to confirm that the composition
of the surface layers of the electrocatalyst roughly matched the composition of the DES bath
solutions and the EDS. The 1Pd:3Au, 1Pd:1Au and 3Pd:1Au nanostructures showed elemental

compositions of Pd of ~33%, ~60% and ~77% respectively (Table S1).
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Figure 2: XPS spectra of PdAu(poly) and Pd-Au co-deposited nanostructures from 1Pd:3Au;
1Au:1Pd; and 3Pd:1Au bath solutions of (A-D) the Au 4d and Pd 3d peaks and, (E-H) the Au 4f

and Pd 4s peaks. All spectra have been background subtracted (Shirley type background).

The active surface area accounts for the total number of reaction active site-positions per unit area
of catalyst. Determination of the electrochemically active surface area (ECSA) is necessary to
assess the intrinsic activity of the Pd-Au nanostructures towards the FAOR, affected by the specific
geometry and electronic structure of the active sites 1. The measured geometric activity is typically

one or a few orders of magnitude higher than the intrinsic activity in nanomaterials, because the
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high active surface areas are affected by the size, structure and distribution of the nanoparticles
1343 The increase in active area is given by the roughness factor R, which relates the ECSA with
the catalyst geometric area as follows: R=Aecsa/Aca. To distinguish between size, structure and
electronic effects on the FAOR on Pd-Au, we have probed the ECSA of the Pd-Au nanostructures
by Cu UPD. Cu UPD accounts for the deposition of a submonolayer of Cu on the surface-catalysts,
providing a voltametric profile which current intensity and shape is directly linked with the
structure and number of active site positions. Cu UPD has been extensively used to characterize
the structure of both Pd and Au surfaces, from extended single-crystalline and polycrystalline
surfaces to nanoparticles 2°42°4% By integrating the charge within the Cu UPD voltammetric

profiles, it is possible to get insights on the surface active area of the prepared nanocatalysts 2.

Figure 3 shows the CVs of the Cu UPD on Pd-Au nanostructured films (blue, red and green lines)
as well as the Cu UPD of the commercial extended PdAu alloy (dashed orange line). The Cu UPD
profiles show characteristic features, which are a combination of the Cu UPD CVs of single Au
and Pd surfaces (see Figure S7). The current density of the Cu UPD on the nanostructured films is
substantially higher than on the commercial PdAu(poly) surface. Moreover, the Cu UPD
progressively increases in intensity with the increase of the Pd content in the deposits, showing
that the Pd-rich nanostructures present a larger ECSA. We ascribe these results to the smaller size
of the Pd-rich nanostructures, which results in an increase of the number of active sites per unit
area °°. Table 1 summarizes the integrated values from the Cu UPD CVs, the estimated ECSA and
the roughness factor R for the nanostructured deposits and the extended PdAu(poly) alloy. The
charge value of the Cu UPD on an extended polycrystalline Pd electrode is ca. 401uC cm™ 579,
while for polycrystalline Au, Yang et al. reported a Cu UPD charge value of 445 pC cm

Considering the small difference charge between Au and Pd two surfaces, we have assumed that
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the surface charge area of Pd-Au bimetallic surfaces with R=1 may range between 401 and 445
uC cm2. Using the AuPd(poly) as a benchmark we found a similar experimental integrated charge
value of ca. 532 uC cm. We also calculated a Cu UPD charge of ca. 455 uC cm on the Pd(poly)
extended surface, which lead a R of 1.2 + 0.2 (Figure S7). The integrated charge values of the Cu
UPD processes ranged between 2115 uC cm for the 1Pd:3Au nanostructures and 4667 uC cm
for the 3Pd:1Au nanostructures, respectively. These results are clearly higher than the surface
charge value of the PdAu(poly) alloy and Pd(poly). The prepared nanostructured deposits present

high surface active areas and R between 5 and 11 (Table 1).
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Figure 3: Voltammetric analysis of the Cu UPD in 0.5 M H2SO4 + 10 mM CuSOg4 at 5 mV/s for -
10 mC deposits prepared at -0.375 V vs. Ag|AgCl, and the PdAu alloy, normalized by the

geometric area (GA). The bar in the SEM is equivalent to 300 nm.
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Table 1. Calculated Cu UPD charges, ECSAs and roughness factors of the prepared samples of Q
=-10 mC, and the PdAu(poly) electrode. For the calculations of the R we have used the following
reference values: Qpd= 401 nC cm, QPdsAu= 412 uC cm2, Qed,au= 434 pC cm? and Qraau= 423
uC cm2 Qau=445 uC cm2 %% These values have been calculated considering the Au:Pd molar
ratio in each sample (determined by EDS and XPS) and the relative charge contribution of Pd and

Au > All potentials are vs. Ag|AgCI.

Q/Agcsa (UC cm™?) Agcsa (cm?) Rcu-upp
Pdat-0.2V 4464 + 274 2.18 £0.13 11.12 £ 0.68
3Pd:1Au at -0.375V 4668 + 195 2.22 +0.17 11.33 £ 0.47
1Pd:1Au at -0.375 V 3771+ 232 1.75+0.10 8.91 £ 0.55
1Pd:3Au at-0.375V 2115+ 195 0.96 £ 0.09 4.87 +0.45

CO oxidation and electrochemical behaviour of the Pd-Au nanostructures

As the formation of CO under FAOR conditions plays a key role in the activity and durability of
the nanocatalysts, we started analysing the effect of the Pd and Au ratio on both the CO adsorption
and oxidation. We investigated the voltammetric CO stripping, i.e., the oxidation of an adsorbed
CO sub-monolayer on the Pd-Au surfaces to assess the poisoning effect of CO on the prepared
catalysts 366162 Figure 4A illustrates the CO stripping curves on the different prepared bimetallic
nanostructures, and figure 4B shows the CO stripping curves on the Pd(poly) and PdAu(poly)
extended surfaces. The voltammetric currents are normalized by their calculated ECSA, using the
Cu UPD technique, to better compare the Pd and PdAu nanostructures with the Pd(poly) and
PdAu(poly) extended surfaces. The black line in figure 4A shows the CO stripping on the single

Pd nanostructures, which displays a sharp and high oxidative current peak centred at 0.9 V vs.
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RHE, similar to previous results in literature 2733 With the increase in Au content on the
3Pd:1Au, 1Pd:1Au and the 1Pd:3Au deposits (curves red, blue and green), the CO stripping
current-maximum peak shifts to 0.92 V, 1.0 V and 1.1 V vs. RHE, respectively. Additionally, as
the Au content increases, the CO stripping peaks become broader and lose symmetry, which
demonstrates the effect of Au on the CO adsorption/oxidation ®*. Figure 4A shows the blank CVs
of the Pd-Au nanostructures after stripping the CO adsorbed on the surface (second cycle,
highlighted area). We have also plotted the blank CVs of Pd-Au nanostructures together in figure
S8 for clarity. Figure 4A shows that Au also shifts the onset Pd surface oxidation in the Pd-Au
deposits. In the cathodic scan the surface-oxide reduction peak shifts from 0.73 V vs. RHE (black
curve, fig. 4A and S8) in pure Pd to 0.9 V vs. RHE in the 1Pd:3Au nanostructures (green curves,
fig. 4A and S8). These results could be an indication that Au suppresses the adsorption of
oxygenated species or changes the adsorption of hydroxide (OH) species, shifting both the CO-

peaks and the Pd onset oxidation 336468,

The integrated CO stripping charge values (normalized by the ECSA) of the Pd-Au samples in
Table S2 can be used to qualitatively assess the impact that Au has on the CO adsorption and
poisoning of Pd-Au. The integrated CO stripping charges were calculated after subtracting the
contribution of the base CVs background to the total charge, mainly involving the surface
oxidation and adsorption of OH groups *° (highlighted area in Figure 4). The CO stripping
normalized charge values for 3Pd:1Auand 1Pd:1Au (ca. 300-350 pC cm) are slightly lower than
the CO stripping charge value found for Pd nanostructures (387 pC cm?). These charge values are
close to the reported value for pure polycrystalline Pd (317 uC cm2) %, suggesting high CO
coverages and that these samples contain an important surface Pd contribution. It is important to

note that the integrated charge still contains two main overlapping contributions: i) the oxidation
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of the adsorbed CO, ii) the adsorption of OH as the surface strips the CO. These two contributions
cannot be accurately decoupled in this experiment, which limits the determination of changes in
the amount of adsorbed CO on the Pd-Au nanostructures. However, the CO stripping charge value
on the 1Pd:3Au sample decreases to 195 uC cm. This result is a strong indication of a decrease

of surface both CO coverage and adsorption, in the Au rich Pd-Au nanostructures 41646970,

Figure 4B shows the CO stripping on the Pd and PdAu(poly) extended surfaces. The CO stripping
voltammetric profile on the Pd(poly) extended surface shows a sharp and intense oxidation peak
at 0.95 V vs. RHE."! Notably, the blank CV recorded after the CO stripping, presents a prominent
peak at 0.9 V that decreases in intensity by successively cycling between 0.2 V and 1.3 V vs RHE
due to surface roughening and loosening of the ordering in long-terrace domains. A similar
behaviour has been recorded on Pd single crystal electrodes®*. The integrated CO stripping charge,
after subtracting the charge of the formed Pd oxide, was 390 uQ cm2, similar to the charge reported
for the prepared Pd nanostructures, and slightly higher than the value in literature (317 uC cm2)%,
We ascribe this difference in charge values to the difficulty in decoupling the Pd oxide formation
from the CO oxidation process. The PdAu(poly) alloy shows a broader and less intense oxidation
peak at more positive values of 1.1 V vs. RHE as in the case of the 1Pd:3Au deposit. Interestingly,
the integrated charge for the CO stripping on the commercial PdAu alloy was 222 uC cm, more
similar to the 1Pd:3Au nanostructured deposit (195 nC cm2) than any of the other samples. Both
electrodes have similar chemical compositions, as revealed by the XPS analysis, and have ca. 3
times more Au than Pd (Table S1). Results in figure 4B confirm that the prepared nanostructured
electrodes display an electrochemical behaviour similar to the analogous extended surfaces. The
results on the extended Pd(poly) and PdAu(poly) surfaces support that the changes in the CO-peak

position, broadness and intensity are mainly due to an increase in the Au content at the surface. In
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addition, Au also supresses the oxidation of Pd. These two aspects are highly relevant as they can

affect the activity and stability of the Pd-Au bimetallic surfaces towards the FAOR.
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Figure 4: Voltammetric analysis of the CO stripping in 0.1 M HCIO4 at 20 mV/s for (A) -10 mC
deposits from Pd at -0.2 V vs. Ag|AgCl, 3Pd:1Au, 1Pd:1Au and 1Pd:3Au, and (B) commercial
Pd(poly) and PdAu(poly) alloy. All bimetallic Pd-Au deposits were prepared at -0.375 V vs.
Ag|AgCI. The unfilled areas show the first cycle in which the CO adsorbed layer is stripped. The
highlighted areas show the second cycle and correspond to the blank CVs of the Pd-Au bimetallic
electrodes in 0.1 M HCIOa.

Formic acid oxidation on Pd and Pd-Au electrodes

We investigated the activity for the FAOR on the Pd-Au nanostructures in a 0.1 M HCIO4
electrolyte, as the adsorption of perchlorate anions on these electrode surfaces is negligible 5.
Figure 5A shows the voltammetric profiles of FAOR on the 1Pd:3Au and 1Pd:1Au deposits in a
0.2 M HCOOH + 0.1 M HCIOs4 electrolyte. The red curve shows the FAOR on the 1Pd:1Au

normalized by the geometric area (GA), which displays high current densities, revealing the
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HCOOH oxidation. The current values increase while increasing the applied potential in the
positive direction, until reaching a maximum value of 35 mA cm=2 at 0.8 V vs. RHE (the direction
of the scan is indicated with arrows in figure 5A). Increasing the applied potential up to 1.35 V vs.
RHE causes a sudden decrease of the activity due to the surface deactivation by the formation of
surface oxide species. Consequently, when the scan is reversed, a voltammetric sharp peak appears
at 0.99 V vs. RHE. This feature has been previously attributed to the fast activation of the FAOR
after the reduction of the Pd or Pd-Au oxides 2°. Notably, currents from the negative and positive
scans overlap, which suggests that the reaction mainly proceeds via direct HCOOH oxidation to
CO2 as supported by previous reports 2>2°3% The FAOR activity of the 1Pd:1Au deposit is about
one order of magnitude higher than that of the 1Pd:3Au deposit. Figure 5B shows the FAOR on
the 1Pd:3Au and the extended PdAu(poly) alloy surfaces which have similar voltammetric shapes.
Both surfaces display a voltammetric profile that is similar to the FAOR reported in pure gold
catalysts "2, with two maximum current peaks in the anodic scan at 1.0 V and 1.5 V vs. RHE
respectively. The 1Pd:3Au nanostructures is, however, four times more active than the PdAu(poly)
alloy due to its higher ECSA. These results suggest that Pd-rich bimetallic surfaces enhance the
FAOR activation®. In contrast, we observe that Au-rich nanostructures decreases the FAOR
activities, noticeable by the poor performance when the Pd content is ca. 30% or less, as occurs in

both the extended PdAu(poly) and 1Pd:3Au nanostructures .

Figure 5C shows the FAOR activities of the prepared 1Pd:1Au, 3Pd:1Au and Pd deposits plotted
with the extended Pd(poly). The three nanostructured deposits display similar voltammetric
profiles and maximum anodic current peaks above 35 mA cm and at potential values of 0.8 V vs.
RHE for Pd and 3Pd:1Au, and 0.85 V vs. RHE for 1Pd:1Au. In contrast, Pd(poly) (grey line)

exhibits 2-3 times less intense geometric current densities than the nanostructured deposits.
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Notably, the sharp FAOR spike recorded during the cathodic or negative scan shifts towards more
positive values as the Au content increases. In particular, the sharp spike-feature at 0.8 VV vs. RHE
on both the Pd deposit and the Pd(poly) moves to 0.9 V vs. RHE in the 3Pd:1Au nanostructures
and to 0.99 V vs. RHE in the 1Pd:1Au nanostructures. We assign the potential shift of the sharp
spike feature to that Au reduces the adsorption of oxygenates species and shifts the Pd surface
oxidation to more positive potential values. We also note that the potential of these FAOR CVs
does not include the solution ohmic drop correction because it would obscure the voltammetric
shape in the negative-going scan, attenuating the current of the sharp spike-feature 2’. However,
we have represented in figure S9 the corresponding anodic or positive-going scans of the FAOR
on Pd, 3Pd:1Au and 1Pd:Au with the ohmic drop correction: E-iRs. Rs is the solution resistant, ca.
40£3 Q and E is the applied potential. After the ohmic drop correction, the maximum oxidation
current peaks at ca. 35 mA cm appeared at 0.52 V, 0.57 V and 0.6 V vs. RHE, respectively for

Pd, 3Pd:1Au and 1Pd:1Au.

Figure 5D shows the current densities of the FAOR normalized by the ECSA. The aim is to assess
how the relative content of Pd and Au in the sample affects the intrinsic activity of the FAOR.
These results were compared with the FAOR on Pd(poly). The intrinsic activity of the extended
Pd(poly) surface, at the maximum peak of the anodic scan, is clearly higher than the intrinsic
activity of the Pd-Au and Pd deposits. Works performed by Hoshi et al. *>7* on different Pd facets
have shown that highly stepped <111>x<111> surfaces reduces the FAOR activity. We attribute
the lower intrinsic activity of our nanostructures to a surface structure and NPs size effect, and that
our nanostructures most likely contain high density of <111> defect-sites and undercoordinated
sites . The 1Pd:1Au nanostructures display the highest intrinsic current density among the three

Pd and Pd-Au prepared nanostructures. The difference in their intrinsic currents, which is very
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small, could be related to their different surface structures and roughness, or a small electronic

effect of Au on Pd 6167,
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Figure 5: Voltammetric analysis in 0.1 M HCIO4 + 0.2 M HCOOH at 20 mV/s for (A) 1Pd :1Au

(red line) and 1Pd :3Au (black line); (B) 1Pd:3Au in (A) compared to the commercial PdAu(poly)

alloy response (orange line); (C) Pd deposit at -0.2 V vs. Ag|AgCI (black dashed line), 1Pd :1Au

(red line) and 3Pd:1Au (blue line) against the geometric area compared with the Pd(poly) (grey

line); and (D) all samples from (C) represented against the ECSA without ohmic-drop correction.
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The results indicate that Pd is the active metal towards the FAOR, in line with previous reports
67.13 To assess the effect of Au on the performance of Pd towards the FAOR, the analysis of the
normalised activities of the different Pd-Au nanostructures per mass loadings of Pd is performed.
This analysis provides insights on the maximum activities and stabilities achieved per milligram
of Pd combined with specific amounts of Au. Figure 6A shows the activity of the prepared
electrocatalysts for FAOR normalised by mass of Pd. The mass activity for the 1Pd:1Au
nanostructures is above 3 A mgpqg, which is three times higher than the mass activity of the
prepared Pd deposits (ca. 1 A mgpq), consistent with previous results by Y. Suo et al. ®°. However,
it is important to note that when the activities are normalized by the mass of both Pd and Au (Figure
S10A), the electrocatalysts show equivalent activities of ca. 1 to 1.2 A mg™pa+au. To clarify the
influence of the Pd and Au composition on the stability of the bimetallic nanostructures,
chronoamperometry measurements at a potential close to the current maximum peak were
performed, i.e. at 0.72 V vs. RHE (Figure 6B). The surfaces suffer a deactivation after 20 minutes
of performance, in good agreement with previous work 34367 The 1Pd:1Au bimetallic
nanostructure displays higher stability than the 3Pd:1Au and pure Pd deposits showing mass
activities about 150 mA mg~pq after two hours. In terms of activity normalized by the geometric
area (jea Vvs. t, Figure S10B), the 1Pd:1Au only stands out by a small increase of activity, thereby
still showing an important degree of surface deactivation ’®. Despite this strong surface
deactivation, the presence of Au induces a slight improvement on the stability of the 1P:1Au

towards the FAOR.
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stability test consisting of two hours at 0.72 V vs RHE. (C) Representation of the geometric current
density (black squares) and mass activity at the maximum current peak of the FAOR (red circles),

for the four prepared nanostructures.

In Table S3, we summarize the effect of the Pd/Au ratio in the Pd-Au nanostructures on different
key electrocatalytic parameters at the anodic peak in the FAOR curves (Epeak / V vs. RHE). These
parameters are: activity normalized by geometric area of catalyst, intrinsic activity (jeapeak and
jecsa, peak / MA cm?), and mass activity of Pd (mass activity / A mg™eq ). Figure 6C shows the
geometric and mass activities of the anodic peaks of the FAOR curves in the four nanostructures.
Despite the Pd and Au loadings are different in Pd, 3Pd:1Au and 1Pd:1Au nanostructures, their
FAOR activities are similar, while the activity considerably drops down in Pd:3Au. In contrast,
we observe that a maximum activity per mass of Pd is reached with Pd:Au, i.e., Pd in Pd:Au is 3
times more active than Pd in pure Pd or in Pd:3Au nanostructures. Thus an optimum Pd mass
loading is obtained for 1Pd:1Au. We also observe that Pd and Pd-rich Pd-Au nanostructures

display higher FAOR activities than extended Pd(poly) principally due to their higher ECSA.

Discussion of the results

We observe that our 3Pd:1Au and Pd:Au nanostructures show both geometric and intrinsic
activities that approach to pure Pd nanostructures, despite their different content in Pd and Au.
Different studies have been carried out in the literature in order to rationalize the origin of the
electrocatalytic activity of Pd:Au bimetallic catalysts toward the FAOR. Works performed by Lee
et al. ”® have shown that the activity towards formic acid oxidation is improved on PdsAu NPs by

applying a surface thermal treatment in a CO atmosphere. In this study, the CO resulted in the
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segregation of Pd and increased its surface concentration in the catalyst, causing an increase of the
FAOR activity. Other studies by Celorrio et al. ®” investigated how the thickness of the Pd layer in
Au-Pd core-shell NPs affects the performance and stability FAOR. Samples with a thinner Pd layer
(2.3 nm) showed low performance and similar to gold, whereas increasing the Pd layer thickness
(9.9 nm) improved the FAOR performance. The authors proposed that the FAOR is influenced by
strain effects of Au on the Pd shell. These studies highlight that Pd-Au nanocatalysts with high
surface concentration of Pd exhibit more active FAOR. Regarding the stability of the
nanostructures, it has been widely accepted that Pd deactivates over time due to the formation of
CO, and that the presence of adsorbed OH groups is key to oxidize the adsorbed CO 3677, Celorrio
et al. 8 proposed that thick Pd-Au NPs reduce the surface poisoning by CO due to the presence of
adsorbed OH groups in these NPs, which also contributes to increase the FAOR. Interestingly,
although OH groups are beneficial for CO removal, it has been also suggested that the increase in
coverage of adsorbed oxygenated species can also block the surface, acting as poisoning

species®26°,

Our results reflect that Pd, 3Pd:1Au and 1Pd:1Au nanostructures are active towards the FAOR. In
contrast, Au-rich 1Pd:3Au nanostructures present a drastic decrease in FAOR activity, in line with
the above studies. We have also found that 1Pd:1Au, 3Pd:1Au and Pd are almost equally active
despite their different Pd and Au loadings. CO stripping profiles suggest that Au is present in the
superficial layers of 1Pd:1Au and 3Pd:1Au, as it induces a positive shift and broadening of the CO
stripping peaks (figure 4A). These results indicate that Au possibly changes the poisoning strength
of CO, or it modifies the surfaces coverages of OH in the Pd-Au samples %4889 Ay also shifts
the onset of the Pd surface oxidation to higher values, which indicates that Au affects the

adsorption of oxygenated species ®. Although Pd-rich surfaces are beneficial for active FAOR,
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there must be different reasons that explain why Pd, 3Pd:1Au and 1Pd:1Au are almost equally
active despite their different compositions. We attribute their similar performance to a combination
of different structural and electronic effects, influencing the amount of actives sites per surface
catalyst area and the intrinsic activity, respectively. Additionally, we assign the slightly higher
stability of 1Pd:1Au under polarization conditions, to its superior ability in reducing poisoning
effects. In this work, we show that nanostructures of Pd and Au with tuned morphology,
composition and high active area for FAOR can be easily prepared in choline chloride plus urea

DES.

CONCLUSIONS

We have shown, for the first time, the facile and clean fabrication of Pd-Au bimetallic
nanostructures by co-electrodeposition in choline chloride: urea DES. These nanostructures
present a 5 to 12-fold active area higher than Pd(poly) and PdAu(poly) extended surfaces. We use
this method, consisting of the co-electrodeposition of Pd and Au in a DES, to tune the composition,
morphology and size of Pd-Au bimetallic nanostructures for FAOR. By measuring the real
electroactive area of the prepared nanostructures, we show that, overall, their high surface area is
the main factor that explain its superior activity towards the FAOR compared to the PdAu(poly)
and the Pd(poly) extended surfaces. Both Pd-Au and Pd nanostructures display similar geometric
and intrinsic activities, and their intrinsic activities are lower than Pd(poly). This observation can
be explained by the presence of more undercoordinated sites in the deposited nanostructures,
which are intrinsically less active towards the FAOR than <100> and long terrace domains 231,
Interestingly, we observed that Au in the bimetallic structure only improves, slightly, its stability

under reaction conditions, likely because it reduces the surface poisoning effects during the FAOR.
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In conclusion, this work illustrates how the ECSA and chemical composition influence the
electrocatalytic properties of Pd-Au nanocatalysts. An in-depth analysis of the ECSA, and the
electronic and geometric structure is key to understand the origin of the enhanced electrocatalysis
of bimetallic nanocatalysts towards the electrocatalytic reactions. Understanding and tuning these
effects will be essential for the design of active and stable electrocatalysts for the FAOR in fuel
cells. Our work also opens the door to the use of DES as non-toxic solvents to fabricate
multimetallic nanostructures that combine a high active area with an enhanced electrocatalytic

performance.
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Complementary CVs, CAs of Pd-Au electrodeposition in DES from 0.025 M PdCl,: 0.075 M
AuCl; + DES, 0.05 M PdCl,: 0.05 M AuCls + DES and 0.075 M PdClz: 0.025 M AuCl; + DES
are explained. Additional FE-SEM and EDS analysis of single Au and Pd and, Pd-Au bimetallic
samples from 1Pd:3Au, 1Pd:1Au and 3Pd:1Au are included. From the XPS analysis, the survey of
a prepared nanostructure films, the position of the C 1s and O 1s peak for all the samples, the
Auddz, and Audfz2 peak position variation in the prepared nanostructures and, the calculated ratios
of Pd and Au surface composition by the analysis of Au3d and Pd4d peaks are shown. The Cu
UPD of a single Pd deposit and the polycrystalline Pd and Au with the PdAu alloy are also
represented. The calculated charges from the CO stripping of the samples are summarized and the
blank CVs of the samples in 0.1M HCIOj4 are represented. The FAOR of the main samples with
the potential corrected with the solution ohmic drop (E-iR) and versus the mass activity are shown
for a better understanding. He same way, the stability test from the main three deposits (Pd, 3Pd:Au
and, Pd:Au) versus the geometric area of the electrodes are shown. We finally summarize the effect
of the Pd/Au ratio in the Pd-Au nanostructures on different key electrocatalytic parameters at the
anodic peak in the FAOR curves.
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