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Abstract: The production of hydrogen from water splitting is hampered by the sluggish oxygen
evolution reaction (OER). To overcome the OER limitation, herein we propose the electrosynthesis of
value-added acetic acid from ethanol as the anodic reaction. For this strategy to be cost-effective, we
develop a bifunctional catalyst based on Pd2Ga nanorods. Such Pd>Ga/C-based catalyst presents a high
activity, selectivity and also stability for the electrocatalytic ethanol-to-acetic acid conversion with a
current density above 164 mA cm? and a mass activity of 1.97 A mg'ps. Besides, its activity for
hydrogen production is comparable to that of Pt/C catalysts. Using Pd>Ga/C as a bifunctional catalyst
for both water reduction at the cathode and ethanol oxidation at the anode, these two coupled reactions
are demonstrated to be an energy-efficient approach for the simultaneous production of high purity
acetic acid and hydrogen. The assembled electrolyzer requires a small voltage input of 0.62 V to reach
a current density of 10 mA cm?, much lower than that of cells based on commercial Pt/C or Pd/C

catalyst. The high performance of the coupled system relies on a combination of an electronic and



bifunctional effect of Ga, reducing the hydrogen-binding energy on the Pd site and at the same time

actively participating in the reaction by providing OH" binding sites.

Keywords: Palladium gallium; coupled system; ethanol oxidation reaction; hydrogen production;

electrocatalysis

1. Introduction

Hydrogen is a clean energy carrier with a high energy density. The electrocatalytic water splitting,
involving the anodic oxygen evolution reaction (OER) and the cathodic hydrogen evolution reaction
(HER), has been extensively studied as a promising sustainable technology to produce high-purity
hydrogen fuels.[1-6] However, the sluggish four-electron transfer OER, the related high overpotentials
required (>1.6-1.7 V versus RHE), and the use of expensive catalysts with moderate stabilities

strongly limit this technology.[7-9]

A promising strategy to reduce energy consumption is to replace the sluggish OER with the
electrooxidation of an organic species.[10-15] Among the possible organic substrates, ethanol
possesses unique properties of low toxicity, high boiling point for safe storage, transportation and
operation, and potential sourcing from biomass fermentation.[16] Owing to these advantages, the
electrocatalytic ethanol oxidation reaction (EOR) has attracted much attention for its application in
direct alcohol fuel cells.[17,18] However, fewer studies have concentrated on the coupling of EOR
with HER to replace OER in the water-splitting process.[11,19] This coupled system can avoid the risk
of explosion of hydrogen and oxygen mixing. More importantly, the electrocatalytic EOR is a
thermodynamically favorable process that requires much lower overpotentials and provides a high

energy conversion efficiency compared with OER.[7] In addition, the oxidation of ethanol can be used
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to produce various fine chemicals.[11,20-22] As an example, the electrooxidation of ethanol in the
4-electron C2 pathway can produce acetic acid, which is a value-added product. This ethanol-to-acetic
acid conversion is actually considered an appealing energy-efficient pathway for the synthesis of
acetic acid in moderate conditions and with high selectivity.[22] Therefore, the coupling of the acetic
acid synthesis at the anode with the hydrogen production at the cathode is highly attractive both from
energetic and economic points of view. Thus, the development of highly active, stable and selective

catalysts for both EOR to acetic acid and HER is a worthwhile endeavor.

Non-precious metal-based catalysts have been extensively studied as efficient HER catalysts but they
show poor EOR activity.[23-27] Pt and Pd are highly active catalysts for both HER and EOR, but
suffer from poisoning by the reaction intermediates, especially in the EOR process.[28-33] Compared
with Pt, Pd is a relatively more abundant metal, and provides better resistance to poisoning, thus it has
attracted increasing attention in recent years.[16] However, the activity and stability Pd needs to be
further improved to meet the commercial demands. An effective strategy to improve the catalytic
performance, both in terms of activity and stability, is the alloying of Pd with additional metals.[34-36]
Particularly, the alloying with a less electronegative element can promote electron transfer to Pd active
sites. Such negatively charged Pd is considered favorable to the desorption of reaction intermediates,

thus improving the EOR and HER activity and stability.[37]

Herein, Ga, with a much lower electronegativity (1.81) than Pd (2.20) is selected as the alloying
element to produce intermetallic Pd>Ga.[38] Taking advantage of colloidal synthesis methods,
monodisperse Pd>Ga particles with well-defined morphology can be produced. Such Pd>Ga are mixed
with carbon and tested as a bifunctional catalyst for both EOR and HER. The measured excellent HER

activity and the outstanding EOR catalytic performance, well above that of Pd/C and Pt/C, motivated
3



us to test this catalyst in a two-electrode electrolyzer, using it for both anode and cathode. The
assembled device delivers a high current density at much lower cell voltages than those required in a
cell-based on commercial Pd/C and Pt/C catalysts. More importantly, this system exhibits excellent
selectivity, being able to produce high purity acetic acid in the anode while producing hydrogen at the

cathode.

2. Experimental section

2.1. Chemicals and Materials

Palladium(II) acetylacetonate (Pd(acac),, Pd 34.9%), Gallium acetylacetonate (Ga(acac)s, 99%),
oleylamine (OAm, approximate C18 content 80-90%), acetic acid (99.8%), methylamine
hydrochloride (MAC, 98%), Nafion (10 wt % in water) and deuterium oxide (D20, 99.9%) were
purchase from Macklin. Commercial Pd/C (10% Pd) catalyst was obtained from Bide Pharmatech Ltd.
Platinum on carbon (Pt 20%) was purchased from Alfa Aesar. Potassium hydroxide, chloroform and
ethanol were of analytical grade and purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,

China). All reagents were used as received without further purification.

2.2. Synthesis of Pd2Ga nanorods

In a typical synthesis, 60.9 mg (0.2 mmol) of Pd(acac)., 73.4 mg (0.2 mmol) of Ga(acac)s, 67.5 mg (1
mmol) of MAC and 10 mL of OAm were added into a 25 mL three-neck flask equipped with a
condenser. The system was heated to 100 °C in 8 min under nitrogen flow and maintained at this
temperature for 30 min to remove low boiling point impurities, moisture and oxygen. Then the
temperature was increased to 220 °C in 10 min and kept there for 1 h before cooling down to ambient

temperature. The black product was isolated by adding an excess amount of ethanol and centrifuging
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at 5000 rpm for 3 min. Purification was achieved by multiple dispersion/precipitation steps using

chloroform and ethanol. Finally, the powder was suspended in 5 mL of chloroform in a vial.

2.3. Characterization

X-ray diffraction (XRD) was collected from the sample supported on a silica glass substrate on a
Bruker-AXS D8 X-ray diffractometer with Cu Ko radiation (A = 1.5418 A) operating at 40 kV and 40
mA. Transmission electron microscopy (TEM) characterization was carried out using a ZEISS LIBRA
120, operating at 120 kV and a JEOL 1011 operating at 100 kV. Carbon-coated TEM grids from
Ted-Pella were used as substrates. High-resolution TEM (HRTEM) studies were conducted using a
field emission gun FEI™ Tecnai F20 microscope at 200 kV with a point-to-point resolution of 0.19
nm. High angel annular dark-field scanning transmission electron microscope (HAADF-STEM) was
combined with electron energy loss spectroscopy (EELS) in the Tecnai F20, by using a GATAN
QUANTUM filter. Scanning electron microscopy (SEM) analyses were done in a ZEISS Auriga
microscope with an energy-dispersive X-ray spectroscopy (EDS) detector operating at 20 kV. X-ray
photoelectron spectroscopy (XPS) was analyzed on a Thermo Scientific K-Alpha XPS system
equipped with an Al Ka source (hv= 1486.6eV) operating at 12 kV and 6 mA, and binding energy

values were referred to the adventitious C 1s peak at 284.8 eV.

2.4. Preparation of catalysts

5 mg of carbon black was added to the vial containing of as-synthesized nanomaterials with 5 mL of
chloroform. The mixture was sonicated for 2 h to support the Pd2Ga nanorods on the carbon, then
Pd>Ga/C was collected by centrifugation. To remove residual ligands from the surface of the nanorods,

PdyGa/C was redispersed in a mixture of 8 mL of ethanol and 1mL of acetic acid, followed by



sonication for another 2 h. Afterwards, multiple washing steps were carried out using ethanol and
chloroform separately, and dried naturally under ambient conditions. 5 mg of the final product was
dispersed in 1 mL of deionized water/ethanol (v/v = 1: 1) and 20 pL of 5% Nafion solution, and
sonicated for 2 h to form a homogeneous catalyst ink. For comparison, catalysts ink of commercial
Pd/C and commercial Pt/C were prepared by sonicating 5 mg of Pd/C or Pt/C with the same amount of

Nafion, deionized water and ethanol mixture.

2.5. Electrochemical measurements

Electrochemical measurements were conducted on a CHI660E electrochemical workstation (CH
Instruments Inc., Shanghai) at room temperature using a standard three-electrode system. A platinum
mesh was used as the counter electrode and a Hg/HgO (1 M KOH) electrode was used as the reference
electrode. The working electrode was prepared by drop-casting 3.0 pL of the catalyst ink on a glassy
carbon electrode (GCE, 3 mm in diameter) and posterior drying naturally at room temperature. The
precise amount of Pd loaded on the GCE determined by inductively coupled plasma optical emission
spectrometry (ICP-OES), was 5.9 ug of Pd for Pd>Ga/C catalyst. For EOR measurement, the cyclic
voltammetry (CV) curves were recorded from -1.0 to 0.4 V versus Hg/HgO at a scan rate of 50 mV s!
in Nz-saturated aqueous solutions that contained 0.5 M KOH or 0.5 M KOH + 0.5 M ethanol. The
linear sweep voltammetry (LSV) tests were conducted at a scan rate of 10 mV s,
Chronoamperometry (CA) measurements were conducted at -0.1 V versus Hg/HgO in a 0.5 M KOH +
0.5 M ethanol electrolyte. For HER measurements, polarization curves were tested from -0.9 V to -1.5
V versus Hg/HgO in 0.5 M KOH + 0.5 M ethanol solution. The Faradaic efficiency (FE) was
measured by the volumetric method, comparing the actual volume of hydrogen evolution with the

theoretical one.



2.6. Computational details

All calculations were carried out using the Vienna Ab initio Simulation Package (VASP) code [39,40].
The Perdew-Burke-Ernzerhof [41] functional with a generalized gradient approximation [42] was
adopted to describe the electronic exchange-correlation energy. The projector augmented-wave [43]
was applied and the energy cutoff was 400 eV. The sampling over Brillouin zone was treated by the
Monkhorst-Pack type and k-point mesh with a 3x3x1 grid was introduced. The long-range van der
Waals (vdW) interactions were described by using the DFT-D3 method with Becke-Johnson damping
[44,45]. Geometry optimization was considered to be converged until the maximal residual energy and
force were less than 10 eV and -0.03 eV/A, respectively. A vacuum slab of 15 A was applied in
z-direction to avoid the pseudo interactions between the periodic units. The Pd (111) and Pd>Ga (211)
surfaces with four atomic layers were chosen to construct the investigated periodic slab models.
During optimization, the top two layers were relaxed and the bottom two layers were fixed.
Thermodynamic free energies were defined as G= Eprr + Ezes - TS, Where Eprr, Ezpg, and TS denote

the DFT total energy, zero-point energy (ZPE), and entropy, respectively.

3. Results and discussion

Pd>Ga particles were produced by a novel colloidal synthesis method, using Pd(acac), and Ga(acac)s
as metal precursors, OAm as the solvent, and Cl released from MAC as a selective ligand directing
the particle geometry (see the experimental section for details).[46,47] Fig. la displays a
representative TEM micrograph of the particles obtained using the above-detailed procedure. They
displayed elongated morphologies with an average length of 20 nm and width of 7 nm (Fig. 1c). As

shown in Fig. 1b, the XRD pattern of such nanorods (NRs) displayed an orthorhombic phase with



Pnma space group, matching the reference pattern from Pd>Ga (JCPDS 03-065-1511). No additional
diffraction peaks corresponding to secondary phases were observed. HRTEM analysis confirmed the
Pd>Ga orthorhombic phase with lattice parameters a = 5.4762 A, b=4.0570 A and c = 7.7973 A (Fig.
1d-f). STEM-EELS elemental composition maps demonstrated the presence of Pd and Ga, being both
elements homogeneously distributed within each NR and throughout all the NRs (Fig. 1g). SEM-EDS

analysis showed the NRs to have an atomic ratio of Pd/Ga = 1.94 (Fig. S1).
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Fig. 1. Structural and chemical characterization of the Pd2Ga NRs. (a) TEM image. (b) XRD pattern.
The inset shows the Pd>Ga crystal structure. (c) Size distribution histogram. (d-f) HRTEM micrograph
(d), magnified detail of the orange square (e), and its corresponding indexed power spectrum observed
along the corresponding [102] zone axis of the orthorhombic Pnma Pd,Ga structure (f). (g)

STEM-EELS elemental composition maps.



Fig. 2 shows the Pd 3d and Ga 2p X-ray photoelectron spectroscopy (XPS) spectra of the Pd2Ga NRs.
Two doublets in the Pd 3d spectrum were identified, corresponding to two Pd chemical states. The
main Pd component, accounting for 92% of the total Pd detected, was found at a Pd 3ds» binding
energy of 335.0 eV, which is associated with a Pd’ chemical environment.[48] This binding energy
was slightly negatively shifted when compared with pure Pd (ca. 335.3 eV), consistently with the
presence of a less electronegative element, Ga, modifying the Pd electronic levels. A second doublet,
accounting for 8 % of the detected Pd, was located at a higher binding energy of 336.6 eV (3ds2) and
341.8 €V (3dsr). This component was assigned to Pd’>* species resulting from the exposure of Pd>Ga to
air, thus undergoing slight surface oxidation. Two doublets were also identified in the Ga 2p XPS
spectrum. In this case, the minor one at about 1115.7 eV (2p3»2) is associated with Ga®, and most of the
surface Ga is found to be oxidized, in the form of Ga** at 1118.2 eV (2ps12). The atomic ratio of Pd/Ga
obtained by XPS was 0.9. This ratio was significantly lower than the stoichiometric values deduced
from XRD, EDS and HRTEM analyses, which points towards a notable Ga enrichment of the Pd>Ga
NRs that may be related to the surface segregation of this element driven by its higher oxygen

affinity.[37,47]
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Figure 2. High resolution Pd 3d (a) and Ga 2p (b) XPS spectra of Pd>Ga.



To investigate the electrocatalytic performance of the as-prepared PdGa/C electrocatalyst, a
three-electrode system using the PdGa/C catalyst supported on GC as the working electrode was used.
Fig. 3a shows the linear sweep voltammetry (LSV) curves measured in 0.5 M KOH aqueous solution
with and without 0.5 M ethanol. In the absence of ethanol, a large increase of current density is
observed above 1.6 V vs. RHE, which is associated with the oxygen evolution reaction (OER). The
potential required to drive the OER at a current density of 10 mA ¢m? was 1.69 V vs. RHE. In the
presence of ethanol, an abrupt current density increase takes place at a significantly lower potential,
about 0.3 V vs. RHE, requiring just 0.51 V to reach a current density of 10 mA c¢cm?. Thus a 1.18 V

lower potential is required to reach similar EOR and OER current densities using the Pd>Ga/C catalyst.

Fig. 3b displays the CV curves of catalysts obtained in an argon-saturated 0.5 M KOH aqueous
solution. The Pd>Ga/C catalyst displayed similar coulombic features as commercial Pd/C and Pt/C. In
the region between 0 V and 0.4 V vs. RHE, hydrogen was adsorbed/desorbed (cathodic/anodic scan)
on/from the catalysts surface.[49] The current densities obtained from Pd>Ga/C and Pt/C catalysts in
this region were significantly higher than those of Pd/C, indicating a more effective hydrogen
adsorption/desorption processes on their surfaces. As increasing the potential in the anodic scan higher
valence oxides are formed on the Pd and Pt surface, which are reduced at around 0.7 V vs. RHE in the
cathodic scan. The much more intense reduction peaks obtained from Pd>Ga/C suggests this catalyst to

have a higher electrochemically active surface area than Pd/C and Pt/C.

The EOR electrocatalytic activity of Pd>Ga/C, Pd/C and Pt/C was investigated in 0.5 M KOH
containing 0.5 M ethanol solution. As shown in Fig. 3¢, two well-defined peaks associated with the
ethanol oxidation in alkaline media were observed for all catalysts, one in the forward and the other in

the reverse scan. As observed by LSV, for Pd,Ga/C, the EOR was activated at ca. 0.3 V vs. RHE in the
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forward scan. In contrast, the EOR was activated at ca. 0.4 V vs. RHE in Pd/C and Pt/C catalysts.
Besides, the potential required for Pd>Ga/C to reach a current density of 10 mA ¢cm? was 0.51 V vs.
RHE, which is 0.18 V and 0.09 V lower than that required for Pd/C and Pt/C, respectively. The
specific activity, as measured by the peak current density, was up to 164.2 mA cm? for PdGa/C, much
higher than that of 18.4 mA c¢cm for Pd/C and 33.8 mA c¢cm for Pt/C. The EOR specific activity of
Pd>Ga/C was significantly above that of state of the art Pd- and Pt-based catalysts (Table S1). Taking
into account the noble metal amount in each catalyst, the mass activity calculated for Pd>Ga/C was
1.97 A mg'pq, that is ca. 2.3 and 2.5 times higher than in Pd/C (0.87 A mg'p4) and Pt/C (0.80 A mg™'p),

respectively (Fig. 3d).

During the reverse scan, a current density peak was recorded at ca. 0.7 V vs. RHE, coinciding with the
reduction of the Pd/Pt oxides. The ratio of the peak current densities for forward (Jr) and reverse (J;)
scan, J¢/J;, was 0.91, 1.08 and 1.12, for Pd/C, Pt/C and Pd>Ga/C, respectively. While some controversy
exists on the interpretation of this ratio,[50] the higher J¢/J: obtained from Pd>Ga/C is an additional

indication of the higher EOR activity of this catalyst.

To evaluate the stability of the catalysts, chronoamperometry (CA) measurements were carried out in a
solution containing 0.5 M KOH and 0.5 M ethanol at a potential of ca. 0.8 V versus RHE. As shown in
Fig. 4e, the current density of Pd/C and Pt/C decreased dramatically down to a negligible activity
during the initial half-hour. Although a strong activity decay was also obtained for Pd>Ga/C during the
first hours of reaction, even after 12h of reaction a significant current density of about 5.2 mA cm?,
was still measured (Fig. S2). This result is especially remarkable taking into account the much higher
activity of the Pd>Ga/C catalysts thus generating a higher amount of intermediates/products that can

block active sites. Thus, not mediating any mechanism for the accelerated desorption of these species,
11



the PdGa/C catalysts should display a much stronger current density decay than less active Pd/C and

Pt/C catalysts.

To gain insight from the current decay, several consecutive CA curves were recorded in periods of

1000 s (Fig. S3). In between these 1000 s periods, 5 CV cycles within the potential range -0.1 V - 1.3

V were conducted to reactivate the catalyst. After each reactivation, the activity of Pd>Ga/C was fully

recovered to the initial current density. This result indicates that the current density decrease was

mainly ascribed to the aggregation of reaction intermediates/products on the catalyst surface that

blocked the active sites and which could be removed by just rapidly cycling the catalyst in a small

potential range.

The product of the electrocatalytic ethanol oxidation remaining in the electrolyte after the CA

measurements was analyzed by 1H nuclear magnetic resonance (1H NMR). As shown in Figure 3f,

only acetic acid, at a chemical shift of ca. 1.77 ppm, was detected as the oxidation product in the

electrolyte. The amount of produced acetic acid for different catalysts was calculated by integrating

the peaks at ca. 1.77 ppm. The amount of acetic acid produced by Pd>Ga/C was 10 times higher than

that of Pt/C and 35 times higher than that of Pd/C, which demonstrates the outstanding performance of

Pd>Ga/C for selective conversion of ethanol to acetic acid. In this process, ethanol is initially oxidized

to acetaldehyde and this is subsequently oxidized to acetic acid, which is known as the

reactive-intermediate pathway.[34,51] Overall, these results demonstrated Pd,Ga/C to be a highly

active, stable and selective catalyst for the electrosynthesis of acetic acid from ethanol.
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Fig. 3. (a) LSV curves of the Pd>Ga/C catalyst in 0.5 M KOH with and without 0.5 M ethanol. (b) CV
curves of the different catalysts in 0.5 M KOH solution. (c) CV curves of the different catalysts in 0.5
M KOH with 0.5 M ethanol solution. (d) Comparison of the specific and mass activity of the different
catalysts. (¢) CA measurements in 0.5 M KOH with 0.5 M ethanol solution. (f) 1H NMR analysis of

the electrolytes after CA measurements.

The electrocatalytic activity towards HER was also investigated in a 0.5 M KOH containing 0.5 M
ethanol electrolyte. Figure 4a displays the LSVs of the different catalysts. To reach a current density of
10 mA cm?, just 0.13 V was required for Pd>Ga/C, which was comparable to the voltage required by
commercial Pt/C (0.09 V) and much lower than that of the Pd/C catalyst (0.40 V). Furthermore, the
Pd>Ga/C catalyst showed a lower Tafel slope, 174 mV dec’!, than the Pd/C catalyst (452 mV dec™),
indicating a faster HER reaction kinetics on the Pd>Ga/C surface. Notice also that, while the Tafel
slope for the Pt/C catalyst was even lower (100 mV dec!) as calculated from the small current density
range, when increasing the current density towards commercially relevant values, the slope of the LSV
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curve increases faster for the Pd>Ga/C catalyst, to the point that the overpotential to drive 100 mA ¢m™

is lower for Pd>Ga/C than for Pt/C.

The durability of the PdxGa catalyst in the HER process was evaluated by chronopotentiometry
analysis at two different current densities, 10 mA cm? and 20 mA c¢cm™. As shown in Figure 4c, the
Pd>Ga/C catalyst displayed an almost constant potential during the 50 h measurement, confirming its
excellent stability under HER conditions. In addition, the faradaic efficiency (FE) of Pd.Ga/C for
hydrogen production measured at different potentials was close to 100% (Fig. 4d). These results
demonstrate Pd>Ga/C to have excellent activity and stability for electrocatalytic hydrogen production

in an alkaline electrolyte containing ethanol.
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Fig. 4. (a) Polarization curves of catalysts in a solution 0.5 M KOH and ethanol. (b) Tafel plots of the
catalysts. (c) Potential-time curves of the Pd>Ga catalyst at current densities of 10 and 20 mA cm in

0.5 M KOH with ethanol solution. (d) FE for the hydrogen production of Pd>Ga catalyst at different

potentials.
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Inspired by the excellent electrocatalytic performance of Pd>Ga/C in both the EOR and HER, a
two-electrode electrolyzer was assembled using Pd>Ga/C as the catalyst for both the anode and
cathode in 0.5 M KOH + 0.5 M ethanol electrolyte (Fig. 5a). As a reference, similar electrolyzers
using Pd/C or Pt/C as the catalyst in both electrodes were also assembled and measured. Fig. 5b
displays the LSV curves of the produced two-electrode systems. To reach a current density of 10 mA
cm2, the system based on the Pd>Ga/C catalyst required a potential of 0.62 V, much lower than the
0.71 V and 1.11 V required by the Pt/C and Pd/C systems, respectively. Moreover, the Pd>Ga/C system
exhibited a low Tafel slope of 236 mV dec’!, well below that of Pt/C (276 mV dec) and Pd/C (597
mV dec!) (Fig. 5¢). These results demonstrated the Pd>Ga/C to be an excellent bifunctional catalyst

for the proposed electrolyzer showing high activity and a favorable charge transfer kinetics.

The durability of the electrolyzer was tested using CA method at a voltage of 0.8 V. As present in Fig.
5d, all catalysts exhibited a pronounced decay in the initial stage, similar to that measured in the
three-electrode system for EOR. After 15 h CA measurements, Pd>Ga was able to maintain a much
higher current density than that of Pd/C and Pt/C (Fig. S4). We hypothesize this decay of current
density to be related to the adsorption of C2 intermediates in the anodic electrode. This hypothesis was
confirmed by the recovery of activity after CV activation after each 1000 s period, as shown in Fig. Se.
Even after the long-term stability measurement, the activity of Pd>Ga/C catalyst showed little decay
after activation compared with the initial activity, further confirming the high stability of Pd.Ga/C

catalyst in the two-electrode coupled system (Fig. 5f).
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Fig. 5. (a) Schematic diagram of the cell enabling oxidation of ethanol to acetic acid with hydrogen
coproduction. (b) LSVs of the cells in 0.5 M KOH with 0.5 M ethanol solution. (c) Tafel plots of the
cells based on different catalysts. (d) CA measurements of cells containing 0.5 M KOH with 0.5 M
ethanol solution. (e) CA curves of the Pd2Ga-based cell with CV reactivation every 1000 s. (f) CV

curves before and after 15 h CA and reactivation.

To gain insight from the high performance of Pd>Ga for both HER and EOR, and evaluate the effect of
Ga on the Pd>Ga intermetallic, DFT calculations were conducted on Pd (111) and Pd>Ga (211) surfaces
(Fig. S5). Figure 6a shows the Gibbs free energy of adsorbed H* (AGn+) on Pd (111) and Pd>Ga (211)
active sites. In general, a catalyst with efficient HER performance is expected to have AGy+ close to
zero, providing both a fast release of hydrogen and proton/electron-transfer process. Based on the
calculation results, Pd>Ga presented a lower |[AGn+| than Pd, which is consistent with the higher HER

activity measured on Pd>Ga compared with Pd.
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Fig. 6. (a) Free-energy diagram for atomic hydrogen adsorption on the Pd and Pd,Ga surface. (b)
Absorption sites on the Pd>Ga surface. (c¢) The adsorption energy of OH™ on different adsorption sites
of Pd>Ga surface. (d) The scheme of the electronic effect and synergetic catalytic effect for enhanced

HER and EOR on Pd>Ga/C catalyst.

The EOR performance is related to the adsorption/desorption energy of reaction intermediates on the
surface of the catalyst. For the reactive-intermediate EOR pathway on Pd-based catalysts, the stripping
of acetic acid from the surface of the catalyst is very fast, and the reaction of absorbed acetyl with
hydroxyl to produce acetic acid is generally regarded as the rate-limiting step.[12,16] A high
adsorption ability of OH- usually facilitates the formation of acetic acid and thus increases the EOR
activity. Thus, the adsorption energy of OH at Pd and Ga sites, as well as the different adsorption sites
around the Pd site at Pd>Ga surface were calculated (Fig. 6b). As presented in Fig. 6¢ and Fig. S6, the
lowest adsorption energies corresponded to the adsorption of OH™ on the top of Ga site. The high
binding energy of OH™ on Ga site is associated with the electronegativity difference between Pd and
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Ga, which results in a shift of the electron cloud towards the Pd. Thus, the positively charged Ga is a
very effective OH™ adsorption site. This high adsorption ability of OH™ on Ga sites not only facilitates
overcoming the EOR barriers of the rate-limiting step, but also helps to free the Pd active sites for the
ethanol adsorption and their further oxidation, thus enhancing not only the EOR activity but also its

durability (Fig. 6d).

4. Conclusions

In summary, a novel colloidal method was developed to produce monodispersed Pd>Ga nanorods with
an average size of 7x20 nm. As an electrocatalyst for EOR, Pd>Ga/C delivers a peak current density of
164.2 mA ¢cm? and a mass activity of 1.97 A mg'pq. Moreover, the Pd>Ga/C catalyst exhibits a high
selectivity towards acetic acid in the EOR process. Pd>Ga also display excellent performance as HER
catalyst in a KOH electrolyte containing ethanol, with a very low overpotential of 0.13 V and close
100% FE for hydrogen production. A two-electrode electrolyzer using Pd>Ga/C as bifunctional
electrocatalyst for both the anodic EOR and cathodic HER required just 0.62 V to run the H, and
acetic acid production at a current density of 10 mA ¢m2. DFT calculations revealed that the presence
of Ga could tune the electronic structure of Pd, leading to weakened hydrogen-binding energy on Pd
sites. Besides, Ga sites allowed an enhanced binding ability of OH", which explains the fast kinetics
and activity of Pd>Ga. This work provides a novel catalyst and a promising method for the
simultaneous production of acetic acid and hydrogen fuel at low voltage and high efficiency, as an
example of a promising strategy for the production of value-added fine chemicals coupled with

hydrogen generation.
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