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Abstract: Water electrolysis is increasingly considered a viable solution for meeting the world’s growing energy demands and mitigating
environmental issues. An inventive strategy to mitigate the energy requirements involves substituting the energy-intensive oxygen evolution
reaction (OER) with biomass-derived glycerol electrooxidation. Nonetheless, the synthesis of electrocatalysts for controlling the selectivity
towards added-value chemicals at the anode and efficient H2 generation at the cathode remains a critical bottleneck. Herein, we implemented
a galvanostatic electroshock synthesis approach to control the reduction kinetics of Au(lll) and Pt(IV) to grow ultra-low amount of gold-platinum
alloys on a gas diffusion electrode (12-26 pgmetal cm2) for glycerol-fed hydroxide anion exchange membrane based electrolyzer. The symmetric
GDE-Au100xP||[GDE-AuiooxPtx systems showed a notable improvement in electrolyzer performance (GDE-AussPtss = 201 mA cm™) as
compared to monometallic versions (GDE-AuiooPto = 18 mA cm™2, GDE-AuoPtio0 = 81 mA cm™2). Chromatography (HPLC) analysis underscores
the critical importance of bulk electrolysis methodology (galvanostatic vs potentiostatic) for the efficient conversion of glycerol into high-value-
added products. Regarding the electrical energy required to produce 1 kg of Hz for such an electrolyzer fed at the anode with glycerol, our
results confirm a drastic decrease by a factor of at least two compared with conventional water electrolysis.

Introduction

Addressing the urgent need for sustainable energy solutions requires innovative approaches that can mitigate dependence on fossil
fuels. While hydrogen is often cited as a sustainable alternative, fossil fuels still account for more than 90% of its production.[t! Alkaline
water electrolysis emerges as a viable candidate that not only meets growing energy demands but also minimizes environmental
impact.l? In the presence of an externally applied voltage, water splits into hydrogen and oxygen, namely, hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), at the anode and cathode, respectively.Bl A major hurdle in current water electrolysis
systems lies in their efficiency and cost-effectiveness, particularly concerning OER part.[24 Indeed, OER accounts for approximately
90% of the energy consumed in hydrogen production via electrolysis, a consequence of its slow kinetics.®! This results in a high
electricity consumption rate, expressed as WKW h kg-t(H)] = 26.59 x U[V].[5% Additionally, the potential mixing of O2 with Hz in
electrolytic systems can reduce production rates and safety issues, resulting in decreased energy efficiency and compromised
operational reliability.®! In response to these challenges, the development of thermodynamically more favorable electrochemical
oxidation of organic molecules, has garnered increasing research attention as substitutes for the OER. [50:7]

1



In general, substrate molecules such as hydrazine, urea, glucose, and glycerol require lower oxidation potentials (E < 1V vs.
RHE (reversible hydrogen electrode)) than OER (E > 1.4 V vs RHE).[’¢7'8 With the rise in biodiesel production, there has been a
corresponding increase in glycerol waste, creating an opportunity for its transformation. Researchers are actively exploring glycerol
oxidation methods, particularly electrocatalytic glycerol oxidation (GOR), as a means to efficiently convert glycerol in to valuable organic
compounds under mild conditions. GOR, characterized by its lower oxidation potential compared to OER, not only has the potential to
reduce overall energy consumption of an electrolysis cell, but also serves a dual purpose. Indeed, it generates valuable high-value
compounds with industrial and pharmaceutical applications, thereby offsetting long-term costs and showcasing the potential of the
glycerol electro-reforming in alkaline electrolysis cells.[8¢: For the organic compounds electrooxidation, the catalytic activity is expected
to be maximal at pH close to the compound’s pKa, 1% which justifies the study of GOR in alkaline media because glycerol has a pKa of
14.4. For such glycerol-fed electrolyzers, the advancement of energy-efficient electrolysis systems hinges on the development of active
and stable catalysts for GOR and HER. There is substantial room for innovation in both the electrocatalyst design and the optimization
of the electrolyzer itself to harness this efficiency. Innovations in electrolyzer’s components such as flow reactors and multifunctional
electrodes should simplify the system setup and boost the overall performance.'% |t can be observed that the existing literature is
dominated by Pt, Pd and Au based electrocatalysts for efficiency reasons which cannot be achieved with Ni, Fe, Cu, Co, etc.: (i)
maintain the anode potential below 1 V vs RHE at a significant current densities (larger than 0.1 A cm™) to minimal the energy input
during the electrolyzer operation in real situation, (ii) control the GOR selectivity to the desired products by avoiding side reactions such
as OER, complete oxidation of organics, and corrosion of the support. PtAu alloys, in particular can enable to meets these criteria
leveraging on electronic interaction between Au and Pt to improve catalytic efficiency, selectivity and durability. Y1 The formation of a
PtAu alloy changes the interatomic distance, which in return affects the electronic structure of platinum and gold, known as the electronic
exchanges between the 5d orbitals of gold (10 e-) and those of Pt (9 e7).1*2 Such electronic interactions induce changes in the valence
band energies of Pt and Au, thus their catalytic activity. In fact, the binding energy and the catalytic activity of multimetallic catalysts
can be fine-tuned by three fundamental effects, namely, ensemble (synergistic, several metals), ligand (short-range electronic charge-
transfer effect) and strain (long-range geometric lattice strain).l*3l For bimetallic electrocatalysts, the challenge is to synthesize alloys
with a significantly reduced total metal loading for few to tens of pg cm~2 onto the electrolyzers’ supports such as, such as gas-diffusion
electrode (GDE), which could enable to bridge the gap between fundamental and applied research. 4 The ultimate target is to keep
the key modules (metal loading, support, etc.) unchanged between half-cell and electrolyzer tests in order to minimize any performance
trend discrepancy. 24

We note that the synthesis of multifunctional catalysts for both HER and GOR, particularly the bimetallic nanostructures, demands
many steps for the meticulous control of material characteristics to meet the unique kinetic and thermodynamic requirements of each
reaction in the electrolysis process.['® Traditional methods for preparing PtAu electrocatalysts typically require either chemical or
physical reduction of metal precursors, a process frequently requiring surfactants or capping agents. While these substances aid in the
particle size control step, they may also impede the exposure of active sites on the catalyst and/or require a much higher metal loading
during the real electrolyzer operation.cl Therefore, there is an open research challenge for innovative PtAu-based electrocatalyst
design methods that precisely adjust the electronic structure and allow decreasing significantly the metal loading to 10-100 pg cm2
thereby enhancing the catalytic performance and applicability in electrolyzer applications. A possible methodology is using the
electroshock approach, which quickly switches the applied bias (potential, current) to overcome any reduction kinetics discrepancy and
trigger the formation of relatively uniform nanostructures directly onto the electrocatalysts support such as carbon plates, metal foams,
gas diffusion electrodes (GDEs), etc.!8¢:16]

In this study, we tackle the above challenges with a proof-of-concept pulsed electrochemical method for the controlled reduction
of Au(lll) and Pt(IV) directly onto GDE to form ultra-low loading PtAu nanoalloys (12-26 ug cm2) as multifunctional free-standing
electrocatalysts for a glycerol-fed electrolyzer. Our galvanostatic electroshock synthesis enables precise deposition of particles onto
GDE (GDE-AuioxPt, x = 0-100, atomic percentage of Pt) for direct assembly of “membrane-electrode-assembly, MEA” thus
suppressing any testing between the half-cell and electrolyzer experiments.[!4 The other advantage is eliminating the need for catalytic
ink and thus avoiding binder use during catalytic ink preparation as well as particle agglomeration during catalysis, which diminish the
catalyst efficiency. Prior to examining the bimetallic nanostructure’s composition, we investigated the influence of the galvanostatic
electroshock parameters (the current and the duration of pulses), achieving promising results in half-cell configurations. These findings,
combined with the refinement of electrolytic media parameters, paved the way for the subsequent exploration of bimetallic nanostructure
composition for glycerol-fed alkaline electrolyzer. A key aspect of our results is the selective electrocatalytic oxidation of glycerol to
high-value organic compounds, for which we conducted detailed product analyses by combining bulk electrolysis and high-performance
liquid chromatography (HPLC). Also, we developed a hybrid electrolyzer where GDE-Auz00-xPtx functions as both anode and cathode.
This aims to efficiently and simultaneously electro-synthesize high value-added fuels and chemicals, H: at the cathode and organics at
the anode with a significantly reduced ultra-low loading of 12-26 pg cm2. The integrated and optimized GDE-AuzoxPtx (X = 30-70)
composite significantly enhances the flow electrolyzer’s performance, especially by exhibiting increased electrocatalytic activity and
selectivity at the anode in converting glycerol into glycolate and glycerate, in addition to H> at the cathode.

Experimental section



Reagents and Materials

AvCarb MGL190 carbon paper electrodes (GDE, 190 um thickness) from Fuel Cell Earth LLC (USA) and electroplating tape from 3M
Company were used for GDE-based experiments. Chemical reagents, including potassium tetrachloroaurate (llI) hydrate
(KAUCls-xH20, 99%), dihydrogen hexachloroplatinate (1V) hexahydrate (H2PtCls-6H.0O, 99.95%), potassium bromide (KBr, 99%),
isopropanol (CzHsO, 99.5%), glycerol (CsHsOs, >99.5%), and calcium DL-glycerate dihydrate (CsHi12CaOo, >99%) were sourced from
Alfa Aesar. Nafion™ perfluorinated resin solution and Glycolic acid (C2HsOs, 99%) were acquired from Sigma-Aldrich. Sodium
hydroxide (NaOH, 99%) were purchased from J.T. Baker. Potassium nitrate (KNOsz, >99%), tartaric acid (C4HsOs, >97%), oxalic acid
(C2H204, >99%), and formic acid (CH,O,, >99%) were acquired from Fluka. Hydrochloric acid (HCI, 37%) and nitric acid (HNOz, 68%)
were purchased from VWR International (Fontenay sous Bois, France). Commercial Pt/C (20 wt%, 2 nm particle size) and Au/C (20
wit%, =4 nm particle size) were purchased from Premetek Co. (USA) and used as-received. A hydroxide anion exchange membrane
(AEM), Sustainion® X37-50 Grade RT (50 pum dry thickness) was procured from Fuel Cell Store (USA). The membrane underwent
activation in 1 M NaOH for 24 hours at 22 + 3 °C and was subsequently rinsed abundantly with Milli-Q water. Nitrogen (grade 4.5) and
argon (grade 5.0) gases for the experiments were sourced from Air Liquide, France. High-purity water (18.2 MQ cm resistivity at 20°C)
from a Milli-Q Millipore system and deionized water (>12 MQ cm resistivity) were used consistently. All reagents and chemicals, of
analytical grade, were used as received without further purification. A standardized cleaning method was applied to all glass ware used
in the electrochemical experiments. 7]

Synthesis of free-standing GDE-Au100xPtx electrodes

To begin, as-received GDEs, cut into 3cm x 3cm T-shapes, were cleaned by shaking in isopropanol three times for 10 minutes each
cycle before drying in an oven at 80 °C for one hour. Electroplating tape was applied to restrict electrodeposition to one side of the
GDE. An engineered double-jacket reactor, thoroughly cleaned with aqua regial*” (2 vol. HCI (37%) plus 1 vol. HNOs (68%)) between
syntheses, was utilized for electrodeposition at controlled temperature of 25 °C. This setup included a saturated Hg|Hg2S04|K2SO4
reference electrode (MSE, Radiometer), a 25 cm? glassy carbon (Alfa Aesar) as counter electrode, and a 9 cm? GDE serving as the
working electrode. The procedure utilized a SP-150 potentiostat from Biologic Science Instruments. For a typical synthesis of GDE-
AusoPtso, the electrodeposition solution was formulated by mixing 190 mL of 100 mM KNO3z, 5 mL of 1 mM HAuCls, 5 mL of 1 mM
Hz2PtCls (both stock solutions prepared in 100 mM KNOs), and 14 mg of KBr. Prior to electrodeposition, nitrogen gas was bubbled
through the solution for 30 minutes to remove dissolved oxygen. During deposition, the solution was gently stirred to ensure uniform
mixing. Electrodes, at two different durations with three different total electrical charge unchanged (-4.5 mA (30 min), 4.5 mA (60 min),
-9 mA (15 min), -9 mA (30 min), -18 mA (7.5min), and -18 mA (15 min)), were synthesized to study the impact of current density and
pulse duration on galvanostatic electrodeposition. The galvanostatic electroshock program consisted of an OFF step at open circuit
potential (OCP; lorr = 0O, torr = 5 s) followed by an ON step (lon = -9 mA, ton = 5 s). For example, this sequence was repeated 180
times to synthesize GDE-AusoPtso (-9 mA (30 min)) electrode. By varying the individual volumes of the Au(lll) and Pt(IV) stock solutions
while maintaining a total combined volume of 10 mL, a library of electrodes with different metal compositions GDE -Au1oo0xPtx (GDE-
AuiooPto, GDE-AugsPtis, GDE-Au7oPto, GDE-AusoPtso, GDE-AusoPt7o, GDE-AuisPtss, and GDE-AuoPtioo) were prepared for further
investigation. These atomic percentages are theoretical; experimental values have been determined by quantitative elemental analysis
(inductively coupled plasma optical emission spectrometry, ICP-OES, vide infra). Thus any normalization by metal mass will be based
on experimental values. As Au:Pt atomic ratios differ between theoretical and experimental values, we have not renamed the different
materials, so that readers can appreciate fairness of our approach. After electrodeposition, the final electrodes were rinsed with water
and dried overnight at 50 °C. The electroplating tape was then carefully removed. To the best of our knowledge, this is the first time
that such a galvanostatic shock program has been developed for GDE-Auioo-xPtx electrodes. To test the commercial catalysts (20 wt%
Au/C and 20 wt% Pt/C), catalytic inks were prepared by ultrasonically mixing 1.3 mL MQ water, 0.5 mL iPrOH, 0.2 mL Nafion®
suspension and 1 mg catalyst for 30 minutes. The homogeneous ink was drop-casted onto each face of a bare L-shape GDE of similar
size (as GDE-AuxPty) and dried at room temperature, achieving loadings of 24.6 pgau cm= for Au/C and 0.9 pge: cm=2 for Pt/C, matching
the experimental loadings (by ICP-OES, vide infra) of our synthesized electrocatalysts for fair performance comparison.

Physico-chemical characterization

Scanning electron microscopy (SEM) was employed to characterize the morphological evolution of Au and Pt nanostructures, utilizing
a Hitachi S4800 microscope. Elemental mapping was ascertained through energy-dispersive X-ray (EDX) analysis, conducted on a
ZEISS EVOHD 15 microscope. The crystalline structure of the grown particles was studied using X-ray powder diffraction (XRD)
analysis conducted on a Bruker D8 Discover diffractometer. This instrument features a Johansson monochromatic optimized for C uKau
radiation and is equipped with a LynxEye XE-T detector, known for its high energy resolution. The diffractometer, set at 40 kV and 40
mA, was used to obtain diffraction patterns in the range of 35° to 85°. These measurements were taken at a rate of 3.6° per minute
and with a precise step size of 0.025°. Elemental quantification was performed using inductively coupled plasma optical emission
spectrometry (ICP-OES) on an Agilent 5110 VDV spectrometer. To assess the electronic states and chemical compositions within the
synthesized electrodes, X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Electron ESCALAB 250 spectrometer
(15kV, 6 mA), operating with monochromatic Al Ka source (1486.6 eV). The spectra are calibrated against Au 4f72 at 83.96 eV. Spectra
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were recorded at a 90° take-off angle, with an analyzed area of approximately 0.7 x 0.3 mm. Survey spectra were acquired with a 1.0
eV step size and 160 eV analyzer pass energy, while high-resolution spectra were obtained with a 0.1 eV step size (0.05 eV for O 1s
and C 1s) and 20 eV pass energy. A neutralizer was employed to counteract charge effects. Data analysis involved fitting curves using
Gaussian/Lorentzian (70/30) peak shapes after Shirley background subtraction, performed with CasaXPS software and the
quantification was based on peak area after correction by suitable sensitivity factors.

Electrochemical characterization in half-cell

All the electrochemical characterizations were conducted using a SP-150 potentiostat (Biologic Science Instruments) instrument. The
electrocatalytic performance of GDE-Auino-xPtx electrodes towards GOR and HER were investigated using a conventional three-
electrode cell (single compartment). The cell comprised GDE-Auioo-«xPtx (0.5 cm by 0.5 cm of geometric surface area) as the working
electrode, glassy carbon with a geometric surface area of 5.5 cm? as the counter electrode, and Hg/HgO (MOE) serving as the reference
electrode. Experiments were conducted in a 1 M NaOH solution saturated with Ar, in the presence of 0.1 M glycerol for GOR, at 25 °C.
For electrode activation and stabilization, cyclic voltammetry (CV) was carried out for 15 cycles at a scan rate of 100 mV s-1. The HER
evaluation was conducted through linear sweep voltammetry (LSV) at a scan rate of 5 mV s-1. Electrochemical impedance spectroscopy
(EIS) was performed over a frequency range from 100 kHz to 100 mHz at different potentials. All reported potentials in this study are
converted to the RHE scale for consistency and comparison. To convert the potentials to RHE scale, we employed the formula ( Erng
= Ewop + 0.92), the calibration curve, relative to the MOE scale, is provided in Figure S1. The potentials are ohmic-drop uncorrected
(ohmic resistance was about 4 Q, 1 M NaOH and 0.5 cm? GDE).

Electrolysis in hydroxide AEM based H-type cell and high-performance chromatography (HPLC)

Bulk electrolysis for GOR conversion and product distributions was carried out at 25 °C in a temperature-controlled H-type cell (two-
compartment). The working electrode compartment, housing a 5 cm? GDE-Aui0o-xPtx electrode, contained 1 M NaOH and 0.1 M glycerol
(35 mL). The counter electrode compartment, equipped with a 17.5 cm? glassy carbon slab, held only 1 M NaOH (35 mL). The two
compartments were separated by the hydroxide AEM (Sustainion® X37-50 Grade RT). Electrolysis was conducted by two different
methods, chronoamperometry (CA) at an applied potential Eappies = 0.89 V vs RHE and chronopotentiometry (CP) at an applied current
density jappies = 20 MA cm2, for a duration of 1 hour at a temperature of 50 °C. The final products, resulting from glycerol electrooxidation,
identification and quantification were achieved via HPLC using a Dionex ICS-1000 system. Organic acids were separated by pKa
strength using an UV-vis detector (A = 210 nm) on a BP-OA Benson 2000-0 column, with an injection volume of 25 yL and an eluent
of 25 mM H2SO4 at a flow rate of 0.4 mL min—t. This process involved chromatographic separation based on retention time and
quantification via peak area analysis. Calibration curves for expected standard reactants—including oxalic acid, tartronic acid, glyceric
acid, glycolic acid, and formic acid—was established, ranging from 0.025 mM to 2 mM, with linear regression R? values exceeding
0.99. To maintain the stationary phase of the column, samples were diluted with ultrapure water to reduce their alkalinity.

Hydroxide AEM based electrolyzer and Hz collection

Hydroxide AEM-based electrolyzers were utilized for biomass-based electrolysis experiments. A detailed schematic of the electrolyzer
setup can be found in Figures S2-S3. The assembly consists of end plates, current collector plates, diffusion layers, flow plates, and
Teflon gaskets from Scribner, LLC (USA). Heating elements and a thermocouple e mbedded within the end plates enabled temperature
control (set at 50 °C). The electrolysis cell features a total active surface area of 5 cm?. Pairs of GDE-Auioo-xPtx electrodes, which serve
as multifunctional electrocatalysts for both HER and GOR, were separated by the AEM. The assembled cell was then mechanically
compressed and set at 50 °C. Operating conditions were set at a catholyte circulation rate of 45 mL min~ for 1 M NaOH and an anolyte
circulation rate of 23 mL min~1 for a solution containing 1 M NaOH + 1 M glycerol, driven by gear pumps. The recirculation solutions
were kept at a water bath at 50 °C. Electrochemical performance was evaluated by two different methods: LSV (with a scan rate of
0.05 V s'1) and potentiostatic (potential increments of 0.1 V for different dwell times). The employed potentiostat featured a 10 A/20 V
booster (VMP3B-10, Biologic Science Instruments), facilitating the application or recording of higher currents and voltages. The water
displacement method was employed to measure generated hydrogen as illustrated in Figure S2.181 When the current was fixed (100
mA, 20 mA cm? so that all electrodes could be compared), Hz was collected, thus allowing for the quantification of hydrogen production
in real-time. The determined hydrogen flow rate was deduced and subsequently compared with the theoretically calculated flow rate
(Faraday law).

Results and Discussion

Role of the current density and the duration of pulsed galvanostatic electrodeposition

Conventional electrodeposition is often constrained by the sluggish migration of metal ions to the substrate. To circumvent this limitation,
our study employed pulsed galvanostatic electrodeposition, an approach gaining recent attention for its utility in nanoparticles
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synthesis.[*] These pulsed technigues offer advantages over conventional galvanostatic methods, including improved grain morphology
and enhanced structural integrity of the deposited noble metals. In our approach, the nucleation of nanoparticles is initiate d by a pulse
of constant current, which leads to a rapid decrease in metal ion concentrations near the electrode due to rapid electrochemical
reactions. This step is followed by a relaxation period, allowing ions to diffuse to the substrate for subsequent reduction. [162.20] Systematic
variations in experimental conditions, including reaction time and current density, were employed to elucidate the growth kinetics of Au
and Pt nanoparticles via electrodeposition. We have previously demonstrated the impact of adding KBr in different molar ratio of
n(KBr)/n(metal) on the growth kinetics.?!! The KBr effect can be attributed to the enhanced stability of the [AuBr4]- and [PtBre]?- species
(in comparison to the chloride forms). These species exhibit less susceptibility to dissociation, likely due to their higher pKa values,
indicating a stronger bond formation in the presence of bromide ions.!?2 In the electrodeposition process of metals and alloys, the
surface morphology is shaped by multiple phenomena. These include the diffusion and movement of ions from the electrolyte to the
electrode, and the processes of nucleation and surface growth.23 To track the changes in particle morphology and size of nanoparticles,
SEM analysis was utilized, as depicted in Figure 1al-f2. SEM-EDX maps are reported in Figure S4 (quantitative data in Table S1). The
nominal atomic composition AusoPtso was chosen to optimize the electrodeposition parameters for a better compromise between the
reduction kinetics of Au(lll) and Pt(IV) to have Au and Pt on the one hand, and the concomitant HER during metal deposition on the
other. During electroshock synthesis (pulse electrodeposition), the first deposited metallic particles catalyze HER, whereby the rapid
generation and dissipation of Hz bubbles partially inhibits the coalescence and the fusion of seeds into bigger particles. [16b-d.24]
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Figure 1. SEM images of AusoPtso (theoretical; experimental values are reported in Tables S1-S2) grown on a one face of GDE (3 cm by 3 cm) for different duration
and current using pulsed galvanostatic electrodeposition: al-a2) -4.5 mA (30 min), b1-b2) -9 mA (15 min), c1-c2) -18 mA (7.5 min), d1-d2) -4.5 mA (60 min), el-e2)
-9 mA (30 min) and f1-f2) -18 mA (15 min).

For a 3D substrate such as GDE with anisotropic surface (as opposed to flat glassy carbon electrodes), we hypothesize that the
maghnitude of the current and duration of reaction could be effective tools to regulate the nucleation and growth of gold and platinum
seeds into particles of optimized sizes, which is very important for better electrocatalysis. Figure S5 shows the size distribution of the
nanoparticles. When the only variable altered was the current density, a reduction in particle size was noted (for example Figures la
to 1c). This can be attributed to an enhanced nucleation rate of seeds and high amount of Hz bubbles that partially inhibits the
coalescence and the fusion of seeds into bigger particles, [16b-d.24-25] which results in smaller particles and a greater number of active
sites per unit area.[?®! Consequently, metal ions are distributed across a larger number of growing particles. Conversely, prolonging the
reaction time resulted in an increase in particle size, as evidenced by the microscopic data (for example Figures 1a and 1d). This
enlargement is probably due to the electrode’s relaxation time, which promotes effective ion diffusion and supports continuou s growth
of the particles.[28

To gain more insights into the electrochemical and electrocatalytic properties of the Au-Pt particles deposited onto GDE, we
conducted a comprehensive series of tests. The overarching goal was not merely to delineate the optimized parameters for pulsed
electrodeposition but also to find the best compromise between the microstructure and the ability to be used as multifunction al
electrodes for glycerol-fed hydroxide AEM-based electrolyzers. Thus, the electrodes were used for both GOR and HER in an alkaline
medium. The CV profiles in 1 M NaOH (Figure S6a) delineate the electrochemical characteristics of Au-Pt alloy in an alkaline
electrolyte.l’2¢] Figure S6b shows the forward scan of the CV in the presence of glycerol where the onset potential is ca. 0.2 V vs RHE.
The increase of the current density for electrodes synthesized by a prolonged electrodeposition program (Figure S6b) is a proof of an
enhancement of the electrochemical kinetics. Increasing the electrodeposition time or decreasing the current favors more metal
deposition on GDE, yet this is accompanied by an increase in electronic exchanges between Au and Pt (a partial electrons tran sfer
from 5d1° orbitals of gold to those of Pt (5d°), resulting in greater electrocatalytic efficacy.[12a12c.12dl Specifically, at 0.8 V vs RHE, the
highest current density for GOR is 27.0 mA cm=2 for 30 min of deposition time (15 min ON and 15 min OFF) at -9.0 mA, seconded by
60 min of deposition time at -4.5 mA (15.4 mA cm2 for GOR). This improvement in the electrocatalytic kinetics is further evidenced by
the reduced overpotential for the HER as shown in Figure S6c. The catalytic activity towards GOR is influenced by the size of the
nanoparticles. Smaller nanoparticles provide a higher surface area to volume ratio, which enhances the availability of active sites for
the reaction. However, extremely small nanoparticles may lead to increased surface energy, causing agglomeration and loss of catalytic
activity (Figure S5 and S6). In our study, nanoparticles with an average size of 45-50 nm showed the highest catalytic activity for GOR,
as evidenced by the current densities observed in Figures 3a and 3b. This optimal size balances the need for a high surface area with
the stability of the nanoparticles. For HER, larger nanoparticles demonstrated superior performance. HER involves a 2-electron process
at the cathode, which is not as kinetically limited as OER. Studies have shown that HER activity on single-crystal surfaces follows the
trend (111) < (100) < (110), due to decreases in activation energy.[2”1 Larger nanoparticles expose more high-activity facets (e.g., (110)
facets), enhancing HER performance. Additionally, they exhibit lower surface energy and increased stability, reducing particle
aggregation. The combination of lower onset potentials, increased current density, decreased overpotentials, and lower charge-transfer
resistances (see Figure S6d), highlights the effectiveness of this method in creating multifunctional catalysts for both GOR and HER.
These results strongly support our hypothesis regarding the impact of electrodeposition parameters on the electrocatalytic efficiency,
illustrating the significance of meticulously controlled galvanostatic electroshock synthesis conditions in refining the multifunctional
electrocatalytic properties essential for AEM-based electrolyzers. Based on HER and GOR performance, the electrodeposition
conditions were a current of -9 mA and a duration of 30 min to study impact of bimetallic composition.

Effect of the composition of the bimetallic nanostructures

To understand the role of the composition and synergistic effects of electrochemically incorporated Au and Pt onto GDE, the e lectrodes
with the most favorable particle distribution across the electrode surface and the best performance during HER and GOR from our
previous investigation were used as optimized conditions, namely the lon = -9 mA and } (ton + torr) = 30 min. A comprehensive range
of Au-Pt compositions was investigated, spanning from pure gold (GDE-Aui00Pto) to pure platinum (GDE-AuoPti00). The SEM and EDX
mapping presented in Figures S7-S8, which confirm the successful and uniform decoration of the GDE surface with Au and Pt across
all samples. Table S2 gathers the qualitative analysis of the chemical composition. In bimetallic materials, the experimental atomic
percentage of Au is a bit higher due to the discrepancy in higher redox potentials associated to the Au(l11)/Au and Pt(1V)/Pt, specifically,
E°(AuBr4/Au) = 1.0 V vs SHE compared to E°(PtBre2/Pt) = 0.85 V vs SHE.[28] This could also be explained by the superior kinetics of
Pt for HER compared to Au when the first seeds are formed from the applied current bias, which also translates into a decrease in
particle size as the Pt content increases. Moreover, while the used GDE substrate consists of ca. 30 layers of microfibers (thickness of
190 um and an average fiber diameter of 7 um), particles are deposited only on the first 2-3 layers of microfibers, irrespective of the
initial wetting of the electrode by the electroplating solution. This has been observed previously8:21 and can be explained by a shielding
effect. The outer microfibers are much closer to the counter-electrode, and are therefore subjected to a higher local electric field
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between the working electrode and the counter-electrode, resulting in preferential nucleation and growth on the outer microfibers. Not
only does this establish a concentration gradient for the metal precursor, but it also creates a shielding effect that could promote
diffusion of the metal precursor towards the area where the first seeds are produced, that is, the outer microfibers.

We next used XRD to determine the crystallographic structure of the fabricated electrodes. As depicted in Figure 2a, the blank
GDE exhibited a significant peak at 54.7°, corresponding to the (004) reflection peak of graphite, a characteristic of the carbon
support.?¥ This peak was consistently observed across all synthesized GDE-Auioo-xPtx electrodes. For the GDE-Au100Pto sample, the
presence of peaks at 38.3°, 44.6°, 64.7°, and 77.7° correspond to the (111), (200), (220), and (311) crystallographic orientations of
face-centered cubic (fcc) gold. In electrodes featuring varied ratios of Au and Pt, the XRD patterns exhibited shifts in peak positions
and variations in peak intensities. These observations indicate changes in the crystallographic structure due to Pt incorporation. In the
GDE-AuoPti00 pattern, the Pt peak was too weak to be distinctly observed (because of a low Pt content, 1 pge cm=2). The quantitative
data are reported in Table S3. The XRD-derived graph in Figure 2b of Vegard's-law-based plots(' highlights the decreasing of the
lattice parameter against the increasing atomic percentage of platinum, indicative of lattice contraction with platinum integration into
the gold structure. The corresponding strain,[*32.3% increases from 0.3% to 1.9% as platinum content rises, suggests lattice stress due
to the size mismatch between gold and platinum atoms. Notably, the strain levels off at higher platinum contents, implying a limit to
lattice distortion. The data thus implies a specific compositional range for the optimal microstructure modification, which could be key
for enhancing electrocatalytic performance. [132.30a30d]
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Figure 2. a) XRD patterns of the GDE-Au100xPtx. b) Influence of incorporation of Pt atoms into Au nanoparticles (and vice versa) on crystal lattice parameter of the
GDE-Au100-xPtx material. c-f) High-resolution XPS spectra of the GDE-Auic0xPt material: ¢) Au4f XPS spectra of GDE-Au1oPto (top) and GDE-AusoPtso (bottom,
experimental Au:Pt is 64:36, Table S4), and d) Pt 4f XPS spectra of GDE-AuoPtico (top) and GDE-AusoPtso (bottom). Note: GDE-AuxPty refers to as theoretical
composition and the true experimental “bulk atomic composition” was determined from ICP-OES and gathered in Table S4.

To obtain in-depth knowledge about compositional features of bimetallic material, and surface state of nanocatalysts, we next
performed deeper analysis by XPS. The survey XPS spectra shown in Figure S9 reveal distinct features of the Au 4f and Pt 4f regions
for GDE-Au100Pto, GDE-AuoPti00 and GDE-AusoPtso electrodes. Figure 2c shows the high-resolution XPS spectra. For the GDE-Au1o0Pto,
the Au 4f region displays characteristic peaks at binding energies of 83.9 and 87.6 eV, which are ascribed to the Au 4f72 and Au 4fs2
levels, respectively. These peaks confirm the presence of metallic gold on the electrode surface. In the case of the GDE-AuoPtioo
spectrum, the Pt 4f region shows peaks at 70.8 eV and 74.1 eV, corresponding to the Pt 4f72 and Pt 4fs2 levels, indicative of metallic
platinum.31 However, the peaks appear with less intensity in comparison with Au, which may suggest a thinner deposition of platinum
or a more dispersed distribution on the electrode surface. Additionally, these facts manifest the efficient reduction of the precursors
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Au(l1) and Pt(1V).22 The XPS spectra of the bimetallic GDE-AusoPtso electrodes display a combination of these features, with both gold
and platinum peaks present. The binding energy of Pt 4f72 shifts negatively to 70.5 eV (that of Au 4f7> was poised at 83.96 eV as
reference during XPS calibration), which indicates the formation of a bimetallic alloy and suggest a modification of the electronic
structure and charge transfer dynamics between Au and Pt due.[11¢.12d.1531] Thjs results confirm the above microstructure modification
as assessed by the lattice strain of 1.5%. We note that the presence of gold increases the amount of oxidized surface platinum species,
which is in agreement with previous observations, probably attributed to weakening of the Pt-Pt bond.¥! These changes have
implications for the electrocatalytic performance, particularly for GOR and HER. Table S4 shows the bulk elemental analysis by ICP-
OES, indicating, for monometallic-based electrode, gold deposition onto GDE (GDE-AuiooPt, 24.6 pg cm2, 0.27 wt%) and platinum
deposition onto GDE (GDE-AuoPtioo, 0.9 pg cm=2, 0.01 wt%). These results therefore confirm those of XRD, where the Pt signal was
not visible, masked by that of carbon. The experimental composition of the bimetallic samples from bulk analysis by ICP-OES is different
from theoretical target of Au:Pt = 15:85, 30:70, 50:50, 70:30 and 85:15 (experimental values of 46:54, 56:44, 64:36, 79:21, 92:8), with
GDE-AusoPtso showing an almost equal atomic distribution. As previously discussed, the discrepancy between the experimental and
theoretical atomic percentages is due to the difference in higher redox potentials (E°(AuBrs/Au) = 1.0 V vs SHE, E°(PtBre2/Pt) = 0.85
V vs SHE)[2834 and the superior kinetics of Pt for HER compared to Au as soon as the first seeds are formed from the applied current
bias.
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Figure 3. Electrochemical performance of the as-synthesized GDE-Aui0xPtx and the commercial electrocatalysts (Pt/C and Au/C). a-b) Forward scan of the CV of
GOR (50 mV s, 0.1 M glycerol, 1 M NaOH, 25 °C); current density normalized by: b) estimated geometric surface area and c) the experimental total metals content
determined from ICP-OES (Table S4). c) LSV curves of HER (5 mV s, 1 M NaOH, 25 °C) and d) Nyquist impedance plots at -0.42 V vs RHE for HER. Potentials
are iR-drop uncorrected. Note: GDE-AuxPty refers to as theoretical composition and the true experimental “bulk atomic composition” was determined from ICP-OES
and gathered in Table S4.



We next broadened our study to encompass a comparative analysis of how bimetallic compositions affect electrocatalytic
behavior. Commercial Au/C (20 wt%) and Pt/C (20 wt%) nanocatalysts served as benchmark materials to ensure a fair and standardized
comparison. The results are reported in Figures 3a-f for both GOR and HER. Table S4 gathers EIS data of HER. The blank CVs in 1
M NaOH electrolyte of Figure S10 confirm the presence of Pt and Au for the various electrodes. 122331 The GDE-Au100xPtx electrodes
were first subjected to the electrocatalytic test toward GOR. The comparison with relevant metallic electrocatalysts for GOR in alkaline
media is summarized in Table S5. Forward scan CV results for GOR (Figure 3a and b) illustrate a notable influence of the bimetallic
interaction between Pt and Au on the electrocatalytic activity towards GOR. Across the range of bimetallic compositions teste d, there
is a negative shiftin onset potentials and an increase in current densities when compared to the pure GDE-Pt and GDE-Au samples.
This data indicates that the bimetallic electrodes facilitate GOR at lower potentials than their pure counterparts, as less energy is
required to initiate glycerol oxidation, demonstrating enhanced kinetic ability and catalytic efficiency. Specifically, some bimetallic ratios
yield greater current densities than the pure Au sample, highlighting the synergistic effect of combining Au and Pt. These re sults suggest
that the electrocatalytic activity is not solely dependent on the content of Au but rather on the optimal interplay between Pt and Au
within the bimetallic structure. The improved activity of these bimetallic catalysts could be due to a more favorable electronic structure
for GOR, leading to a more effective facilitation of the reaction at the catalytic sites.[12a12b.12d.35 The improvement might be due to
glycerol molecules reacting on the more active Au-Pt interface, coupled with the bifunctional effect, whereby Pt provides adsorbed
hydroxyl species for the reaction on Au at lower potentials.[t'cl This suggests that the bimetallic nature of the catalysts enhances
electrocatalytic activity, influencing the efficiency of glycerol oxidation irrespective of the specific Au-Pt ratios. It worth to mention that
balanced ratio of metals (GDE-AusoPtso, which is actually 64 at.% Au and 36 at.% Pt) shows the most substantial improvement for
GOR, reaching a record peak current density of 2.5 A mg- (59.7 mA cm=2).3¢] To further illustrate the intrinsic catalytic activity, the
performance of GDE-Auio0Pto and GDE-AuoPtioo electrodes was compared with that of commercial Pt and Au catalysts (Figure 3). The
comparative analysis highlights that electrodeposited Au and Pt surpass commercial electrodes, with improvements in onset potential
and marked enhancements in catalytic current for GOR. We know that Au-Pt particles are only deposited on the first 3 microfiber layers,
whereas in the case of catalytic inks derived from Pt/C and Au/C, all microfiber layers (around 30) should contain Pt or Au. Thus,
normalization by the number of microfiber layers actually containing catalytic particles results in a substantial increase in activity that
can reasonably be attributed to the synthesis method, since direct contact of the active sites with the GDE support accelerates electron
transfer kinetics. These findings underscore the effectiveness of electrodeposition in advancing the performance of these metals
beyond that of standard electrocatalysts.

We next explored the HER activity of our electrodes, using the current density (j) at -10 mA cm2 as the standard metric for
examining and comparing the electrocatalytic HER activity of various electrocatalysts.[3”! The LSV curves in Figure 3c highlight that
most of bimetallic GDE-Auio00-xPtx electrodes outperform the monometallic GDE-Pt and GDE-Pt electrodes, with a significant decrease
in overpotential needed to achieve this benchmark current density (Table S6). The trend indicates that as the Pt content in bimetallic
electrodes increases, the overpotential decreases, suggesting Pt's pivotal role in enhancing HER activity. Notably, electrodes with a
balanced Au-Pt ratio exhibited the lowest overpotential (Figure 4). Similar to GOR, this optimal performance can be attributed to the
electronic effect caused by a shift in the d-band center of Pt in AuPt alloys, which serves as a potent electrocatalytic platform for the
HER. The synergistic effect of the bimetallic composition underlines the importance of electronic structure modifications in achieving
efficient electrocatalysis. EIS analyses (Figure 3d) further support these findings, where lower charge-transfer resistances correspond
to the sample with balanced metal ratio, signifying an improved electron transfer process which is essential for efficient catalysis (EIS
fitted data are reported in Table S4). These results collectively demonstrate the pivotal role of bi metallic composition in optimizing
electrocatalytic behavior. The ability to tune the electrochemical properties by varying the Pt to Au ratio presents a significant opportunity
to enhance the performance of electrodeposited GDE-AuPt electrodes in both GOR and HER, crucial for the advancement of biomass-
fed hydroxide AEM-based electrolyzers.
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Figure 4. Strain-dependent HER overpotentials (from LSV curves at 5mV s in 1 M NaOH at 25 °C). Experimental “bulk atomic composition” was determined from
ICP-OES (Table S4).

Impact of the method of bulk electrolysis (hydroxide AEM based H-type cell) on the selectivity of GOR

The primary aim of this study segment was to evaluate if different techniques used in recording polarization curves for bulk electrolysis
could lead to variations in the distribution of glycerol oxidation products (see Figures S11-S14). This analysis is vital for comprehending
the kinetics and mechanism of the electrocatalytic process. To this end, we employed two distinct electrochemical techniques for bulk
electrolysis: chronoamperometry (CA, potentiostatic electrolysis) and chronopotentiometry (CP, galvanostatic electrolysis). CA allows
for the maintenance of a constant potential over time, thereby providing insights into how glycerol oxidation products composition
ewolves under steady-state conditions. In contrast, CP keeps the current constant while monitoring the evolving potential, offering
complementary insights into the dynamic behavior of electrocatalysts under different operating conditions.38 The setup of bulk
electrolysis, characterized by larger electrode surface areas, solution stirring, and specific electrode separation, signific antly influences
the selectivity of GOR.[38% We note that bulk electrolysis in an H-type cell offers a comprehensive and uniform oxidation environment,
which differs markedly from the constrained electrolysis in voltammetry cells. This difference, combined with the contrasting approaches
of CA and CP, enables a thorough understanding of GOR.

The mechanism of glycerol oxidation involves several steps starts with the adsorption of glycerol molecules, breaking of
interatomic bonds, transfer of electrons, oxidation of the intermediates by oxygen species, and final desorption of the reaction
products.!*1a Figure 5a-b displays the distribution of products obtained after anodic glycerol oxidation in CA and CP tests (Figures S15-
S16 reports the evolution of the potential and current over time). The identified reaction products by HPLC are shown in Fig ure 5c-d in
terms of the selectivity considering the experimental composition of Au and Pt metals; all quantitative metrics are reported in Tables
S8 and S9. In glycerol oxidation, the cleavage of carbon-carbon bonds can proceed via various pathways, yielding diverse
products.1®411a39% Bimetallic catalysts, such as those in the Au-Pt series, can influence this oxidation differently depending on their
composition and the applied electrochemical method.3%49 The bar graphs indicate that the selectivity of anodic products in glycerol
oxidation differs between CP and CA methods. Under CP conditions, the cleavage of C-C bonds tends to favor the formation of smaller
molecules like formic acid, especially with higher platinum content. Conversely, increased gold content leads to a preference for glycolic
acid, suggesting that the bond-breaking mechanism leans more towards two-carbon fragment products when gold’s catalytic effect is
predominant. In CA tests, the data reveal that a theoretical balanced Pt and Au ratio of 1:1 (GDE-AusoPtso) optimizes glycolic acid
selectivity. This finding suggests an ideal synergy between the two metals, enhancing carbon-carbon bond cleavage towards a specific
oxidation pathway with higher electron exchange, favoring glycolic acid production.[”3 Intriguingly, an increase in gold content slightly
alters this selectivity, likely due to modifications in the catalyst's electronic structure influencing the bond-breaking mechanism. The
variances in glycerol oxidation pathways under CP and CA conditions can be ascribed to differences in local electric fields and mass
transport phenomena. During CA, fixing the potential may create conditions conducive to forming certain intermediates, leading to
smaller organic molecules. In contrast, CP maintains a consistent current, potentially ensuring a more stable electron supply for the
oxidation process, which could affect the stability of intermediate species differently and thereby influence product distribution. These
results underscore the significance of methodological choices in glycerol electro-oxidation.
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Figure 5. a-d) The products distribution chromatograms and relative bar charts from HPLC analysis: a and c) after 1 hour glycerol electrooxidation (1 M glycerol)
using CA methodology (Eappy= 0.89 V vs RHE, 1 M NaOH, 50 °C), b and d) after 1 hour glycerol electrooxidation (1 M glycerol) using CP methodology (jappy= 20
mA cm2, 1 M NaOH, 50 °C). e) SEM-ED X mapping of GDE-AusoPtso and f) Post-mortem SEM-EDX mapping of GDE-AusoPtso. Key: FA: Formic Acid, GoA: Glycolic
Acid, GeA: Glyceric Acid, TA: Tartronic Acid, OA: Oxalic Acid. Note: GDE-AuxPty refers to as theoretical composition and the true experimental “bulk atomic
composition” was determined from ICP-OES and gathered in Table S4.

The proposed reaction pathways are shown in Scheme S1. The selectivity of glycerol oxidation is significantly influenced by the
metal components in the electrocatalysts. Gold exhibits high selectivity for primary oxidation products such TA, facilitating oxidative
dehydrogenation of glycerol. Catalysts with higher Au content produce more primary products, indicating selective oxidation at the
glycerol terminal positions (Figure 5). Conversely, platinum promotes further oxidation to secondary products like FA, and OA,
enhancing overall oxidation. Catalysts with higher Pt content show increased production of these secondary products, suggesting
deeper oxidation pathways. The combination of Au and Pt in bimetallic catalysts provides a synergistic effect, balancing the formation
of primary and secondary products and improving overall selectivity. Our findings align with those reported in previous studies, where
similar bimetallic catalysts have demonstrated varying selectivity depending on the composition and experimental conditions (see
Supplementary Information, Table S6 for a detailed comparison). This comparative analysis highlights the influence of bi metallic
composition and electrochemical methods on the product distribution of glycerol oxidation. In resume, analyzing glycerol oxidation
products on GDE-Aui0o-xPtx highlights the distinct selectivity between potentiostatic and galvanostatic conditions, revealing key insights
into the influence of electrochemical methods on reaction outcomes. Additionally, by carefully selecting the electrolysis method and
tuning the bimetallic composition, it is possible to manipulate the reaction pathways of glycerol oxidation, controlling the selectivity
towards desired products. Understanding these nuances is essential for optimizing industrial electrolysis processes to improve yield
and selectivity for targeted chemical production.

The post-mortem analysis of the GDE-AuioxPtx electrodes is essential to understanding the stability of the electrocatalysts
changes after glycerol oxidation. Here, we combined advanced characterization techniques, including SEM, EDX mapping, XRD, and
ICP-OES. Notably, the post-mortem SEM-EDX mapping analysis (as depicted in Figure 4e-f) reveals no significant morphological
changes or physical transformations in the electrodes following the electrolysis process. This observation suggests that the physical
structure of the electrodes remains robust, with no substantial morphological degradation or nanoparticle coalescence evident post-
electrolysis. Complementing the SEM, EDX spectra and quantitative data (reported in Figures S17-S18 and Table S10) offered a
detailed elemental distribution across the electrode surface. Notably, EDX-mapping identified a reduction in platinum content on the
surface of the GDE-AuoPtioo electrode post-electrolysis, indicating some loss of material during operation. Remarkably, the results
indicated the overall stability of the bimetallic composition across the electrode surfaces, with no significant compositional changes
detected for the alloys. XRD analysis was employed to scrutinize the crystallographic structure of the electrodes (Figure S19). The
patterns acquired post-electrolysis showed consistent peak positions when compared to pre-electrolysis patterns, signifying that the
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crystalline structure and phase composition of the bimetallic particles remained unaltered. ICP-OES measurement provided a
quantitative confirmation of the surface observation. For the GDE-AusoPtso sample, the atomic ratio of Au/Pt shifted from approximately
64:36 before electrolysis to 66:34 after electrolysis, supporting the EDX findings of platinum loss. This subtle alteration in the atomic
ratio underscores a slight preferential dissolution or leaching of platinum from the catalytic surface during operation. The post-mortem
findings suggest that while the GDE-AusoPtso electrode exhibits considerable stability, there is a nuanced balance between the two
metals’ behavior during glycerol oxidation. Overall, all bimetallic electrodes, particularly the GDE-AusoPtso electrode, demonstrate a
promising level of durability, current density (during HER and GOR) and selectivity (GOR). These characteristic are crucial for the
implement in hydroxide AEM-based electrolysis systems, with the minor changes in metal composition offering insights for enhancing
long-term electrocatalytic performance

Performance in a hydroxide AEM based electrolyzer

Having demonstrated that galvanostatic electroshock approach can be implemented to synthesis of low loading Au-Pt nanoalloys onto
GDE, we finally evaluated the electrocatalysts in a practical framework using a zero-gap hydroxide AEM-based electrolyzer. This setup
employed multifunctional electrodes that functioned as both anode and cathode in two-electrode tests (see Figures S2-S3). The
straightforward preparation of multifunctional electrodes not only simplifies the electrolyzer setup but also markedly enhances system
efficiency. The zero-gap design plays a key role in minimizing ohmic losses by reducing the distance between the anode and cathode. #1
Moreover, the incorporation of a flow setup considerably improves the mass transport.!Sl The experiments were performed at 50 °C
and the ohmic-drop uncorrected polarization curves by either the potentiostatic method (0.05 V step, Figures 6a and S19b) or LSV
method (0.05 V s scan rate, Figures 6b and S19a). Here, we have chosen not to privilege one method and thus allow the community
to exploit our data. The ohmic-drop corrected polarization curves are reported in Figure S20a-b. The control experiment without and
with glycerol is depicted in Figure 7 when GDE-AusoPtso functions as both anode and cathode electrocatalyst, which clearly highlights
the energy saving when glycerol is added at the anolyte. Figure 7a shows that both method leads to nearly the performance in spite of
the fact that the dynamic method is likely to lead to an overestimation of performance because it is much difficult to achieve a quasi-
stationary regime even with slow rates of 0.005-0.001 V s™L. It is noteworthy that the application of the potentiostatic or galvanostatic
method for organic molecule electrooxidation can lead to the accelerated poisoning of active sites over prolonged periods at constant
voltage or current levels. This phenomenon arises from the accumulation of intermediates and reaction products. Pulsed electrolysis
as adopted in half-cellsl8¢42l could be a solution even if the Hz hourly flow rate would be impacted.

Polarization curve analyses of GDE-Au1-xPilIGDE-Au1xPt indicated that bimetallic electrodes required a lower cell voltage to
achieve the same current density compared to pure GDE-Pt or GDE-Au electrodes, as depicted in Figure 6a-b (also see Figures S20-
S21). Notably, the electrolyzer generated an absolute current density of 0.21 A cm=2 at 1.5V using the galvanostatic method for GDE-
AusoPtsoll GDE-AusoPtso (refer to Figure 6a). This current was roughly 3 times that generated by monometallic electrodes at the same
voltage, a testament to the superior HER and GOR activities of GDE-AusoPtso. This enhancement was further confirmed by the LSV
method (Figure 6b). The improved activity is primarily due to enhanced reaction rates, likely resulting from the synergistic and electronic
effects of Au-Pt alloying as demonstrated by half-cell study and microstructural analysis. The incorporation of Au atoms into Pt particles
(and vice versa) significantly alters the electronic structure of these particles,3! as evidenced by XPS measurements for the GDE-
AusoPtso sample. EIS results (Figure 6c¢) further elucidated the electrocatalytic dynamics of our system, particularly in relation to our
hypothesis concerning ohmic losses and charge transfer resistance. Taking metal loading into account, Figure 6d shows that the
bimetallic electrocatalyst leads to the best electrolyzer performance.
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Figure 6. Performance of glycerol-fed electrolyzer (GDE-Au100xPtlGDE- Auic0xPtx) (50 °C). (a, b) Ohmic-drop uncorrected polarization curves by: a) galvanostatic
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Sustainion® X37-50 grade RT (5 cm?). Note: GDE-AuxPty refers to as theoretical composition and the true experimental “bulk atomic composition” was determined
from ICP-OES and gathered in Table S4.

For typical water electrolysis, the depressed semicircle at high frequency corresponding to low values of Z is associated with
HER that has a much faster kinetics than OER.!3! In Figure 7a-b, the only change is glycerol at the anode, so the depressed semicircle
at low frequency corresponding to high values of Z' can be rationally assigned to anodic part. Hence, the electrochemical phenomena
can be described by the equivalent electrochemical circuit (EEC) of Ro+Qcpea//Rctat+Qcre-c//Retc (“@” refers to as anode and “c” refers
to as cathode). Based on this assignment, the data of Figure 6c reveal that the bimetallic electrocatalysts exhibited significantly lower
charge transfer resistance compared to monometallic counterparts. This reduction in charge transfer resistance, validating our
hypothesis and the half-cell results (Figure 3) and the microstructure results (Figure 4). The enhanced electron transfer efficiency in
the bimetallic systems, with GDE-AusoPtso being the best comprise for the two method of characterization (Figure 6a vs Figure 6b),
highlights the effectiveness of alloying in enhancing the electrocatalytic kinetics and maintaining a fair mass activity (Figure 6d). These
findings, in tandem with the XPS results, not only reinforce the superior electrocatalytic performance of the bimetallic electrocatalysts
but also confirm their role in minimizing overall energy input, thus bolstering the hypothesized advantages of such configurations in Hz
generation technology. Itis worth mentioning that although there is a drastic decrease (nearly two times) of the needed electrical ener gy
(right ordinate in Figure 7a) to produce 1 kg H2 when the anode is supplied with glycerol, the current density remains too low if substantial
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Hz productivity is targeted, that is, j = 1-2 A cm2.1#4 Nevertheless, for applications where large quantities of Hz are not required and
access to electricity is complicated, the anode can be supplied with glycerol. In fact, current performance can be greatly enhanced by
using a KOH electrolyte (with lower viscosity than NaOH used herein as proof-of-concept) and hiking the operating temperature to 70-
90 °C.
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Figure 7. Electrolyzer performance (50 °C): effect of the presence of glycerol. a) Polarization curves by galvanostatic method (step of 0.05 V, method-1) and
potentiostatic method (0.05 V s-! scan rate, method-2). Left y-axis is the cell voltage (ohmic-drop uncorrected) and right y-axis is the energy consumption per kg of
produced Hz. b) Complex-plane Nyquist impedance plots recorded at different cell voltages in the absence and presence of glycerol: inset is the EEC of Rat+Qcre-
allRct-a+Qcpe-c//Retc. Catholyte: 1 M NaOH (45 mL min-1, 50 °C) and GDE-AusoPtso (25 pgr+au cm2). Anolyte: 1 M NaOH + x M glycerol (x = 0 or 1, 23 mL min~t,
50 °C) and GDE-AusoPtso (25 pget+au cm2). Hydroxide anion exchange membrane: Sustainion® X37-50 grade RT (5 cm?). Error bars represent one standard
deviation (n = 3).

To finally validate our system’s efficiency in maintaining a cell voltage below 1 V while generating H2, we compared the H: flow
rate from the electrolyzer's cathodic outlet with theoretical value (Faraday law), as illustrated in Figures S22-S23 at when the current
was fixed (100 mA, 20 mA cm2 so that all electrodes could be compared). The outlet hydrogen flow rates were measured by the water
displacement method. During testing, the electrolyzer consistently produced hydrogen at rates closely aligning with theoretical
expectations. Operating at a constant current, the electrolyzer achieved a hydrogen yield of approximately 75% of the theoretical
maximum due to gas retention within the electrolyzer system as well as potential leakage. These elements highlight the necessity of
continuous optimization in both electrolyzer design and operation. Despite these technical issues, the achieved efficiency underscores
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the effectiveness of both the electrocatalysts and the electrolyzer design in hydrogen production, offering insights into are as for future
enhancements to further improve efficiency and practical viability.

Conclusion

This study demonstrated the role of Au-Pt bimetallic electrocatalysts in augmenting hydrogen production through biomass-based
hydroxide anion-exchange membrane electrolysis. Employing pulsed galvanostatic electrodeposition, we successfully developed a
library of free-standing GDE-Auio00xPtx electrocatalysts as multifunctional electrode, which selectively electro-oxidize glycerol (GOR)
and facilitate hydrogen evolution (HER) in an alkaline environment. This method enables to precisely grow small amount of metallic
particles directly onto GDE, streamlining the synthesis and improving efficiency by eliminating the need for catalytic ink and binders
and reducing nanoparticle agglomeration during operation and facilitating the membrane-electrode-assembly (MEA). Owing to its
nanoalloyed features, the as-synthesized free-standing GDE-AussPtss electrode materials with a lattice strain of 1.5% demonstrated a
drastic enhancement of the catalytic performance with an onset potential below 0.6 V vs RHE during half-cell study of GOR. The zero-
gap hydroxide AEM-based electrolyzer, optimized for minimal ohmic resistance, charge transfer resistance and improved mass
transport, exhibited a hydrogen production efficiency with nearly two times lower electrical energy consumption (below 40 kW h per kg
of Hz) by leveraging the ability of Pt to catalyze HER and Au to catalyze GOR at high current density. The research also revealed the
impact of electrode composition and the electrochemical methods on the selectivity of GORR. Post-mortem analysis confirmed the
stability and durability of the bimetallic compositions, underscoring their potential for green Hz production. In summary, the enhanced
performance of the bimetallic Au-Pt electrocatalysts in a zero-gap electrolyzer setup with a significantly reduced electrocatalyst loading
of 12-26 pg cm2 marks a significant advancement in sustainable hydrogen production technology. This work paves the way for further
optimization and application of these systems in the field of renewable energy for the efficient and simultaneous electro-synthesize of
high value-added fuels and chemicals, Hz at the cathode and organics at the anode.
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We propose free-standing electrocatalysts for glycerol oxidation as an alternative to the oxygen evolution at the anode. Using an
electroshock synthesis, we achieve superior efficiency in glycerol-fed electrolyzers, reducing energy needed for Ha.

17



