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ABSTRACT 20 

The development of high-performance electrocatalysts for alcohol oxidation is still a major challenge to 21 

use these reactions for sustainable energy applications such as hydrogen production. In addition, under-22 

standing the reactivity under different hydrodynamic conditions is essential since the fuel is continuously 23 

fed to the anode in practical applications. In this work, the synthesis, characterization and electroactivity 24 

of bimetallic PdNi nanocoatings generated by electrodeposition toward the ethanol oxidation reaction 25 

(EOR) is described. A catalyst formed by Pd0.91Ni0.09 nanoflowers showed the highest EOR activity and 26 

enhanced performance under moderate mass transport rate. Both OH- concentration and hydrodynamics 27 

affected the EOR activity and the product selectivity. Acetic acid was the main EOR product, but acetal-28 

dehyde formation increased when OH- was limiting or under faster mass transport rates. This study pro-29 

vides novel knowledge to understand the EOR on PdNi catalysts and exposes the importance of evaluating 30 

hydrodynamic conditions when developing new electrocatalysts.  31 

 32 

 33 

 34 

 35 
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INTRODUCTION 39 

Generation of sustainable energy remains one of the biggest challenges for realizing a future fossil fuel-40 

free society.[1] Some alcohols can be produced from biomass, which is considered a renewable source of 41 

clean energy[2] and, accordingly, the oxidation of alcohols has attracted large interest in recent years.[3,4] 42 

Ethanol is a promising source in fuel cells for electricity generation[5,6] since it has higher energy density 43 

(about 8 kWh kg-1) than hydrogen. Oxidation of alcohols could also become an important reaction for the 44 

sustainable production of hydrogen by electrolysis.[7] Previous studies[8] have shown that H2 production 45 

by oxidation of ethanol could require around 20 kWh kg-1, significantly lower than the 50 kWh kg-1 re-46 

quired by conventional water splitting. Valuable organic sub-products such as acetate may also be gener-47 

ated if the oxidation is not complete,[8,9] leading to a more sustainable process.  48 

However, the low electrical energy consumption in these applications is only possible using specific elec-49 

trocatalysts that allow the oxidation at low potentials. Pt-based materials have been widely employed as 50 

electrocatalysts for alcohol oxidation,[10,11] although Pd catalysts seem to show a higher activity for 51 

ethanol.[12,13] Latest developments on Pd electrocatalysts for the EOR include the use of nanoparticles 52 

with tunable high-index facets to control the catalytic activity[14] or catalyst reactivation steps to achieve 53 

high stability promoted by the beneficial properties of metal-oxide supports.[15] Nonetheless, the high 54 

cost of the pure metal and the typical deactivation issues [16,17] preventing to reach high current densities 55 

are still major obstacles for their application at a larger scale. One way to minimize these issues is the use 56 

of bimetallic materials.[18–20] Fabrication of these materials would typically require a lower amount of 57 

the noble metal (decreasing the catalyst cost), and the presence of specific metals such as Bi,[21] Ni[13] 58 

or Sn[12] has usually led to increased catalyst activity and stability, also supported by computational 59 

calculations.[22] Preparation of bimetallic catalysts with advanced structures leading to high surface area 60 

materials is one of the latest trends to improve the alcohol oxidation reactions. For instance, porous 61 

nanobowls,[23] or self-standing tremella-like superstructures[24] have recently been reported as excellent 62 



4 

 

Pd-based bimetallic catalysts for the EOR. Nickel has been one of the most popular materials to generate 63 

Pt or Pd bimetallic catalysts[18,25] as a result of its low cost and high stability in alkaline media. For 64 

instance, PdNi catalysts synthesized by hydrothermal methods have been previously demonstrated to fa-65 

cilitate the ethanol oxidation compared to monometallic Pd. [26–29] Electrodeposition seems to be more 66 

straightforward to prepare PdNi coatings than hydrothermal methods, while also showing good catalytic 67 

activity toward ethanol oxidation.[30,31] Previous studies using PdNi for the EOR have mainly focused 68 

on showing the positive influence of Ni addition on the electrochemical activity and finding optimal Pd:Ni 69 

ratios.[32] Consequently, there is a lack of general information about the role of different experimental 70 

conditions on the EOR performance using PdNi catalysts, and particularly, on the reaction mechanism 71 

and product selectivity.  72 

 73 

In practical applications of alcohol oxidation such as fuel cells or electrolysis, the alcohol is continuously 74 

fed to the anode. Therefore, it is important to consider the hydrodynamic effects on the activity when 75 

designing and optimizing electrode structures, but this factor is usually neglected in many reported stud-76 

ies. Accordingly, there are important aspects regarding the mass transport in electrocatalytic reactions that 77 

are still not well understood, but have been lately shown to be relevant.[33,34] Recent reports have fo-78 

cused on understanding these effects by using rotating disk electrodes for alcohols such as methanol and 79 

ethanol on Pt-based catalysts.[34–37] Contradictory effects, largely attributed to the catalyst structure, 80 

have been reported for increased mass transport rate. Flat or thin-layer catalysts generally show decreased 81 

currents for the alcohol oxidation with increasing rotation rate, explained by the removal of intermediates 82 

by convection preventing a more complete oxidation.[34,37] However, a current increment with rotation 83 

rate was observed using thicker or nanoporous catalyst films.[37,38] This fact has been attributed to the 84 

trapping of reaction intermediates for longer times within the porous structure opening up the possibility 85 

for further oxidation, which adds up to the inherent performance enhancement usually observed for porous 86 
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catalysts.[39,40] A scheme illustrating the proposed effect of catalyst structure on the EOR pathways 87 

under increased mass transport conditions is shown in Figure 1. However, this hypothesis has not been 88 

proved so far by carrying out analysis of reaction products under different hydrodynamic conditions. In 89 

addition, most of these reports refer to alcohol oxidation on Pt-based catalysts in acidic media and, thus, 90 

the lack of understanding of mass transport effects is still more evident for Pd-based or bimetallic catalysts 91 

in alkaline media.  92 

 93 

Figure 1. Scheme illustrating the possible differences on the ethanol oxidation reactions depending on the cata-94 

lyst structure under conditions of increased mass transfer. Soluble products can stay within the catalyst porous 95 

structure for longer times enabling their further oxidation (left part) compared to their rapid transport to the bulk 96 

solution happening on thin-film catalysts (right part).97 

 98 

In this work, bimetallic PdNi electrocatalysts were prepared by a simple electrodeposition method and 99 

their response toward the ethanol oxidation reaction (EOR) was studied. The role of NaOH concentration, 100 

mass transport rate and catalyst structure on the EOR activity and mechanism was explored by recording 101 

iR-corrected polarization curves and analyzing the product distribution by High-Performance Liquid 102 

Chromatography (HPLC). This study provides significant novel findings on the EOR with PdNi catalysts 103 
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under different hydrodynamic conditions, revealing the mass transport rate and OH- concentration as im-104 

portant factors in determining the EOR activity and product selectivity. 105 

 106 

EXPERIMENTAL 107 

Solutions and reagents 108 

Nickel(II) nitrate hexahydrate, palladium(II) chloride (> 59.0% Pd; >99.9%, metal basis), sodium chlo-109 

ride, ethanol absolute, sodium hydroxide, acetaldehyde, acetic acid (glacial) and sulfuric acid (HPLC 110 

grade) were purchased from VWR (Radnor, PA, USA). Hydrochloric acid (37%) and Nafion solution (5% 111 

wt) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pt (20%) on carbon black (Vulcan XC-112 

72) was obtained from De Nora. All reagents were of analytical grade. Ultrapure water obtained with a 113 

Millipore DirectQ3 purification system from Millipore (Burlignton, MA, USA) was used throughout this 114 

work. The electrodeposition solution was composed of 100 mM Ni(NO3)2 and 1 mM PdCl2 in 0.3 M HCl 115 

and 0.5 M NaCl. Under these conditions, the main component of palladium is the [PdCl4]2- complex.[41] 116 

For the monometallic Pd catalyst, the film was electrodeposited using the same solution but in the absence 117 

of the nickel salt. All the experiments of ethanol oxidation were performed in NaOH solutions in ultrapure 118 

water.  119 

 120 

Electrocatalyst preparation 121 

Electrodeposited PdNi films were prepared from the electrodeposition solution (25 mL) onto nickel disks 122 

with a geometric area of 1 cm2. The disks were polished before each experiment using 1 µm polishing 123 

alumina and washed with ultrapure water in an ultrasonic bath. Galvanostatic electrodeposition was per-124 

formed in a two-electrode glass cell with a carbon rod counter electrode by applying -50 mA cm-2 for 60 125 

s. Different catalysts were prepared: A-PdNi, for which the electrodeposition was performed in a quiescent 126 

solution and B-PdNi and B-Pd, for which the electrodeposition was performed while the electrode was 127 
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rotating at 500 rpm (under increased mass transfer). B-Pd was prepared from a solution without nickel. 128 

After the deposition, the electrodes were rinsed with ultrapure water and used as prepared. A commercial 129 

20% Pt/C catalyst was employed as reference catalyst. This catalyst was prepared by dispersing 2 mg of 130 

the catalyst powder in 0.5 mL of ultrapure water and 15 µL of Nafion solution (5% wt). The solution was 131 

sonicated for 15 minutes. Then, 10 µL of this dispersion was deposited on a glassy carbon electrode (ge-132 

ometric area of 0.126 cm2) and dried under a N2 atmosphere at room temperature. 133 

Electrochemical measurements 134 

Electrochemical measurements were performed using a PAR273A potentiostat/galvanostat from Ametek 135 

(Minneapolis, MN, USA). The electrode was rotated using an Ametek 616A instrument. Electrochemical 136 

measurements were conducted in a 100 mL glass three-electrode cell (50 mL when product analysis was 137 

performed) with a Pt mesh counter electrode and a Hg/HgO reference electrode (RE-A6P, Bio-Logic, 1 138 

M NaOH). In order to obtain electrochemical information in absence of iR drop distortions at high current 139 

densities, iR-corrected polarization curves were recorded using the current-interrupt technique. The work-140 

ing electrode was polarized at the given current density and the current was interrupted. The decay of the 141 

potential was measured for 500 µs with a time resolution of 1 µs using a National Instrument cDAQ-9172 142 

device. Nonlinear parameter fitting was applied to calculate the iR-corrected potential value, E(0), as 143 

previously discussed[42] using the following equation 1: 144 

!(#) = !(0) − (	ln	 ,1 + !	#
$	%/  (1) 145 

where b is the Tafel slope, t is the time after the current interruption, j is the applied current density and 146 

C is the capacitance of the electrode. A typical current transient and a relationship obtained between the 147 

current and iR drop is shown in Figure S1. Current densities are presented considering the electrochemi-148 

cal surface area (ECSA). All measurements were performed at room temperature (21 ± 2 °C). Potentials 149 

were converted and are presented versus the reversible hydrogen electrode (RHE) using the equation 2 150 

(considering the pH of the NaOH aqueous solution). 151 
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Evs. RHE (mV) = Evs. Hg/HgO + 0.059 pH + 0.140  (2) 152 

 153 

Physical characterization of catalysts 154 

The morphology of the catalysts was imaged by scanning electron microscopy (SEM) on a JEOL JSM-155 

7000F instrument at an acceleration voltage of 15 kV using a secondary electron detector unless stated 156 

otherwise. The elemental identification and quantification of the Pd/Ni ratio was carried out by Energy-157 

dispersive X-ray spectroscopy (EDS) using the integrated detector of the SEM instrument. The crystalline 158 

properties of the catalysts were analyzed using powder X-Ray diffraction (XRD) recorded with a PANa-159 

lytical PRO MPD diffractometer in Bragg-Brentano geometry with 1.5406 Å Cu Kα1 radiation, using a 160 

2θ range of 38.0°-90.0° and a step size of 0.013°. The samples for EDS and XRD measurements were 161 

prepared by carefully scraping the catalyst layer from the electrode substrate. Inductively coupled plasma 162 

– atomic emission spectrometry (ICP-AES) using a Thermo Scientific ICAP 6500 instrument was em-163 

ployed to determine the Pd and Ni amount in the catalysts by analyzing the solution before and after the 164 

electrodeposition (Table S1). 165 

 166 

Product analysis  167 

Product analysis was carried out by HPLC on an Agilent 1260 Infinity II system with an Agilent Hi-Plex 168 

H column (250 x 4.6 mm) and refractive index detector (Agilent 1290 Infinity II RID) set on positive 169 

polarity. A sample volume of 10 µL was injected onto the column using the autosampler. Eluent was 5 170 

mM HPLC-grade H2SO4 at a flowing rate of 0.4 mL min-1. Column and detector temperature was 55 °C.  171 

A typical chromatogram for the EOR product analysis is shown in Figure S2. 172 

 173 

RESULTS AND DISCUSSION 174 



9 

 

Physical characterization of the electrodeposited catalysts 175 

Three different catalysts were fabricated by electrodeposition as mentioned in the Experimental section: 176 

a) with Pd/Ni in a quiescent solution, b) with Pd/Ni in solution while the electrode was rotating, and c) 177 

with only Pd in solution and the electrode rotating. For simplicity, these catalysts are named as A-PdNi, 178 

B-PdNi and B-Pd, respectively. Figure 2 shows representative SEM images at the nanoscale (40000X 179 

magnification) where the morphology of the catalyst can be observed. Figure 2a shows that the A-PdNi 180 

catalyst is composed of quasi-spherical nanoparticles with a rough surface and diameters ranging from 60 181 

to 100 nm. The B-PdNi catalyst (Figure 2b) is also formed by quasi-spherical nanoparticles but with 182 

morphological features resembling nanoflowers. The nanoflowers are significantly larger than the nano-183 

particles of the A-PdNi catalyst (around 150-300 nm) due to the further growth of the individual particles 184 

by the increased mass transfer to the electrode during deposition. In a previous work, where PdNi catalysts 185 

were prepared on Ni foam under similar experimental conditions,[43] the nanoflowers were formed by 186 

aggregation of smaller nanoparticles as determined by transmission electron microscopy (TEM) analysis. 187 

The B-PdNi catalyst was also formed by a thicker coating as demonstrated by the larger amount of elec-188 

trodeposited metals determined by ICP-AES (Table S1) and visually observed as a darker coating. It seems 189 

clear that the hydrodynamic conditions during the electrodeposition have a strong effect on the morphol-190 

ogy and size of nanoparticles, controlling its structure (see also Figures S3 and S4 at higher and lower 191 

magnifications). Figure 2c shows the B-Pd catalyst, which consisted of rough Pd nanoparticles. These 192 

nanoparticles are also bigger (90-130 nm) than those of the A-PdNi catalyst but smaller than the nanoflow-193 

ers of B-PdNi, proving that the simultaneous electrodeposition of Ni with Pd also affects the morpholog-194 

ical structure of the catalysts.  195 
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 196 

Figure 2. SEM images of the a) A-PdNi, b) B-PdNi and c) B-Pd catalysts. Scale bar is 100 nm. 197 

 198 

EDS analysis was performed to confirm the presence of the metals in the bimetallic catalysts. Figure S5 199 

shows the EDS spectra for the A-PdNi, B-PdNi and B-Pd catalysts. Pd was found in all the spectra, which 200 

confirms its presence in the catalysts. Nickel was also found in the A-PdNi and B-PdNi catalysts with 201 

Pd:Ni atomic ratios of 72:27 (±5) and 91:9 (±2), respectively. The significant difference between the con-202 

centration ratio in the precursor solution (1:100, Pd:Ni) and the atomic ratio in the catalysts can be ex-203 

plained by thermodynamic and mass transfer effects during electrodeposition (see section S6 of the S.I. 204 

for discussion). The EDS spectrum for B-Pd (Figure S5c) confirmed that the catalyst was completely 205 

formed by this metal. XRD analysis (Figure S6) also suggested that the bimetallic catalysts are formed 206 

by a Pd/Ni alloy material. 207 

 208 

Surface electrochemistry of electrodeposited catalysts 209 

The electrochemical surface area (ECSA) of Pd catalysts can be obtained by evaluating their surface elec-210 

trochemistry. Cyclic voltammetry experiments between 0.2 and 1.2 V (vs RHE) were performed in a N2-211 

saturated 1 M NaOH solution. Figure S7 shows the cyclic voltammograms for the three different Pd 212 

catalysts. The anodic and cathodic peaks observed around 0.3 V are assigned to the adsorption/desorption 213 

of hydrogen on Pd atoms.[44] OH- ions are also adsorbed on the Pd atoms during the anodic sweep (equa-214 

tion 3), a process usually assigned[45] to the small voltammetric peak observed at a potential close to 215 



11 

 

+0.6 V. Pd oxidation also takes place according to equation 4 at higher electrode potentials, for which the 216 

previous OH- adsorption plays a crucial role.[46] 217 

01 +	23& → 01 − 23'() +	5&  (3) 218 

01 − 23'() + 23& 	→ 01 − 2 +	3*2 +	5& (4) 219 

The cathodic sweep shows the reduction of the palladium oxide (+0.77 V) formed during the anodic 220 

sweep. If the potential limit is around +1.2 V, the cathodic peak can be assigned to the reduction of a 221 

monolayer of palladium oxide.[47] The charge under the peak (Q) can be correlated with the ECSA ac-222 

cording to equation 5, assuming that the reduction of a monolayer[48] takes 0.405 mC cm-2. 223 

!678	(9:*) = 	;	(:6) 0.405	:6	9:&*?  (5) 224 

The estimated roughness factors (Rf = ECSA/geometric area) were 7.8 (±0.7), 12.2 (±1.0) and 10.1 (±0.8) 225 

for the A-PdNi, B-PdNi and B-Pd, respectively. These roughness factors are similar to those previously 226 

reported for PdNi catalysts (Rf = 0.5-22) prepared by single-step electrodeposition,[30,49] being only 227 

smaller than those obtained for very porous materials (Rf = 10-100) but prepared by complex time-con-228 

suming multi-step procedures.[49] The ECSA of the B-PdNi is enhanced compared to the other catalysts 229 

which could be due to the special morphological features of the catalyst as observed by SEM. The ECSA 230 

(1.09 cm2, roughness factor 8.65) for the commercial Pt/C catalyst was calculated by integrating the H2 231 

desorption peaks in 0.1 M H2SO4 following the standard method widely described in the literature.[50] 232 

 233 

Electrocatalytic oxidation of ethanol under different hydrodynamic conditions  234 

Catalysts activity toward ethanol electrooxidation was evaluated in alkaline solution (1 M ethanol, 0.1 M 235 

NaOH). The mass transport (electrode rotation) affected significantly the EOR response as recorded by 236 

cyclic voltammetry (Figure 3), with 800 rpm as the optimal rotation rate for the B-PdNi catalyst. Accord-237 

ingly, further experiments were carried out in a quiescent solution and under the optimal mass transport 238 
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rate (electrode rotating at 800 rpm) in order to evaluate the different catalysts and reaction conditions 239 

under two different hydrodynamic scenarios. Figure 4 shows the iR-corrected polarization curves for all 240 

the catalysts in both hydrodynamic conditions. A process can be discerned at very low current densities, 241 

which is assigned to catalyst surface reactions by comparison with the polarization curves obtained for 242 

the blank solution (Figure S8), and since the potential is still too low for the onset of the EOR. The linear 243 

region observed at around 0.5 V (vs RHE) is attributed to ethanol oxidation on Pd active sites, as demon-244 

strated by the EOR onset in the voltammetric responses (Figure S9). The B-PdNi catalyst reached higher 245 

current densities for this region as a result of a higher EOR activity. Other processes occurring at more 246 

positive potentials (> +1.4 V), particularly for the A-PdNi catalyst, with a larger atomic ratio in nickel 247 

than the B-PdNi catalyst, may be related to oxygen evolution or ethanol oxidation on nickel, [20] which 248 

may also be possible as shown in Figure S10. As seen in Figure 4 under increased mass transport condi-249 

tions (electrode rotating at 800 rpm), the polarization curves for the B-PdNi, B-Pd and Pt catalysts shifted 250 

toward higher current densities, likely due to the increased amount of reactants arriving to the electrode 251 

surface. The B-PdNi catalyst also showed the highest EOR activity under increased mass transport con-252 

ditions reaching a current density of 5.6 mA cm-2 (normalized by ECSA). However, a significant shift 253 

toward lower current densities was obtained for the EOR on the A-PdNi catalyst, indicating that this cat-254 

alyst with a thinner and less porous surface compared to B-PdNi has lower activity under these increased 255 

mass-transport conditions. Similar effects have been previously found for the ethanol and methanol oxi-256 

dation reactions using Pt-based catalysts,[33,34,51] and the catalyst structure seems to govern the specific 257 

behavior (current increase or decrease).[37] Removal of a soluble intermediate such as acetaldehyde from 258 

the electrode surface has been proposed as the cause of the current decrease by preventing the posterior 259 

oxidation to acetate or CO2, [37] but to our knowledge this hypothesis has not been confirmed by product 260 

analysis so far in RDE experiments. This behavior has been observed for flat or thin-film electrodes where 261 

the removal of soluble species is efficient and seems to be the case for the A-PdNi catalyst. This catalyst 262 
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coating is thinner than the other catalysts as demonstrated by the smaller amount of electrodeposited ma-263 

terial (Table S1), and its electrochemical behavior seems to be similar to previously reported thin-film 264 

catalysts.[37] Not only did the B-PdNi catalyst showed higher activity but it was also more stable in long-265 

term experiments. Figure S11 shows the chronoamperometric response obtained during 8 h for the dif-266 

ferent Pd-based catalysts at +0.9 V in 1 M ethanol in 0.1 M NaOH, where the B-PdNi catalyst kept a 267 

higher current density throughout the experiment.  268 

 269 

 270 

Figure 3. Cyclic voltammograms for 1 M ethanol in 0.1 M NaOH at several rotation rates (0, 500, 800, 1000, 271 

1500, 2000 rpm) using the B-PdNi catalyst. Scan rate was 10 mV s-1.  272 
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 273 

Figure 4. iR-corrected polarization curves normalized by the ECSA for the ethanol oxidation reaction (1 M in 0.1 274 

M NaOH) obtained using the different electrocatalysts: a) A-PdNi, b) B-PdNi, c) B-Pd and d) Pt. (*) indicates that 275 

the experiment was performed under increased mass transfer conditions (electrode was rotated at 800 rpm).  276 

 277 

Effect of ethanol and hydroxide concentrations on the EOR under different hydrodynamic condi-278 

tions 279 

It is well known that hydroxide ions play an important role on the EOR mechanism and could influence 280 

the reaction pathway and rate,[52] but they also contribute to the formation of stable Pd oxides (equation 281 

4) that deactivate surface sites. OH- ions are involved on the EOR independently of the generated reaction 282 
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product but the pathway to CO2 or acetic acid requires a larger amount of OH- compared to acetaldehyde, 283 

according to the EOR chemical equations 6-8:  284 

63+63*23 + 2	23& 	→ 	63+632 + 2	3*2 + 2	5&					(A) 285 

63+63*23 + 4	23& 	→ 	63+6223 + 3	3*2 + 4	5&			(C) 286 

63+63*23 + 12	23& 	→ 		2	62* + 9	3*2 + 12	5&					(E) 287 

To evaluate the effect of the OH- concentration, iR-corrected polarization curves were also recorded under 288 

quiescent and increased mass transport conditions for 1 M ethanol solution in 1 M NaOH (Figure 5). A 289 

significant shift toward higher current densities was observed in a quiescent solution compared to the 290 

results obtained in 0.1 M NaOH (Figure 4) for all the catalysts. This fact confirms that OH- is strongly 291 

involved in the EOR. A higher OH- concentration was also positive for the EOR onset potential as can be 292 

observed in this region of the voltammetric response (Figure S12). A positive effect on the current densi-293 

ties for the B-PdNi, B-Pd and Pt catalysts was also observed under increased mass transport conditions 294 

(Figure 5, dashed red lines), but the enhancement was significantly smaller than that observed for 0.1 M 295 

NaOH. This fact implies that the OH- concentration is a limiting factor at large ethanol/OH- concentration 296 

ratios, which is mitigated by regenerating the electrode interface with new OH- molecules coming from 297 

the bulk solution. A lower activity in terms of current densities and potentials was found for the A-PdNi 298 

catalyst under increased mass transport rate, indicating more complex relations than a simple limiting 299 

OH- concentration.  300 

 301 
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 302 

Figure 5. iR-corrected polarization curves normalized by the ECSA for the ethanol oxidation reaction (1 M in 1 303 

M NaOH) obtained using the different electrocatalysts: a) A-PdNi, b) B-PdNi, c) B-Pd and d) Pt. (*) indicates that 304 

the experiment was performed under increased mass transfer conditions (electrode was rotated at 800 rpm). 305 

 306 

A more systematic study of the OH- concentration effect was carried out for the most active catalyst (B-307 

PdNi). Figure 6 shows the polarization curves recorded in a quiescent solution for 1 M ethanol and in-308 

creasing NaOH concentrations (0.1, 0.5, 1 and 2 M). A clear trend of increasing current densities with 309 

increasing NaOH concentrations up to 1 M was obtained, further demonstrating that the reaction rate is 310 

strongly limited by the OH- concentration, in agreement with the EOR chemical equations 6-8. A similar 311 
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trend in the current densities was observed under increased mass transport conditions also up to 1 M 312 

NaOH, suggesting that even if the mass transport of OH- is more efficient than in a quiescent solution 313 

some limitation still exists at low OH- concentration, which is mitigated by increasing it. Interestingly, the 314 

current densities reached in 2 M NaOH under these conditions were smaller than those obtained in 1 M 315 

NaOH. This fact might be a result of catalyst deactivation by PdO formation [17] occurring faster at high 316 

OH- concentrations, [53] but the difference is relatively small to draw any conclusions and further studies 317 

focusing on high OH- concentrations would be interesting to elucidate this deactivation phenomenon.  318 

 319 

Figure 6. iR-corrected polarization curves obtained for different concentrations of NaOH (0.1, 0.5, 1 and 2 M) 320 
with 1 M ethanol using the B-PdNi catalyst in a quiescent solution (a) and with the electrode rotating at 800 rpm 321 

(b). 322 

 323 

Polarization curves were also recorded at a higher ethanol concentration (3 M) in 1 M NaOH (Figure 7) 324 

in order to evaluate if the current densities could be increased from the limit observed at 1 M ethanol in 1 325 

M NaOH. Under a quiescent solution, the polarization curve reached a similar current density for the EOR 326 

as for 1 M ethanol, which agrees with OH- concentration still being the limiting factor. An enhanced EOR 327 

response was observed under increased mass transport conditions for 3 M ethanol, reaching an ECSA-328 
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normalized current density of 21.7 mA cm-2 (~265 mA cm-2, geometric). These results indicate that the 329 

OH- limiting factor can also be overcome at higher ethanol concentrations when increased mass transfer 330 

conditions are employed.  331 

 332 

Figure 7. iR-corrected polarization curves obtained for different concentrations of ethanol (1 M and 3 M) in 1 M 333 
NaOH using the B-PdNi catalyst. “*” indicates that the experiment was performed with the electrode rotating at 334 

800 rpm (increased mass transfer rate). 335 

 336 

Catalysts performance at high current densities 337 

To test the viability of the EOR catalysts under the high current densities expected to be used in industrial 338 

applications, iR-corrected measurements at 100 mA cm-2 (geometric area) were recorded using a solution 339 

of 3 M ethanol in 1 M NaOH and electrode rotating at 800 rpm. Figure 8 shows the galvanostatic curves 340 

obtained for the different catalysts during the EOR. It is readily observed that most of the catalysts were 341 

quickly deactivated at these high current densities, demonstrated by a significant potential shift to high 342 

potentials where water oxidation may happen. However, the B-PdNi catalyst was able to keep a low po-343 

tential (around +0.7 V) during all the experiment (at least for 30 min). These results agree with the previ-344 

ous experiments, where a higher activity was observed for the B-PdNi particularly under increased mass 345 
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transport conditions. A substantial generation of H2 bubbles was also observed at the cathode during the 346 

experiment, demonstrating the possibility of H2 production at a good rate and low potentials.  347 

 348 

Figure 8. iR-corrected galvanostatic curves recorded at 100 mA cm-2 (geometric area) using the different cata-349 

lysts in a 3 M ethanol + 1 M NaOH solution under conditions of increased mass transfer rate (electrode rotated at 350 

800 rpm).  351 

 352 

EOR product analysis under different conditions 353 

The previous experiments have shown that the EOR can be limited by the mass transport of OH- to the 354 

electrode surface. In order to evaluate this effect on the EOR mechanism, the product distribution for 355 

different ethanol/NaOH concentration ratios was analyzed by HPLC. Galvanostatic experiments (+7.5 356 

mA cm-2 for 3h) were carried out using the B-PdNi catalyst for the oxidation of 1 M ethanol in 0.1 M and 357 

1 M NaOH. A quiescent solution was employed in order to keep the OH- concentration as a limiting factor 358 

near the electrode surface. Figure 9a shows the product distribution for both experiments, where acetic 359 

acid and acetaldehyde were the only detected reaction products, as also previously reported with Pd-based 360 

catalysts.[54,55] It is worth to mention that some aldehydes tend to form aldol condensation products in 361 
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alkaline media,[56] but additional peaks were not observed by HPLC in reaction samples or even in stand-362 

ard acetaldehyde solutions, also in agreement to previous works.[55] A significantly higher selectivity 363 

toward acetaldehyde was obtained in 0.1 M NaOH compared to 1 M NaOH: 29.5% vs. 3.6%, although 364 

the main product in both cases was still acetic acid. These results agree with OH- being involved on the 365 

EOR, and particularly affecting the acetic acid formation since a larger amount of OH- is required to 366 

generate this product in contrast to acetaldehyde (see EOR chemical equations 6-8). The EOR could hap-367 

pen by two different pathways on noble metal electrocatalysts [37,46,52,57] as shown in Figure 10. In 368 

the C1-pathway, the C-C carbon bond is broken leading to CO2 (CO32- in alkaline media) as the final 369 

product. However, this pathway is difficult to achieve at low temperatures [58] because the cleavage of 370 

the C-C is challenging and, therefore, its contribution to the total current is usually low. [59] Since the 371 

Faradaic efficiencies obtained in the galvanostatic experiments were close to 100% (99.9% and 95% for 372 

0.1 M and 1 M NaOH, respectively), it is reasonable to discard a significant contribution of the C1-path-373 

way under these conditions. Thus, the mechanism under the experimental conditions in this work likely 374 

follows the C2-pathway,[60] where the C-C bond remains intact during the oxidation. Ethanol is firstly 375 

converted to acetaldehyde by a two-electron transfer and eventually to acetate by another two-electron 376 

transfer. This pathway may be initiated by the adsorption of ethanol on the active sites, usually as adsorbed 377 

ethoxy species in alkaline media.[61] Then, a dehydrogenation step leads to the generation of acetalde-378 

hyde. Acetaldehyde can diffuse to the bulk solution and be a final product of the reaction or if it stays 379 

close to the electrode, it could be converted to acetate in a second oxidation step (see Figure S13 for 380 

acetaldehyde oxidation on B-PdNi). For the latter reaction, oxygenated species need to be supplied, which 381 

agrees with the increment of acetaldehyde to acetate conversion with higher pH in these experiments and 382 

as previously observed. [52] 383 

 384 
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 385 

Figure 9. EOR product selectivity after performing the reaction under different conditions. a) B-PdNi catalyst, 386 

quiescent solution, 1 M Ethanol, 0.1 vs 1 M NaOH. b) A-PdNi vs B-PdNi catalysts; 1 M Ethanol in 1 M NaOH, 387 

“*” indicates that the experiment was performed with the electrode rotating at 800 rpm.  388 

 389 

 390 

 391 

Figure 10. Simplified mechanism pathways for the electrochemical oxidation of ethanol on noble metals.[37] 392 

 393 

The EOR product distribution might also be affected by different hydrodynamic conditions. As previously 394 

reported [37] and observed in this work, catalysts with different structure (i.e. thickness/porosity) show a 395 

different behavior under increased mass transport rate. A change in the product distribution has been pro-396 

posed as a possible cause (Figure 1), but that hypothesis has not been confirmed by carrying out product 397 

analysis so far. The EOR product distribution was evaluated with two catalysts, A-PdNi and B-PdNi, 398 
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which showed a different behavior under increased mass transport conditions, typical of thin-film or 399 

thick/porous catalysts, respectively. Galvanostatic experiments for 1 M ethanol in 1 M NaOH were rec-400 

orded under a quiescent solution and increased mass transport rate (electrode rotating at 800 rpm), and 401 

the product distribution was analyzed by HPLC (Figure 9b). Galvanostatic conditions were chosen to 402 

keep a similar oxidation potential for both catalysts: 1 mA cm-2 for A-PdNi, and 10 mA cm-2 for B-PdNi 403 

(geometric current densities). In all cases, the main product was acetic acid. An increment in the selectivity 404 

toward acetaldehyde was observed under increased mass transport conditions: from 4.3% to 6.5% for the 405 

B-PdNi catalyst and from 7.5% to 14.2% for the A-PdNi catalyst. Faradaic efficiencies were in the range 406 

of 94-98%, which rules out a significant formation of CO2. These results generally agree with the hypoth-407 

esis that the lower EOR activity on thin-film catalysts under increased mass transport conditions may 408 

come from a decrease in the formation of higher oxidation state products, and enhanced formation of 409 

soluble intermediates such as acetaldehyde, while thicker catalysts seem to be able to keep forming higher 410 

oxidation state products such as acetic acid. However, the main product in both hydrodynamic conditions 411 

was still acetic acid, suggesting that acetaldehyde oxidation happens quickly after its formation near the 412 

electrode surface. It is worth to mention that the different atomic composition between B-PdNi and A-413 

PdNi catalysts may also have some influence on the EOR reactivity, and therefore, a more systematic 414 

study using catalysts with more controlled thickness/porosity and composition would be interesting to 415 

elucidate the effect of both factors on the EOR under increased mass transport rate.  416 

 417 

CONCLUSIONS 418 

A catalyst formed by PdNi nanoflowers with special morphological and electrocatalytic properties was 419 

prepared by a simple one-step electrodeposition method. This catalyst showed a high activity toward the 420 

EOR, particularly under optimum hydrodynamics, which was found to be at a moderate rotation rate (800 421 

rpm). This high-activity catalyst enabled the EOR at a low potential (~0.7 V) at 100 mA cm-2 and low 422 
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temperature. OH- concentration was found to be a limiting factor for the EOR, especially toward the 423 

formation of acetic acid, which was the main product detected by HPLC. Acetaldehyde formation could 424 

be enhanced at limiting OH- concentrations or under increased mass transport conditions, demonstrating 425 

the importance of these parameters to direct the reaction. In addition, higher acetaldehyde formation was 426 

also observed using a thinner PdNi catalyst, which might be due to a facilitated release of intermediates 427 

to the bulk solution when the catalyst has this structure. More systematic studies to confirm this behavior 428 

using catalysts with controlled structure could be very valuable. In summary, this work highlights the 429 

importance of the hydrodynamic conditions on the EOR activity and mechanism, and further understand-430 

ing this process may boost the design of effective catalysts for alcohols oxidation in practical applications 431 

where the fuel is continuously fed to the anode.  432 
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S1. Amount of electrodeposited metals 

Table S1. Amount of Pd and Ni (in mg) found on the electrodeposited catalysts by ICP-AES. 

Catalyst Pd (mg) Ni (mg) Atomic ratio (Pd:Ni) 

A-PdNi 0.048 ± 0.006 0.008 ± 0.001 77:23 

B-PdNi 0.18 ± 0.03 0.012 ± 0.002 89:11 

B-Pd 0.22 ± 0.02 -  

 

 

S2. Current-interrupt transient 

a) b)  

Figure S1. a) A typical fitted transient (recorded at j = 9.4 mA cm-2, ECSA) using the B-PdNi catalyst in 

1 M ethanol + 1 M NaOH while the electrode was rotating at 800 rpm. Fitting was performed between 5 

and 100 µs (first points after the current interruptions showed significant deviation and were omitted 

from the fitting). b) Relationship between the current and the iR drop obtained from the current-interrupt 

experiments using the B-PdNi catalyst in 1 M ethanol + 1 M NaOH while the electrode was rotating at 

800 rpm. Estimated uncompensated resistance was 2.51 Ω. 
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S3. HPLC chromatogram for ethanol oxidation products 

 

Figure S2. Typical HPLC chromatogram obtained after analyzing the resulting sample from oxidation of 1 

M ethanol in 1 M NaOH using a B-PdNi catalyst (electrode rotating at 800 rpm). Identification of products 

was achieved by comparing the retention times of standard solutions of individual species.  

 

S4. Scanning electron microscopy for PdNi catalysts at different magnifications 

a) b)  

Figure S3. Scanning electron microscopy images of the A-PdNi (a) and B-PdNi (b) catalysts at higher 

magnification. The nanoflower shape is only observed for the B-PdNi and the A-PdNi catalyst seems to 

be formed by agglomeration of rough nanoparticles even for the biggest particles. B-PdNi image also 

shows a less compacted structure leading to a catalyst film with bigger pores. Scale bar is 100 nm. 
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a) b)  

Figure S4. Scanning electron microscopy images of the A-PdNi (a) and B-PdNi (b) catalysts at lower 

magnification. Scale bar is 10 µm. 

 

S5. Energy-dispersive X-ray spectra for the different Pd-based catalysts 

 

Figure S5. Energy-dispersive X-ray spectra obtained for the a) A-PdNi, b) B-PdNi and c) B-Pd catalysts. 
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S6. Insights on the catalyst electrodeposition 

A strong difference between the concentration ratio in solution (1:100, Pd:Ni) and the atomic ratio in the 

catalysts was obtained. This may be explained by the fact that the reduction of [PdCl4]2- is 

thermodynamically favored over the Ni2+ reduction.[1] These results also show that the mass transport 

conditions during the electrodeposition influences the atomic ratio of the catalysts. If mass transfer is 

slower (static solution, A-PdNi catalyst), [PdCl4]2- is quickly reduced and depleted from the electrode 

surface, having to diffuse from the bulk solution. As the depletion of Ni2+ from the electrode surface 

would take more time, the catalyst is enriched with Ni. If the mass transfer rate is higher (rotating 

electrode, B-PdNi catalyst), the electrode/solution interface is quickly renewed with new reactants and 

thermodynamics has a higher influence on the electrodeposition: Pd(II) is reduced more easily than Ni(II) 

and the catalyst is enriched in Pd. Therefore, control of the mass transfer rate during the electrodeposition 

could be an interesting method to obtain electrocatalysts with tunable metallic ratios even using the same 

initial solution. 

 

  



 

S7 
 

S7. X-ray diffraction patterns for the different Pd-based catalysts 

 

Figure S6. X-ray diffraction patterns for the three catalysts and electrodeposited nickel. Dashed lines 

represent the peak positions according to JCPDS No. 46-1043 card for the fcc Pd structure. 

For the B-Pd catalyst, which is only composed by Pd, several peaks were observed at 2Θ values of 39.92, 

46.44, 67.93 and 81.85°. These peaks are ascribed to the (111), (200), (220) and (311) lattice planes of 

pure fcc structure (JCPDS No. 46-1043).[2] For the bimetallic catalysts, the 2Θ values were slightly 

shifted with values of 40.22, 46.81, 68.27 and 82.36°, respectively, but they can also be assigned to the 

same lattice planes. However, no significant differences were found between the XRD patterns of the 

A-PdNi and B-PdNi catalysts. The peaks of the Pd crystalline facets were wider for both PdNi catalysts 

in comparison to the monometallic material (B-Pd catalyst). This fact may suggest that the material has 

an increased structural disorder or tensile stress,[3] suggesting that the material is forming a metallic 

alloy. The shift of the 2Θ peaks for the Pd crystalline facets in the PdNi catalysts also supports that the 

Pd lattice structure shrank after alloying with Ni (smaller atomic size than Pd). For instance, the 

d-spacing values calculated for the (111) planes were 2.241 and 2.258 Å for the PdNi and B-Pd catalysts, 

respectively. The pattern of pure electrodeposited Ni (in absence of Pd) is also shown in the figure. This 

material gave three peaks at 44.35, 51.68 and 76.30° assigned to the (111), (200) and (220) facets of Ni 

(JCPDS No. 04-0850).[2] However, they were not observed for the PdNi catalysts, which also agrees 

with the complete alloying of the bimetallic materials.  
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S8. Cyclic voltammograms for blank solution (1 M NaOH) 

 

Figure S7. Cyclic voltammograms obtained in N2-saturated 1 M NaOH with the three Pd-based catalysts. 

Scan rate was 25 mV s-1. Potentials are referred to the RHE. 

 

 

S9. iR-corrected polarization curves for blank solution (0.1 M NaOH) 

 

Figure S8. iR-corrected polarization curve recorded for the B-PdNi in a 0.1 M NaOH solution (quiescent 

conditions).  
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S10. Voltammetric onset of 1 M ethanol oxidation in 0.1 M NaOH 

 

Figure S9. Voltammetric response normalized by the ECSA for the ethanol oxidation reaction (1 M in 

0.1 M NaOH) using the different catalysts in a quiescent solution. Scan rate was 10 mV s-1. Dashed blue 

line represent the response obtained for a blank solution (0.1 M NaOH). Since a significant iR drop 

distortion was observed at higher current densities, only the onset of the voltammetric process is shown 

where the iR drop is negligible and responses can be compared. 
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S11. Ethanol oxidation reaction on nickel catalyst  

 

Figure S10. iR-corrected polarization curves for 1 M ethanol in 1 M NaOH (blue curve) and 1 M NaOH 

(red curve) using an electrode with only electrodeposited nickel. The lower potential recorded for the 

blue curve demonstrates the possibility of ethanol oxidation on nickel at about 1.4 V.  

 

S12. Comparison of long-term stability of Pd-based catalysts for ethanol oxidation 

 

Figure S11. Long-term chronoamperometric curves (normalized by the ECSA) obtained using the three 

different Pd-based catalysts during ethanol oxidation (1 M ethanol in 0.1 M NaOH). Applied potential 

was +0.9 V and the total experiment time was 8 h. 
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S13. Voltammetric onset of 1 M ethanol oxidation in 0.1 M vs 1 M NaOH 

 

Figure S12. Voltammetric response normalized by the ECSA for 1 M ethanol oxidation using the 

different catalysts in a quiescent solution. Scan rate was 10 mV s-1. Dashed blue line represent the 

response obtained in a 0.1 M NaOH solution while the solid red line represents the response obtained in 

1 M NaOH. Since a significant iR drop distortion was observed at higher current densities, only the onset 

of the voltammetric process is shown where the iR drop is negligible and responses can be compared. 
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S14. Electro-oxidation of acetaldehyde with B-PdNi catalyst 

 

Figure S13. Voltammograms for oxidation of 1 M ethanol and acetaldehyde in 1 M NaOH using the 

B-PdNi catalyst. Blank voltammogram is also shown for comparison. Curves were normalized by the 

electrochemical surface area (ECSA) and potentials are referred to the reversible hydrogen electrode 

(RHE). Since a significant iR drop distortion was observed at higher current densities, only the onset of 

the voltammetric process is shown where the iR drop is negligible and responses can be compared. 
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