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a b s t r a c t 

The development of alcohol-based electrolysis to enable the concurrent production of hydrogen with 

low electricity consumption still faces major challenges in terms of the maximum anodic current den- 

sity achievable. Whilst noble metals enable a low electrode potential to facilitate alcohol oxidation, the 

deactivation of the catalyst at higher potentials makes it difficult for the obtained anodic current den- 

sity to compete with water electrolysis. In this work the effect of significant parameters such as mass 

transport, glycerol and OH 

− concentration and electrolyte temperature on the glycerol electrooxidation 

reaction (GEOR) in alkaline conditions on a bimetallic catalyst PdNi/Ni RDE (Pd 0.9 Ni 0.1 ) has been studied to 

discern experimental conditions which maximise achievable anodic current density before deactivation 

occurs. The ratio of NaOH:glycerol in the electrolyte highly affects the rate of the GEOR. A maximum 

current density of 793 mA cm 

−2 at -0.125 V vs. Hg/HgO through steady state polarisation curves was 

achieved at a moderate and intermediate rotation rate of 500 RPM in a 2 M NaOH and 1 M glycerol 

(ratio of 2) electrolyte at 80 °C. Shown here is a method of catalyst reactivation for enabling the long- 

term use of the PdNi/Ni RDE for electrolysis at optimal conditions for extended periods of time (3 h at 

300 mA cm 

−2 and 10 h at 100 mA cm 

−2 ). Through scanning electron microscopy (SEM), X-ray photon 

electron spectroscopy (XPS) and X-ray diffraction (XRD) it is shown that the electrodeposition of Pd and 

Ni forms an alloy and that after 10 h of electrolysis the catalyst has chemical and structural stability. This 

study provides details on parameters significant to the maximising of the GEOR current density and the 

minimising of the debilitating effect that deactivation has on noble metal based electrocatalysts for the 

GEOR. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

According to the 2018 Intergovernmental Panel on Climate 

hange special report, [1] in order to maintain global temperatures 

o within a 1.5 °C increase of the pre-industrial baseline and to 

ave net-zero emissions by 2050, drastic changes need to occur, 

efore 2030, in the methods by which society sources its energy 

upply. The most recent report by the World Meteorological Orga- 

ization on the state of the global climate, [2] indicates that the 

emperature increase up until 2020 was a global mean of around 
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.2 °C so, time is running out. Therefore, the changes in the global 

nergy infrastructure that take place in the next decade will deter- 

ine the future of the globally increasing population. [3] 

A way to support the sustainability and decarbonisation of 

he economy is through biodiesel utilisation from vegetable and 

eed oils, i.e. triglycerides, and through hydrogen from electrolysis. 

iodiesel production, consumption and technological development 

as therefore seen a significant increase in the last decade [ 4 , 5 ]

s it can be implemented as a fuel replacement for vehicles based 

n fossil fuel diesel, reducing between 20 and 80% of greenhouse 

as emissions. [6] A usual 10 wt% by-product of bio-diesel produc- 

ion is glycerol. [6] With global biodiesel production expected to 

ontinue at an approximately constant rate in the coming decade, 

7] the need for glycerol utilisation to increase the positive impact 

f biodiesel and complete the energy cycle becomes increasingly 

mportant. [ 8 , 9 ] 
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Glycerol oxidation to produce organic acids, ketones and alde- 

ydes for various important industries [10] has been studied 

hrough non-electrochemical, homogeneous [11–13] and heteroge- 

eous [14–16] catalysis at both low and high temperatures. Fur- 

hermore, due to glycerol being a non-toxic tri–hydroxy function- 

lised tri-carbon molecule it is particularly suitable for electrocat- 

lytic oxidation. [17] Both the primary and the secondary carbon 

an adsorb to electrocatalysts for oxidation, depending on the crys- 

al facets, [ 18 , 19 ] and 10 electrons can potentially be passed before

ny energy intensive C 

–C bond splitting is required. [20] As a re- 

ult, the electrocatalysis of glycerol oxidation has developed as a 

ot topic of research over the last decade, especially due to the 

revalence of glycerol at low prices on the global market. [21] 

Hydrogen is currently produced predominantly using natural 

as and coal with less than 0.1% of H 2 produced from direct water 

lectrolysis and between 2 and 5% through the chlor-alkali process. 

 22 , 23 ] With large scale industries like fertiliser synthesis and low 

arbon steel production, as well as applications such as fuel cells, it 

s imperative that the global increase in hydrogen production and 

tilisation be uncoupled from fossil fuels. [24] This can be achieved 

y renewable electricity powered water electrolysis. In water elec- 

rolysis oxygen gas is produced on the anode and hydrogen gas on 

he cathode of an electrochemical cell. By electro-oxidising glyc- 

rol on the anode instead of water, one can potentially produce H 2 

sing less than half of the electrical energy needed for water elec- 

rolysis. [21] 

The importance of catalyst selection has been the key research 

uestion as the glycerol electrooxidation reaction (GEOR) mecha- 

istic pathway and maximal current density that can be achieved 

epends highly on the chemistry and structure of the anode mate- 

ial. There has been significant work conducted on a variety of cat- 

lysts [25] for the electro-oxidation of glycerol ranging from noble 

 26 , 27 ] and non-noble [28–30] metals to carbon [31] electrodes, in

cidic and alkaline media. Electrocatalysts in alkaline media, as op- 

osed to acidic media, have generally demonstrated higher activity. 

 10 , 27 ] Amongst the highest current densities reported (see table 

1 for a summary) was shown in two glycerol fuel cell publications 

sing carbon supported Pt and Au nanoparticles, [ 32 , 33 ] a pure

u disk, [34] and Au nanoparticles deposited on a carbon ceramic 

lectrode. [20] For Pd-based catalysts, the highest current densi- 

ies (normalised by geometric area) were demonstrated in alkaline 

lectrolytes. [ 20 , 35 , 36 ] Composite Pd and Ni based catalysts have

ttracted much attention for the electrooxidation of alcohols and 

arbon based molecules such as methanol, [ 37 , 38 ] ethanol, [39–

1] ethylene glycol, [ 42 , 43 ] formic acid [ 44 , 45 ] and carbohydrazide.

46] 

For the GEOR on PdNi there has been several studies with 

hese catalysts synthesised by various chemical reduction meth- 

ds. [ 35 , 47–54 ] Several of these studies have reported the GEOR 

athway in alkaline conditions to result in the formation of glycer- 

te, tartronate, oxalate and glycolate with higher potentials lead- 

ng to increased formate production due to C 

–C bond cleavage. 

 35 , 47 , 48 , 53 ] These studies report the first oxidation step (2e −

ransfer) in the mechanistic pathway to be glyceraldehyde before 

eing further oxidised to glycerate. Though product formation is 

 significant factor when considering GEOR, this work will focus 

n maximising the anodic current density in order to compare the 

pplicability of the GEOR as a means to contribute to the future 

ydrogen economy. For comparison, the current densities of indus- 

rial scale alkaline water electrolysers operate at around 400 mA 

m 

−2 . [ 55 , 56 ] 

In contrast to the aforementioned studies on PdNi for GEOR, 

ere electrodeposition is used in the fabrication of the catalysts, a 

omparably simpler preparation process occurring at room temper- 

ture and, after the electrodeposition solution is made, requiring 

nly 60 s. To the best of our knowledge there are no reports on 
2 
lectrodeposited PdNi catalysts for GEOR, though there are some 

or ethanol oxidation. [ 39 , 41 , 57 ] Additionally, on PdNi catalysts and

enerally, the GEOR has mainly been studied at ambient temper- 

tures and low glycerol concentrations, where long-term stability 

f the catalysts, elevated temperatures and glycerol concentrations 

 0.5 M are not so frequently explored. [ 20 , 32 , 47 , 58–61 ] Further-

ore, the hydrodynamic conditions for optimising the GEOR have 

een reported to only a small extent using a rotating disk electrode 

RDE). [62–64] By contrast, all of the above will be reported here. 

ince glycerol is particularly viscous, [ 65 , 66 ] knowledge of how 

onvection, temperature and glycerol concentration affect activity 

s of high importance to aid in determining fluid dynamics for ap- 

ropriate operating conditions for large scale application. [67] 

Through cyclic voltammetry, IR-corrected polarisation curves 

ICPC) and chronopotentiometry, conditions for the facilitation of 

 high current density for the GEOR through variations in mass 

ransport, electrolyte concentration and temperature are reported 

ere for a PdNi electrocatalyst electrodeposited on a Ni RDE 

PdNi/Ni RDE ). The nanoflower structure of the catalyst, developed 

imilarly in a previous study by our group, [41] characterised 

ere before and after electrolysis through scanning electron mi- 

roscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron 

pectroscopy (XPS), has been seen to provide very high GEOR cur- 

ent densities. Additionally, the PdNi/Ni RDE electrocatalyst retains 

ts mechanical and chemical structure well, in addition to its elec- 

rocatalytic activity over a relatively long period of electrolysis at 

levated temperatures. Through variations in electrolyte concen- 

ration, a stoichiometric optimal was obtained which shows the 

mportance of electrolyte composition when optimising the GEOR 

ate. Finally, a moderate and intermediate mass transport rate re- 

ulted in the highest current densities, providing significant insight 

nto the GEOR on an electrodeposited bimetallic catalyst. 

. Experimental method 

.1. Materials and reagents 

The Ni metal (99.98%) was purchased from MaTecK (Jülich, 

RW, DE) and fabricated into 1 cm 

2 disks by Permascand 

Ljungaverk, Medelpad, SWE). Palladium chloride ( > 59.0% Pd; 

 99.9%, metal basis) PdCl 2 (Alfa Aesar), nickel nitrate hexahy- 

rate Ni(NO 3 ) 2 • 6H 2 O (Alfa Aesar), sodium chloride NaCl (VWR), 

ydrochloric acid HCl 37% (Sigma Aldrich), sodium hydroxide NaOH 

Merck) and glycerol (Merck) were all purchased from VWR (Rad- 

or, PA, USA). All reagents were of analytical grade. The ultra- 

ure water used to make up all solutions in this study was ob- 

ained with a Millipore DirectQ3 purification system from Millipore 

Burlington, MA, USA). 

The electrodeposition solution was composed of 0.10 M 

i(NO 3 ) 2 and 1.7 mM PdCl 2 in 0.144 M HCl and 0.48 M NaCl.

or the monometallic Pd catalyst (Pd/Ni RDE ), the coating was elec- 

rodeposited using the same solution composition but without 

i(NO 3 ) 2 . All the experiments of GEOR were performed in alkaline 

olutions made up with NaOH. 

.2. Electrochemical instruments 

A Princeton Applied Research PAR273A potentiostat/galvanostat 

rom Ametek (Minneapolis, MN, USA) was used for all electro- 

hemical measurements and methods performed in this study. 

or ICPCs, a National Instruments (NI) cDAQ-9178 chassis with a 

I9223 voltage digitaliser (Austin, TX, USA) was used in addition 

s seen similarly in a previous study. [68] See Figure S1 for a 

chematic of the current interrupt method. The RDE was controlled 

sing a RDE710 Rotating Electrode setup from Gamry Instruments 
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Warminster, PA, USA) and a Hg/HgO reference electrode (RE-A6P, 

io-Logic, 1.0 M NaOH) was used for all measurements. 

.3. Catalyst electrodeposition 

A two-electrode cell was setup in a 25 mL beaker, a schematic 

f which is seen in Figure S2, with a graphite rod as the counter 

CE) and reference electrode (RE). A 1 cm 

2 Ni RDE (Ni RDE ) work- 

ng electrode (WE) was used as the substrate for electrodeposition. 

he WE, prior to immersion in the electrodeposition solution, was 

ightly sanded with a 1200 grit sandpaper to refresh the electrode 

urface, then polished with 1 μm MicroAlumina polish until a uni- 

orm reflective surface was observed. The RDE was rotated at 500 

otations per minute (RPM) at a depth of 0.5 cm into the electrode- 

osition solution for 60 s at room temperature before a cathodic 

urrent of −50 mA cm 

−2 was applied to the WE for 60 s. The elec-

rodeposited catalyst was then washed in Milli-Q water under ro- 

ation before being placed in the electrochemical cell. 

.4. Electrochemical surface area calculations 

To calculate the electrochemical surface area (ECSA) of the Pd 

nd PdNi catalysts, a three-electrode cell was used seen in Figure 

3. A N 2 -purged electrolyte of 1 M NaOH at 25 °C was used to

etermine the ECSA of Pd in the bimetallic catalyst for the GEOR 

ctive sites. A Luggin capillary was used to limit the IR-drop ef- 

ect on the calculation of the ECSA. The RDE WE was kept static, 

 Pt grid was the CE and the RE was Hg/HgO (1 M NaOH). Cyclic

oltammetry was used in a potential window of −0.600 to 0.258 V 

s. Hg/HgO at a scan rate of 50 mV s −1 for two cycles, utilising

he second cycle for ECSA calculation to compare the maximum 

chievable current density of the Pd-based catalysts by normalis- 

ng by the active Pd electrodeposited onto the Ni disk. Since it was 

etermined that in 1 M NaOH at approximately 1.25 V vs. RHE, 

 monolayer of PdO is formed. [69] This anodic vertex potential 

alue was closely corroborated in acidic conditions. [ 70 , 71 ] Figure 

4 demonstrates a typical cyclic voltammogram (CV) and the cor- 

esponding PdO reduction peak from which the calculations were 

ade. 

Eq. (1) was used to determine the ECSA of active Pd in the de- 

osited catalyst: 

CSA = 

Q ( C ) 

S (C / c m 

2 ) 
= 

Area of PdO reduction peak 

405 μC / c m 

2 
(1) 

here Q is the charge passed during the reduction of the PdO to 

d and S is the characteristic charge density (405 μC cm 

−2 ) [71] of

he reduction of a mono-oxide layer of PdO to Pd. 

.5. GEOR electrochemical measurements 

GEOR was undertaken in a three-electrode cell seen in Figure 

3. A PdNi catalyst was the RDE and WE, a Pt grid was the CE

nd the RE was Hg/HgO (1.0 M NaOH). The RE was kept at am- 

ient temperature using a Luggin capillary. The N 2 -purged elec- 

rolytes studied were combinations of different concentrations of 

aOH and glycerol. Electrolysis was conducted at several temper- 

tures with the RDE at several rotation rates. Activity of the PdNi 

atalyst for GEOR was analysed via CVs, galvanostatic techniques 

ncluding chronopotentiometry and ICPCs (conducted from low to 

igh anodic current densities). 

.6. Catalytic material Characterisation 

The electrodeposited PdNi/Ni RDE catalyst was analysed through 

EM, XPS and XRD. A Zeiss LEO 1550 with an Oxford Aztec EDS 
3 
icroscope was used for SEM imaging with an acceleration volt- 

ge of 5 kV and a working distance of 7.7 mm. A Physical Elec- 

ronics Quantera II Scanning XPS Microprobe instrument using a 

onochromatic Al K α operated at 15 kV with a total power of 

0 W was used for the XPS measurements. The spot size was 

00 μm. The base pressure in the measurement chamber was 

aintained at about 7 × 10 –10 bar. Four different regions in each 

ample were selected for survey scan, examined and the results 

howed good reproducibility. Surveys (Figure S5) were obtained 

n quintuplicate in the region 0–1040 eV, using a pass energy of 

24 eV and a step size of 0.1 eV. High resolution spectra were ac- 

uired using spectra of a 26 eV pass energy and a 0.05 eV reso- 

ution. A typical survey scan and elemental scans lasted approxi- 

ately 15 min and 4 hrs, respectively. XPS analysis and deconvo- 

ution of peaks were carried out using CASA XPS software. The Pd 

nd Ni peak area were determined by the peak integration with 

hirley type background function. Grazing incidence X-ray diffrac- 

ion (GI-XRD) analysis was carried out with a Bruker D50 0 0 θ - 

 θ parallel beam diffractometer, with a Cu microfocus X-ray source 

1.54 Å) and a CCD detector with an incident angle of 1 ° and a step 

ize of 0.01. 

. Results and discussion 

The PdNi/Ni RDE catalyst is analysed using SEM, XPS and XRD 

 ex-situ ) to evaluate the atomic composition and morphology be- 

ore and after electrolysis, as well as determining the portion 

nd stability of the PdNi alloy and surface structure ( Section 3.1 ). 

ubsequently, the electrochemical activity of the Ni RDE substrate, 

d/Ni RDE and PdNi/Ni RDE is evaluated through CVs to illustrate 

he oxidative behaviour of the different catalysts with and with- 

ut glycerol present in the electrolyte ( Section 3.2.1 ). Further, 

he enhancement of catalytic activity due to the addition of Ni 

o Pd is analysed via CVs and ICPCs ( Section 3.2.2 ). To observe

he effects of different experimental operating conditions on the 

dNi/Ni RDE catalyst the following parameters are observed through 

Vs and ICPCs; RDE rotation rate ( Section 3.2.3 ), temperature 

 Section 3.2.4 ) and electrolyte composition ( Section 3.2.5 ). The sta- 

ility of PdNi/Ni RDE under optimal electrolysis conditions is then 

xamined through chronopotentiometry for a period of 3 and 10 h 

 Section 3.2.6 ). 

.1. Physical characterisation 

.1.1. Scanning electron microscopy 

SEM was used to analyse the morphology and particle size dis- 

ribution of the PdNi/Ni RDE electrocatalyst before (pristine) and af- 

er ten-hour electrolysis in 2 M NaOH and 1 M glycerol at 100 mA 

m 

−2 (PTHE) ( vide infra ) the images of which can be seen in Fig. 1 .

The as synthesized pristine PdNi/Ni RDE nanoparticles in 

igs. 1 (a) and (b) show a uniform deposition with flower-like mor- 

hology and the particle size is predominantly between 150 –

00 nm with a distribution of 100 – 250 nm. Figs. 1 (c) and (d) de-

cribe the images of PTHE PdNi/Ni RDE nanoflowers, where an incre- 

ent in the particle size distribution ranging from 150 – 350 nm 

fter electrolysis with a predominant particle size of 225 – 275 nm 

ndicates an increase in particle size compared to the pristine cat- 

lyst. Though, when comparing Figs. 1 (b) and (d) it is clear that 

here is very little change in the morphology of the catalyst and 

hat there are no significant structural defects that appear as a re- 

ult of the extended electrolysis. To determine the chemical sta- 

ility, and since electrocatalysis is predominantly a surface phe- 

omenon, XPS was used to analyse the surface atomic composi- 

ions of the pristine and PTHE catalysts. 
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Fig. 1. SEM images of pristine PdNi/Ni RDE (a) 25 Kx, inset: pristine particle size dis- 

tribution (b) 75 Kx and PTHE PdNi/Ni RDE (c) 25 Kx, inset: PTHE particle size distri- 

bution (d) 75 Kx. 
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.1.2. X-Ray photoelectron spectroscopy and X-Ray diffraction 

XPS was used to check the surface elemental composition, 

nalysing a depth profile up to 10 nm, [72] and oxidation state of 

oth the pristine and PTHE catalysts. The resultant spectra can be 

een in Figs. 2 (a) – (e). The surface analysis of the pristine cata- 

yst shows an elemental composition of Pd 89.4 ± 0.17% and Ni 

0.6 ± 0.10%, whereas the PTHE catalyst shows an atomic compo- 

ition of Pd 84 ± 1.7% and Ni 16 ± 2.2%, thus a slight increase 

n the Ni concentration can be seen on the surface of the catalyst 

fter electrolysis. In order to determine the oxidation state of the 

ristine and PTHE PdNi/Ni RDE , high-resolution XPS was carried out 

or core levels of Pd 3d and Ni 2p. The Pd 3d core level spectrum

f the pristine catalyst in Fig. 2 (a) shows two intense well resolved 

symmetric peaks at energies ∼ 335.3 eV and ∼ 341 eV associated 

ith Pd(0) 3d 5/2 and 3d 3/2 peaks, with traces of Pd-O at higher 

inding energies. [ 73 , 74 ] 

In contrast, in Fig. 2 (d) the PTHE catalyst shows ∼ 335.6 eV and 

341.3 eV for Pd(0) 3d 5/2 and 3d 3/2 peaks, respectively, that aligns 

ell with the XPS of pure Pd. [ 15 , 75 ] A negative shift of 0.3 eV

o lower binding energies of the pristine catalyst compared to the 

THE catalyst shown in Fig. 2 (c) reveals a slight electron transfer 

rom Ni to Pd during PdNi alloy formation. [76–78] This shift was 

onsistent with different sample spots and thus reduced the prob- 

bility of any experimental artefact or errors. This is indicative of 

 slight change occurring in the PdNi alloy where Ni is segregat- 

ng which correlates with the increase in Ni in the elemental com- 

osition after 10 h of electrolysis. This was further confirmed by 

I-XRD ( vide infra ). Moreover, no significant oxidation of Pd could 

e observed in the catalysts indicating that Pd is chemically stable 

uring the ten hours of electrolysis. 

Figs. 2 (b) and (e) show the XPS spectra of Ni in the pristine

atalyst and PTHE catalyst, respectively. The peaks at ∼ 855.9 eV 

nd ∼ 873.8 eV correspond to the 3p 3/2 and 3p 1/2 of the Ni( + 2)

tate of Ni(OH) 2 . [ 79 , 80 ] The other broad peak around ∼ 860 eV

epresents the satellite peaks of Ni(OH) 2 [79] labelled ‘sat.’. Addi- 

ionally, a peak present at ∼ 852.7 eV in the pristine PdNi/Ni RDE 

ample is attributed to the metallic Ni(0) phase, [81] where the 

i(2 + ):Ni(0) ratio of the sample is ∼4.3. Zero concentration of the 

etallic Ni(0) phase was observed in the PTHE catalyst, indicating 
4 
hat Ni was completely oxidized to Ni(OH) 2 . Though exposure of 

i to air can result in a thin film of Ni(OH) 2 formation, it was re-

orted that at elevated oxygen pressures over 15 h a film of only 

.34 nm of Ni(OH) 2 formed. [82] It can be seen from the pristine 

atalyst ( Fig. 2 (b)) that there is still Ni(0) present even though the 

easurements have been conducted ex-situ , where both catalysts 

ere exposed to air for approximately the same period. For the 

THE catalyst ( Fig. 2 (e)) there is no Ni(0) present indicating the 

xidative effect of the electrolysis rather than just exposure to air. 

herefore the oxidation of metallic Ni to Ni(OH) 2 upon extensive 

lectrolysis is likely the reason behind the de-alloying of the sam- 

le and the Ni enrichment observed through XPS. 

The pristine and PTHE catalyst crystal structure was investi- 

ated using GI-XRD, shown in Fig. 2 (f), to analyse the bulk com- 

osition of the catalysts with a potential depth profile of up to 1 

m depending on the incident angle of the x-rays. [72] The pris- 

ine sample shows 2 θ values at 40.3, 46.8, 68.5, 82.5 and 86.9 

, whereas the PTHE sample shows 2 θ values at 39.4, 45.8, 66.9, 

0.3, 84.5 and 87.0 °, with both corresponding to the fcc unit cell 

f Pd with (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) crystal

lanes, respectively. [ 75 , 83 ] Lattice constants for the pristine and 

THE catalyst were calculated using Braggs law and found to be 

.387 and 0.396 nm, respectively, compared to 0.389 nm for pure 

d and 0.352 nm for pure Ni. [84–86] 

In pristine PdNi/Ni RDE , the peaks are slightly shifted to higher 

ngles, representing a contraction of the unit cell relative to pure 

d, which reveals the formation of PdNi alloy in the bulk. [ 77 , 86 ]

s Pd and Ni are known to form solid solutions, Vegard’s law is 

sed (Figure S6) for compositional analysis and calculated to be 

 Pd:Ni ratio of 95:5. Compared to pure Pd, the PTHE PdNi/Ni RDE 

bserved a shift to lower angles in the 2 θ values and thereby an 

ncrement in lattice parameter corresponding to an expansion of 

he Pd unit cell, likely due to the presence of interstitial oxygen 

n the Pd unit cell. [87] However, note that there is no presence 

f PdO or Pd(OH) 2 peaks (which occur at a similar binding energy 

round 337 eV [88] ) in Figs. 2 (a) and (d) indicating the stable oxi-

ation state of Pd after being exposed to air before the ex-situ XPS 

easurements. Hence, the interstitial oxygen is likely a result of Ni 

xidation during electrolysis as mentioned previously. Additionally, 

he peaks corresponding to the Ni substrate at the 2 θ values 44.6, 

1.9, and 76.5 corresponding to Ni (1 1 1), (2 0 0), and (2 2 0), re-

pectively, remains unchanged for both the pristine and the PTHE 

atalyst. 

.2. Electrochemical characterisation 

.2.1. GEOR on Ni, Pd and PdNi 

To clarify the oxidative behaviour of the bimetallic PdNi/Ni RDE 

atalyst, the Ni RDE substrate and Pd/Ni RDE , the monometallic Pd 

omponent of the catalyst, CVs were undertaken at ambient tem- 

erature with and without glycerol in alkaline electrolytes. In 

igs. 3 and S7, illustrations of overlaid CVs from the three differ- 

nt catalysts in two electrolytes and the same CVs separated for 

articular emphasis in different regions of the potential scans, re- 

pectively, are shown. 

When studying alcohol oxidation on noble metal based cat- 

lysts, it is common to observe a deactivation of the electrode 

hich, during voltammetry, results in a peak current density ap- 

earing as a sudden drop after the initial climb. For Pd-based cata- 

ysts, the mechanism of deactivation is thought to be a result of the 

xidation of Pd, [89] which is also what will be proposed in this 

tudy. The effect of having a noble metal present in the catalyst for 

he GEOR can be seen clearly in Figs. 3 and S7 (a) where the onset

otential for the oxidation of glycerol on the Pd-based catalysts, 

d/Ni RDE and PdNi/Ni RDE , occurs around −0.3 V vs. Hg/HgO com- 

ared to Ni with an onset potential around 0.5 V vs. Hg/HgO. 
RDE 
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Fig. 2. XPS spectra of (a) palladium in pristine PdNi/Ni RDE (b) Ni 2p of pristine catalyst (c) 3d coreshell of Pd - pristine PdNi/Ni RDE (black) and PTHE PdNi/Ni RDE (red) (d) Pd 

3d of PTHE PdNi/Ni RDE (e) Ni 2p of PTHE catalyst (f) GI-XRD of pristine catalyst (black) and PTHE catalyst (red). 

Fig. 3. CVs of Ni RDE , Pd/Ni RDE and PdNi/Ni RDE catalysts in 1 M NaOH with and with- 

out 0.1 M glycerol. All CVs were undertaken at 25 °C with a scan rate of 10 mV s −1 

except for Pd/NiRDE at 50 mV s −1 . 
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he deactivation of the PdNi/Ni RDE catalyst in the presence of glyc- 

rol is described by the sharp peak at ∼ 0.0 V vs. Hg/HgO. 

This prominent oxidation peak at low potentials is not present 

n the CV using only Ni, seen more clearly in Figures S7 (a) and

h). It is also not observed at potentials > 0.6 V vs. Hg/HgO for 

he Pd-based catalysts either, seen in Figure S7 (b), as in this re- 

ion the oxygen evolution reaction (OER) is the dominant reaction 

nd requires higher Pd oxidation states to occur. [90] This indi- 

ates that the deactivation is specific to the Pd-glycerol interac- 

ion on the electrocatalyst. On the reverse scan the reactivation 

f Pd/Ni RDE and PdNi/Ni RDE occurs in correlation with the reduc- 

ion of Pd(OH) x and/or PdO x (depending on the anodic potential 

eached) back to Pd after having been deactivated on the forward 

can. This is evident by the positions of the oxidation peaks for 
5 
d/Ni RDE and PdNi/Ni RDE in 1 M NaOH and 0.1 M glycerol com- 

ared to the reduction peaks of the same catalysts in 1 M NaOH 

ithout glycerol. A closer view of this region can be seen in Figure 

7 (c). 

In regards to the attributes of Fig. 3 that relate to Ni, in the po-

ential range ( −0.1 to 0.1 V vs. Hg/HgO) in which the GEOR on Pd

ccurs, the oxidation of Ni to Ni(OH) 2 dominates, not GEOR. The 

ow current densities (visible in Figures S7 (g) and (h)) as reported 

reviously, [ 91 , 92 ] and evidenced in the XPS results from Fig. 2 (e),

escribes the full conversion of the surface Ni to Ni(OH) 2 . The vis- 

ble anodic peak for Ni in 1.0 M NaOH in Figs. 3 , S7 (b), (d), (e)

nd (g) is characteristic of the oxidation of the Ni 2 + to Ni 3 + and 

s widely reported to be around 0.45 V vs. Hg/HgO in 1 M NaOH 

1.45 V vs. RHE) which is what we also observe. [93–95] Con- 

equently, this higher oxidation state of Ni (NiOOH) is generally 

hought to make it active for OER [93–95] and GEOR [92] which 

an be seen in Figure S7 (a). From the brown and orange curves 

n Fig. 3 the positive effect of Pd when the GEOR takes place on 

i can be observed, where the onset potential of GEOR is approx- 

mately 100 mV lower on Ni in the presence of Pd, which is con- 

istent with a previous report. [47] 

From Fig. 3 , there is a strong correlation between the poten- 

ials at which the PdNi/Ni RDE catalyst is active for GEOR and the 

educed state of Pd defined by the low-potential anodic peak ob- 

erved between −0.1 and 0 V vs. Hg/HgO which is not seen for 

olutions without glycerol. Furthermore, the difference of 0.9 V be- 

ween the onset potential of the GEOR and OER on the PdNi/Ni RDE 

lectrode ( ∼ −0.3 V vs Hg/HgO, and 0.6 V vs Hg/HgO, respectively), 

ith still over a 0.8 V difference at 10 mA cm 

−2 , shows a signifi-

antly lower required potential for GEOR over OER. For the GEOR at 

−0.2 V vs. Hg/HgO, this corresponds to an approximately 0.5 V 

ifference when comparing to some of the lowest overpotentials at 

0 mA cm 

−2 for OER reported in the literature. [96–98] This shows 

he benefit of GEOR over OER in the production of hydrogen at 

ower electrode potentials. 
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Fig. 4. Effect of Ni introduction to Pd catalyst electrodeposited on Ni RDE on GEOR 

at 500 RPM and 80 °C in 2 M NaOH and 1 M glycerol (a) CVs at a scan rate of 

10 mV s −1 (not IR-corrected) (b) ICPCs. 
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.2.2. Enhancement of Ni in the bimetallic catalyst 

To illustrate the positive effect of having Ni electrodeposited 

ith Pd to form a bimetallic catalyst, the performance of 

dNi/Ni RDE and monometallic Pd/Ni RDE for the GEOR in 2 M NaOH 

 M glycerol at 80 °C and at an electrode rotation rate of 500 RPM

optimal conditions, vide infra ), is examined in Fig. 4 . Here, the cur-

ent is normalised by ECSA and the IR-drop measurement for each 

atalyst in these conditions can be seen in Figure S8 for reference 

s the CVs in Fig. 4 (a) are not IR-corrected and because the IR-drop

an vary slightly between experiments. 

The introduction of Ni to the Pd catalyst has a positive effect 

n the achievable peak current density when normalised by ECSA 

s shown in Fig. 4 (a), where the PdNi/Ni RDE catalyst has a peak 

urrent density of approximately 75 mA cm 

−2 compared to the 

d/Ni RDE catalyst at 59 mA cm 

−2 . It is also clear from figure S9,

tilising the derivative of the forward scan of the CVs [99] from 

ig. 4 (a), that the GEOR onset potential is lower for the PdNi/Ni RDE 

atalyst indicating a catalytic effect. 

For defining the regions in the ICPCs in Fig. 4 (b) and herein, 

he terms critical current density (i cr ) and critical potential (E cr ) 

ill be used. Above a certain current density, i cr , a large increase 

n electrode potential appears and the corresponding potential at 

 cr is here defined as the E cr . This jump in potential is attributed to

he oxidation of the Pd sites on the catalyst to Pd(OH) x and PdO x 

nd consequently the deactivation of the electrode for GEOR men- 
6 
ioned previously. In Fig. 4 (b), the ICPCs support the conclusions 

rom Fig. 4 (a) as the PdNi/Ni RDE catalyst is at a lower potential for 

he entirety of the polarisation curve. Furthermore, PdNi/Ni RDE has 

 higher i cr of 52.7 mA cm 

−2 
ECSA than that of Pd/Ni RDE at an i cr of

8.4 mA cm 

−2 
ECSA . This indicates that the PdNi/Ni RDE is indeed the 

ore desirable GEOR electrocatalyst and that the PdNi alloy aids 

n a higher activity. This is likely a result of the oxidation of Ni to

i(OH) 2 seen in the XPS from Fig. 2 (e) and is indicative towards an

ffinity for Ni to OH groups which likely, when placed adjacently to 

lycerol molecules adsorbed to Pd, facilitate the GEOR. This agrees 

ith previous studies on the role of Ni in PdNi catalysts in the 

lectrooxidation of other alcohols. [ 37 , 40 ] 

.2.3. Effect of rotation rate 

In order to better understand the effect of convection on the 

EOR for the PdNi/Ni RDE , CVs and ICPCs were undertaken under 

arious rotation rates using an RDE. The optimal rotation rate in 

erms of maximal peak current density achieved was 500 RPM, and 

ot at the expected highest rotation rate, 20 0 0 RPM. The same op- 

imal 500 RPM for two high concentration solutions at 80 °C can 

e seen in Figs. 5 (a) and (b) and the IR-drop measurement for each 

lectrolyte in these conditions can be seen in Figure S10. 

It can be seen that 500 RPM provided the highest peak current 

ensity for both 2 M and 1 M NaOH with 1 M glycerol, with the

agnitude by which mass transport affects the peak current den- 

ity differing only slightly depending on the concentration of the 

lectrolyte, highlighted in Fig. 5 (c). For both solutions there was 

n increase in current density for increasing rotation rates up until 

00 RPM and a decrease in current density for rotation rates above 

00 RPM. 

In a study from our group, [41] this phenomenon was shown 

or ethanol oxidation, on a PdNi catalyst electrodeposited on a Ni 

DE, though at a greater rotation rate than reported here, 800 

PM. Martín-Yerga et al. also showed that rotation of the electrode 

esulted in a different product distribution, where a stagnant solu- 

ion showed a slightly higher selectivity towards acetic acid which 

equires more oxidation steps than its precursor acetaldehyde. This 

as thought to be due to the longer residence time of ethanol and 

cetaldehyde in the porous catalyst without convection. This type 

f phenomena is key to understanding the most appropriate con- 

itions for the optimisation of mass transport conditions towards 

he goal of operating industrial electrolysers for GEOR. 

Here, the difference between deactivation and the decrease in 

urrent density with rotation rates above 500 RPM must be em- 

hasised. Here, deactivation refers to the fact that in potential 

weeps there is a peak current density, after which, at higher po- 

entials, the catalyst becomes inactive for further GEOR and the 

urrent density drops to almost zero. This is most likely due to 

he oxidation of Pd during electrolysis, as previously stated, and is 

ifferent to the decrease in peak current density above 500 RPM, 

hich we assume is not a result of deactivation, but more related 

o mass transport effects and the oxidation of GEOR intermediates. 

owever, it must be stated, and will be discussed later, that it can- 

ot be concluded here that GEOR intermediates and deactivation 

re independent of each other. [64] 

Studying the GEOR through the use of the RDE has only been 

een in a handful of reports. [62–64] A focused discussion on the 

ntermediate rotation rate resulting in the highest GEOR current 

ensity was reported, to the best of our knowledge, in only one 

tudy using a Pt RDE [63] in acidic and ambient conditions. There 

he explanation of the phenomena referred to a separate study on 

t thin film and porous electrodes for the oxidation of various alco- 

ols but not glycerol. [100] It was concluded that catalytic poison- 

ng by alcohol oxidation products and the retention time of partial 

xidation intermediates in the structure of the catalyst were the 

etermining factors in the effect of RDE rotation rate on the an- 
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Fig. 5. CVs of glycerol oxidation at 80 °C on PdNi catalysts on Ni RDE at 0, 100, 300, 500, 1000 and 2000 RPM where 500 RPM was the optimal rotation rate showing the 

highest peak current density. (a) 1 M NaOH and 1 M Glycerol (b) 2 M NaOH and 1 M Glycerol (c) RPM versus peak current density for both electrolytes. CVs undertaken at 

10 mV s −1 (not IR-corrected). 
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dic peak current density. It was also observed that an increase in 

etention time in the more corrugated Pt/C catalyst for ethanol and 

-butanol allowed for further oxidation of intermediate species 

eading to a higher current density with increased rotation rate, as 

pposed to a decrease on the Pt film. However, for methanol a de- 

rease in current density with increased rotation rate occurred on 

oth catalyst types. Both of these studies indicated that CO adsorp- 

ion on the Pt catalysts was responsible for the decrease in current 

ensity at higher rotation rates altering the reaction mechanism to 

avour a route towards more CO ads . 

This explanation, however, does not align with some studies 

egarding the oxidation of alcohols such as ethanol and ethylene 

lycol on Pd-incorporated catalysts in alkaline conditions. [101] It 

as observed for ethanol oxidation [102] at 30 °C in a CO sat- 

rated solution of 1 M KOH 1 M ethanol, that the peak cur- 

ent density was not diminished for a PdNiO/C catalyst during 

V cycling, whereas it was for a PtNiO/C catalyst. In a study on 

thylene glycol oxidation [103] at 20 °C in alkaline conditions it 

as concluded that Pd depresses the cleavage of the C 

–C bond 

nd reduces the effect of poisoning by intermediates such as 

O on the electrocatalyst performance. Furthermore, it has been 

hown using CVs that CO oxidation on PdNi catalysts occurs be- 

ween −0.2 and −0.1 V vs. Hg/HgO (1 M OH 

−), [ 37 , 102 , 104 ] it

s thus likely that any CO ads will be oxidised in our experiments 

s these potentials coincide with the potential window observed 
7 
or GEOR in Fig. 5 (a) and (b). Therefore, the decrease in peak cur- 

ent density at rotation rates greater than 500 RPM observed in 

ig. 5 (a) is unlikely a result of poisoning by intermediates and 

ore likely an effect of diffusion processes in the porous PdNi/ RDE 

atalyst. 

From Fig. 5 it is seen that the rotation rate of 100 and 2000 

PM for both concentrations exhibited the biggest difference from 

00 RPM in regards to the peak current density before deacti- 

ation of the electrode. Therefore, ICPCs were conducted to ver- 

fy this in 2 M NaOH 1 M Glycerol at 80 o C and can be seen in

ig. 6 (see Table 1 for a summary of all ICPC results presented 

erein). 

The ICPCs conducted from low to high current densities in 

ig. 6 can be divided into two regions. The first (between −0.5 and 

0.1 V vs. Hg/HgO) is the GEOR region with no significant effect 

f mass transport observed for the various rotation rates. The sim- 

lar slopes of the curves indicate that the rate determining step 

or GEOR does not seem to depend on mass transport. However, it 

an be seen that 100 and 20 0 0 RPM deactivate at the same cur-

ent density, 630 mA cm 

−2 , whereas 500 RPM reaches a higher 

 cr of 793 mA cm 

−2 . This demonstrates that 500 RPM is the most 

ppropriate rotation rate to maximise current density output. The 

econd region, after i cr , at the highest potentials between 0.4 and 

.6 V vs. Hg/HgO the reactions are believed to be glycerol oxida- 
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Table 1 

Summary of ICPC i cr and E cr results for rotation rate, temperature and electrolyte ratio. 

i cr (mA cm 

-2 ) E cr (V vs. Hg/HgO) i cr (mA cm 

-2 ) E cr (V vs. Hg/HgO) 

2 M NaOH 1 M Glycerol 80 °C 
Rotation rate (RPM) NaOH:Glyc Ratio 1 M NaOH 

100 630 −0.126 10 125 −0.07 

500 793 −0.131 2 397 −0.12 

2000 630 −0.134 1 250 −0.09 

Temperature ( °C) 2 M NaOH 

25 100 −0.096 20 200 −0.12 

40 200 −0.132 4 250 −0.11 

60 397 −0.126 2 793 −0.125 

80 793 −0.125 1 793 −0.13 

Fig. 6. ICPCs of glycerol oxidation in 2 M NaOH and 1 M Glycerol on PdNi catalysts 

on Ni RDE at 10 0, 50 0 and 20 0 0 RPM and 80 °C between 1 and 10 0 0 mA cm 

−2 . 

500 RPM was the optimal rotation rate showing the highest current density before 

the potential sharply increased. 
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Fig. 7. Temperature effect on GEOR on PdNi on Ni RDE at 500 RPM in 2 M NaOH 

and 1 M Glycerol (a) CVs at a scan rate of 10 mV s −1 (not IR-corrected) (b) ICPCs 

between 1 and 10 0 0 mA cm 

−2 . 
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ion on Ni, OER and further oxidation of Pd sites which correlates 

ith the results in Fig. 3 . 

Significant to observe is that 500 RPM reaches an approximately 

5% higher i cr than 100 and 2000 RPM in the steady state ICPCs, 

et the E cr for deactivation is the same, which strongly emphasises 

hat 500 RPM provides the optimal mass transport conditions for 

EOR at these operating conditions. These similar E cr values sup- 

ort the idea that the deactivation of the electrode is due to the 

xidation of Pd since this a potential dependant reaction. 

.2.4. Effect of temperature 

To discern the effect of increasing the temperature on the GEOR 

n the 2 M NaOH 1 M glycerol electrolyte, four temperatures were 

tudied, 25, 40, 60 and 80 °C, see Figs. 7 (a) and (b). All measure-

ents herein have been conducted at 500 RPM. 

Figs. 7 (a) and (b) show that increases in temperature had a sig- 

ificant increase in the peak current density that could be reached 

efore the deactivation of the catalyst, effectively doubling with 

ach increment of temperature increase. From 25 to 80 °C the 

eak current density increases almost tenfold from 127 to 1100 mA 

m 

−2 in Fig. 7 (a). The deactivation potential also appears to in- 

rease; however, this is a result of the IR drop (values for which 

an be seen in figure S11) and not the kinetics of the reaction 

t those higher potentials. From figure S11, it can be seen that as 

he temperature increases, the IR-drop decreases. This is to be ex- 

ected since increasing the temperature in aqueous glycerol so- 

utions results in a decrease in the viscosity and an increase in 

he diffusion coefficient and conductivity. [ 65 , 66 , 105–107 ] This is

ikely to play a role in the increased the current densities seen at 
8 
igher temperatures. By collating data, it can be seen that with ev- 

ry 25 °C increase starting at 25 °C up to 100 °C, the diffusion co-

fficient is almost doubled in glycerol-water binary mixtures with 

he same mole fraction. [ 105 , 106 ] Note that the changing IR-drop

s not a result of any temperature effects on the reference elec- 

rode as it was maintained at ambient temperature using a Luggin 

apillary. Also note that although the experimental conditions in 

ig. 5 (b) (500 RPM, 2 M NaOH 1 M glycerol and 80 °C) are the

ame as the CV at 80 °C in Fig. 7 (a), the differences between the

wo figures can be explained by the IR-drops and the use of sev- 

ral Ni RDE substrates for electrodeposition over the series of ex- 

eriments. ICPCs were further recorded to correlate the effect of 
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Fig. 8. Determination of apparent activation energy, E a , of GEOR on PdNi on Ni RDE at 500 RPM in 2 M NaOH and 1 M glycerol (a) Potentials closest to onset potential (b) 

potentials closest to i cr . 
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emperature on the deactivation of the catalyst without the effect 

f IR-drop. 

Fig. 7 (b) shows that with increasing temperature, the onset po- 

ential for GEOR decreases. It can also be seen that from 25 to 

0 °C the i cr increased approximately by a factor of 8 from ∼
00 to 793 mA cm 

−2 , whereas the E cr occurs at approximately the 

ame value, not significantly influenced by temperature. This also 

upports the result from Fig. 6 that the deactivation of the elec- 

rode is mostly dependant on the potential at which the electrode 

s reached indicating that is most likely due to the oxidation of the 

d active sites in the catalyst. 

The apparent activation energy (E a ) was determined for two 

egions seen in Fig. 8 and was done so according to a previous 

tudy from our group [108] using the Arrhenius equation for elec- 

rochemical reactions. [109] One from the lower current density 

egion nearer the onset for GEOR and one from the highest cur- 

ent density region closest to the i cr . Arrhenius plots for the var- 

ous electrode potentials in which linearity was observed can be 

een in Figure S12 where the R 

2 value was greater than 0.95 for 

ll fitted data. 

The E a values from Fig. 8 (a) near the onset of GEOR range from

8.1 to 27.8 kJ mol −1 and linearly decrease with increasing elec- 

rode potential. This trend has been reported for electrochemical 

atalysis of GEOR on various materials [ 61 , 110 ] and was modelled

or reversible and irreversible reactions. [111] Studies conducted on 

lectrocatalytic [61] and heterogenous [ 112 , 113 ] Pd-based catalysts 

ave determined the activation energy for glycerol oxidation to be 

ithin the range 51 to 10 kJ mol −1 with the lowest values (be- 

ween 22 and 10 kJ mol −1 ) being found from the electrochemical 

tudy. 

Fig. 8 (b) shows a linearly increasing E a from 22.2 to 34.6 kJ 

ol −1 with an increasing electrode potential towards the i cr . This 

henomena was described by Danilov and Protsenko [111] where 

hey stated that it results from the reaction process becoming dif- 

usion limited. The study notes that a minimal E a occurs during the 

ncrease in overpotential at which point there is a reversal towards 

igher E a during further polarisation as there is a transition from 

inear Tafel dependence to the limiting current. This trend of an in- 

reased overpotential resulting in higher E a after a minimum had 

een reached was seen by Yahya et al. [61] and Habibi and Razmi. 

20] Though the studies did not mention diffusion limitations, it 

as hypothesised that glycerol oxidation products were covering 

ctive sites and inhibiting further GEOR on Pd-based electrocat- 

lysts by referencing a study by Simões et al. [35] It was stated 

hat the breaking of a C 

–C bond at low potentials ( < 0.7 V vs.

HE) through a dissociative adsorption step resulted in a bridge 
I

9 
onded CO on the Pd surface however, there was limited direct 

vidence given to establish poisoning by other intermediates at 

igher potentials. Note, this does not contradict what was dis- 

ussed in Section 3.2.3 , as that was in regards to the effect of poi-

oning on the peak current density being lower for rotation rates 

bove 500 RPM for the CVs seen in Fig. 5 , not deactivation, where

t can be seen from the ICPCs in Fig. 6 that RPM had little effect

n the rate determining step for glycerol oxidation, as previously 

entioned. 

Therefore, in this study we consider the deactivation of the 

dNi/Ni RDE catalyst to be a combinatorial effect of net diffusion 

imitations of glycerol to the electrode surface at such high reac- 

ion rates (793 mA cm 

−2 in the case of 80 °C) and there being an

nhibition of GEOR by oxidation products not desorbing or diffus- 

ng away from the surface due to characteristics; physical (as the 

atalyst is porous) and electrochemical (as at high enough over- 

otentials further oxidation of the products can occur). As a re- 

ult, an increase in electrode potential leads to the oxidation of the 

d sites, thereby completely deactivating the catalyst. This type of 

ombinatorial effect was discussed by Pérez-Martínez et al. [64] in 

 study of GEOR using a Au RDE and it was stated that the actual

eactivation was caused by the oxidation of Au not the adsorbed 

ntermediates, which is what is also proposed here for Pd. 

.2.5. Effect of concentration 

Variations in concentration were studied at 80 °C to minimise 

ny effect of viscosity on mass transport and to approach indus- 

rial conditions. Several ratios of NaOH to glycerol (NaOH:glycerol 

mol:mol]) concentration were studied; 20, 10, 4, 2 and 1, as well 

s NaOH solutions without glycerol. The influence of the electrolyte 

atio can be seen in Fig. 9 where the experiments were conducted 

t 500 RPM and 80 °C. 

From Fig. 9 (a) through CVs, a distinct visual representation of 

he effect of the NaOH:glycerol ratio can be observed. For the 

lectrolytes containing 0.1 M glycerol where the two ratios stud- 

ed were 20 and 10, the effect of doubling the concentration of 

aOH is an approximately 30% increase in the peak current den- 

ity from 200 mA cm 

−2 to approximately 300 mA cm 

−2 . However, 

or solutions containing 0.5 M glycerol in Fig. 9 (a), the studied 

aOH:glycerol ratios were 2 and 4 and the peak current density 

as around 550 mA cm 

−2 in both cases, i.e. doubling the NaOH 

oncentration in this case had little effect. 

Increasing the glycerol concentration to 1 M in 1 M NaOH (ra- 

io 1), seen in Fig. 9 (c), did not increase the peak current density, 

hus it may be that the NaOH concentration is limiting the GEOR. 

n a solution containing 2 M NaOH, doubling the glycerol concen- 
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Fig. 9. Effect of concentration on GEOR on PdNi on Ni RDE at 500 RPM and 80 °C (a) CVs for all concentrations (not IR-corrected) (b) ICPCs for all concentrations (c) CVs 

ratio comparison of 2 and 1 for 1 M NaOH and 2 M NaOH (not IR-corrected) (d) ICPCs ratio comparison of 2 and 1 for 1 M NaOH and 2 M NaOH. CVs undertaken at 10 mV 

s −1 and ICPCs between 1 and 10 0 0 mA cm 

−2 . 
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ration from 0.5 M to 1 M for a ratio of 2, approximately doubled

he peak current density from 550 mA cm 

−2 to 1100 mA cm 

−2 . 

owever, there was no significant increase in peak current density 

hen further doubling the glycerol concentration for a ratio of 1 

rom 1 M to 2 M glycerol. This agrees with the results seen when

sing 0.5 M glycerol and indicates that a ratio of 2 achieves the 

est performance. To our knowledge this phenomenon for more 

han one NaOH concentration has not been reported for electro- 

hemical studies for the GEOR on Pd-based catalysts. However, an 

ptimal ratio of 2 for glycerol oxidation in solutions of NaOH on 

u heterogeneous catalysts has been reported previously [114] and 

ts desirable effect on maintaining selectivity of oxidation products 

as also observed. [115] From the stoichiometry of the first oxida- 

ion step for the GEOR seen in Eq. (2) , there is a requirement of 2

H 

− for every glycerol molecule to complete the reaction. There- 

ore, it can be that either glycerol or OH 

− becoming rate limiting 

t the anode is dependant on the electrolyte composition. 

 3 H 8 O 3 + 2 O H 

− → C 3 H 6 O 3 + 2 H 2 O + 2 e − (2) 

The optimal ratio of 2 was clarified by the ICPCs in Fig. 9 (b) and

s highlighted in Fig. 9 (d). From Fig. 9 (b) it can be seen that the

olutions containing 2 M NaOH with ratios 1 and 2 achieved the 

ighest i cr over all the other electrolyte compositions. The com- 

arison between only ratios of 1 and 2 for solutions containing 
10 
 M NaOH in Fig. 9 (d) show clearly that a ratio of 2 with a i cr 

f 397 mA cm 

−2 outperforms that of ratio 1 with a higher glycerol 

oncentration having a i cr of 250 mA cm 

−2 . This large difference 

n i cr was not present in the solutions of 2 M NaOH with ratios of

 and 2. However, in the applied current density region of 1 mA 

m 

−2 to 300 mA cm 

−2 in Fig. 9 (d), the curve for the ratio of 2 for

he 2 M NaOH solution shows lower potential values compared to 

hose for the ratio of 1 solution. It can be concluded that these 

lectrolyte conditions are optimal for GEOR at 500 RPM and 80 °C 

s no improvement in the i cr can be reached by doubling the glyc- 

rol concentration. 

For the set of concentrations studied, applying a current den- 

ity above 100 mA cm 

−2 results in different catalytic behaviour for 

he different concentrations at 80 °C and 500 RPM affects largely 

he i cr but less so the E cr , values of which are summarised in

able 1 . This is most likely because the complete deactivation of 

he electrode is due to the oxidation of the surface. However, be- 

ow the E cr , close to the i cr, there is the competing reactions of 

EOR, gradual oxidation of the Pd surface (Pd(OH) x , [69] see Fig- 

re S4) and possible GEOR inhibition by intermediates, resulting in 

he rise in electrode potential until E cr is reached. All of which are 

hown here to be affected by the composition of the electrolyte 

ith the stoichiometric ratio of NaOH:glycerol of 2 resulting in the 

ost favourable conditions for GEOR. It is likely that in order to 
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Fig. 10. Galvanostatic electrolysis at 300 mA cm 

−2 
geom (IR-corrected) over 3 h of 

GEOR on PdNi at 500 RPM and 80 °C in 2 M NaOH and 1 M glycerol with reac- 

tivation at −0.6 V vs. Hg/HgO every 1 hour (blue, orange and green curves) and 

without reactivation (red curve). 
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Fig. 11. Galvanostatic electrolysis at 100 mA cm 

−2 
g eom (IR-corrected) over 10 h of 

GEOR on PdNi at 500 RPM and 80 °C in 2 M NaOH and 1 M glycerol with reactiva- 

tion at −0.6 V vs. Hg/HgO every 0.5 h with electrolyte refresh every 2 h. 
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ully utilise the glycerol, the stoichiometric ratio is ideal as we 

ave shown that increasing only the glycerol concentration does 

ot always result in achieving a higher i cr . It must be stressed that

lthough the ratio of NaOH to glycerol is important, it is also the 

oundational concentration of the NaOH and glycerol in solution, 

.e. beginning with 1 M NaOH and not having a ratio of 2 will be

etter than having 0.1 M NaOH and having a ratio of 2 for exam- 

le. Though, increasing both and keeping the ratio of 2 seems to 

mprove the maximum achievable current density. 

.2.6. Galvanostatic electrolysis 

To determine the stability of the PdNi/Ni RDE electrocatalyst, sev- 

ral galvanostatic electrolysis experiments were carried out. To es- 

ablish the effect of the gradual oxidation of the electrocatalyst 

seen in the ECSA measurement in Figure S4 between potentials 

0.3 and −0.1 V vs. Hg/HgO [69] ) on the operating potential at a

pecific current density, two experiments were conducted and can 

e seen in Fig. 10 . One with the reactivation of the electrode dur-

ng electrolysis every 1 hour over 3 h and one without reactivation 

f the electrode with an electrolysis duration of also 3 h. 

For Fig. 10 the reactivation of the electrode involved a 60 s po- 

entiostatic hold at −0.6 V vs. Hg/HgO at the end of the 1st and

nd hour, whereas for the red curve there was no reactivation of 

he electrode. Fig. 10 shows that the reactivation of the electrode 

esults in the electrode potential remaining within 80 mV of the 

nitial electrolysis potential at 300 mA cm 

−2 of around −0.15 V vs. 

g/HgO which by the end of the 3rd hour was under −0.07 V vs. 

g/HgO. From the red curve it can be seen that without the hourly 

eactivation of the electrode there is a much higher increase in 

lectrode potential and results in the deactivation of the electrode 

efore the 3 h of galvanostatic electrolysis at 300 mA cm 

−2 has 

ompleted. These results indicate that it is important to reactivate 

he electrode periodically. 

In these batch experiments the electrolyte composition due to 

EOR may also result in the increase in electrode potential. From 

he blue, orange and green curves it can be seen that the potential 

oes not return to the original starting potential after reactivation. 

o rule out that this could be a result of the reduction in glycerol 

oncentration, calculations of the charge passed (described in the 

upporting information) show that the decrease in concentration, if 

ll the charge was associated with the first 2e − oxidation step seen 

n Eq. (2) , is only around 11%, thus making it unlikely. Therefore, a 
11 
etter reactivation process is required to ensure a stable resultant 

otential under chronopotentiometry. 

To further examine this and in an effort to observe the stability 

f the electrocatalyst under less intensive conditions for a longer 

eriod of time, a 100 mA cm 

−2 chronopotentiometric experiment 

as undertaken for 10 h with reactivation every half hour. Addi- 

ionally, the electrolyte was refreshed every two hours, see Fig. 11 . 

The initial resultant potential with an applied current density 

f 100 mA cm 

−2 in the first half hour, was approximately −0.156 V 

s. Hg/HgO (taken from the point where the curve becomes more 

inear at around 250 s). The final electrode potential was −0.126 V 

s. Hg/HgO and so over a period of half an hour there was a 30 mV

ncrease. This increase in potential from start to finish was the 

argest that was observed for each separate half hour chronopo- 

entiometric measurement. 

Over a period of ten hours the electrode potential remains 

ithin a 100 mV window. The electrode potential at the begin- 

ing and end of the final half hour curve only differs from the first 

alf hour experiment, by 20 and 10 mV, respectively. This result 

ndicates that reactivation of the electrode at a reduction poten- 

ial more frequently than illustrated in Fig. 10 enables the continu- 

us application of the electrocatalyst for a longer period without a 

ignificant increase in operating voltage. Note, the oxidation of Pd 

annot be seen in the XPS data from Fig. 2 (d) as the reactivation

rocess was completed after the tenth hour of electrolysis. 

Though the reactivation of the electrode every half hour helps 

o maintain the operating potential within 100 mV in the first 2 

r period, the combination of the electrolyte refresh and the reac- 

ivation have a much a larger effect. This can particularly be seen 

n the first six hours of electrolysis, as every two hours there is a 

arger drop in potential than can be seen for the prior half hour 

eactivations in the same two-hour period. This reinforces our pre- 

ious assertions about the increase in operating potential being a 

ombination of catalyst oxidation and GEOR inhibition by oxidation 

roducts where diffusion limitations are not applicable at 100 mA 

m 

−2 at these experimental conditions. After six hours, the poten- 

ial remains within a 60 mV window for the remaining four hours. 

he results from Figs. 10 and 11 show that the PdNi/Ni RDE cata- 

yst can operate at high current densities for extended periods of 

ime at an elevated temperature and high glycerol concentration by 

arefully considering ways to alleviate the mechanisms by which 

EOR is inhibited. 
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. Conclusions 

Our study has shown the benefit of having a bimetallic cata- 

yst of Pd and Ni to that of only Pd for the GEOR in alkaline elec-

rolytes. It was seen that the addition of approximately 10% into 

he surface of the Pd catalyst significantly improved the achievable 

nodic current density over pure Pd electrodeposited on a Ni sub- 

trate. This was a result of the increased OH 

− adsorption to the 

i shown as Ni(OH) 2 from XPS. For the PdNi/Ni RDE electrocata- 

yst there was an intermediate and moderate rotation rate of 500 

PM that achieved the highest current densities both in CVs and 

n steady state polarisation curves, where current densities close 

o 800 mA cm 

−2 were obtained. 

A critical anode potential, E cr , was identified, above which the 

d is oxidized and becomes inactive. The corresponding critical 

urrent density, i cr , depended on the glycerol concentration as 

ell as on the NaOH:glycerol concentration ratio, where it was 

iscerned that a ratio of 2 for both 1 M NaOH and 2 M NaOH

olutions was optimal and an electrolyte containing 2 M NaOH 

nd 1 M glycerol showed the highest values of i cr . Variations in 

he temperature for the 2 M NaOH 1 M glycerol solution studied 

hrough ICPCs showed that the apparent activation energy, E a , with 

n increasing electrode potential, decreases (38.1 to 27.8 kJ mol −1 ) 

ear the GEOR onset potential region due the increased rate of re- 

ction but increases (22.2 to 34.6 kJ mol −1 ) nearing the i cr due to

ikely diffusion limitations and the inhibition of the GEOR by sur- 

ace adsorbed oxidation products. 

Long term chronopotentiometric electrolysis in batch experi- 

ents with 2 M NaOH 1 M glycerol showed the PdNi/Ni RDE to be 

elatively stable at 300 mA cm 

−2 for three hours and at 100 mA 

m 

−2 for ten hours. It was discerned that to maintain low oper- 

ting potentials in galvanostatic conditions, the catalyst must un- 

ergo a reactivation (reduction potential) periodically to ensure the 

xidation and thereby deactivation of the catalyst does not occur. 

n addition to the reactivation, it was shown that refreshing the 

lectrolyte also aids in lowering the operating potentials at con- 

tant current densities. 

Thus, to maximise the GEOR current density, an intermediate 

ass transport rate at elevated temperatures with an electrolyte 

omposition of the stoichiometric ratio of 2:1, NaOH:glycerol is re- 

uired. However, it was also seen that these three variables had 

ittle effect on the E cr (the potential at which i cr occurs) indicating 

hat the complete deactivation of the PdNi/Ni RDE catalyst was likely 

ue to oxidation of the Pd sites. Finally, the inhibition of the GEOR 

n PdNi/Ni RDE resulting in increasing operating potentials in gal- 

anostatic conditions was surmised to be the combination of the 

radual oxidation of the Pd sites and adsorbed glycerol oxidation 

roducts. 

To continue the development of alcohol-based electrolysis at 

ow electrode potentials, noble metals must be an integral com- 

onent. In further research there will need to be a significant de- 

otion to alleviating the deactivation of noble metal based cata- 

ysts at higher potentials to enable industrially relevant rates of hy- 

rogen production. Operating conditions, in addition to the design 

f catalysts, should be optimized to balance between the GEOR, 

he further oxidation of products, the subsequent removal of said 

roducts for value added chemical production and the poisoning 

nd complete oxidation of the catalyst. For further understanding 

f PdNi catalysts in the optimised operating conditions established 

ere, product selectivity and the amount glycerol conversion will 

e addressed in future work. 
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