
Enhanced Mass Activity and Stability of Bimetallic Pd-Ni 

Nanoparticles on Boron-Doped Diamond for Direct Ethanol Fuel 

Cell Applications 

Christos K. Mavrokefalos[a], Maksudul Hasan*[a,b], James F. Rohan[b], John S. Foord*[a]

Abstract: In this work, electrochemical deposition of Pd (palladium) 

and bimetallic Pd-Ni (nickel) nanoparticles on oxygen-terminated 

boron-doped diamond (BDD) substrate is described for use as 

electrocatalyst in direct ethanol fuel cell. A potentiostatic two-step 

electrochemical method involving the electrodeposition of Ni 

nanoparticles on BDD followed by mono-dispersed Pd nanoparticles 

was used for the fabrication of Pd-Ni/BDD electrode. The 

electrocatalytic activity of the bimetallic Pd-Ni nanoparticles was 

evaluated in an alkaline solution containing ethanol and compared to 

that of the Pd nanoparticles alone. The bimetallic Pd-Ni 

nanoparticles showed 2.4 times higher mass activity than the similar 

systems from literature as well as stability when operated in alkaline 

media. Higher electrochemical response towards the 

electrooxidation of ethanol observed for the bimetallic 

electrocatalysts was due to the synergistic effects of the electron 

interaction at the interface of the two metals. Chronopotentiometric 

measurements revealed that Pd is more stable when anchored to 

the Ni nanoparticles. The optimised loading of mono-dispersed Pd 

on a foreign Ni metal as nanoparticles plays a crucial role in 

achieving a high mass (3.63 x 106 mA/g) and specific (10.53 

mA/cm2) electrocatalytic activity of Pd towards ethanol 

electrooxidation in alkaline media. 

1. Introduction 

Fuel cell are receiving increasing attention in recent years due to 

their ability to increase overall energy efficiency. The direct 

alcohol alkaline fuel cell (DAAFC) subcategory has attracted 

signficant research efforts because of the possibility to use non-

noble materials, which are more stable in alkaline media and 

thus, reduce the noble metal content, the main cost component 

of the electrocatalysts. The DAAFC is able to convert the 

chemical energy stored in the fuel (i.e. alcohol) into electricity 

directly and therefore, can be used as the power source in 

portable electronics, transportation and other emerging 

applications.[1–4]

Hybrid materials, consisting of graphitic nanostructures 

(carbon nanotubes or graphene, for instance) and various metal 

particles have been widely studied as functional components in 

catalysis and fuel cell applications.[4–6] BDD is an alternative 

carbon substrate due to its unique features, such as wide 

potential window, low background capacitive current, chemical 

stability and robustness under hostile environments (potential, 

temperature, pressure), which have been described further in 

previous reports.[7–14] Diamond electrodes can be modified by 

metal nanoparticles enhancing its sensitivity towards various 

analytes compared to the unmodified electrode.[7,15] Of note is 

the resistance of diamond to electrocorrosion, a fact which make 

it attractive especially in the field of fuel cell.[16–18] Pt is one of the 

most effective electrocatalysts and used widely; nevertheless, 

the high cost as well as its tendency to be poisoned by the 

reaction intermediates during the ethanol electrooxidation can 

be prohibitive for future use.[19,20] Because of the aforementioned 

reason, core-shell structures[8,21–26] and the embodiment of non-

noble metals[8,23,27] promise to enhance the stability of the 

electrocatalysts in DAAFC as well as to reduce their cost. One of 

the challenges in this field is also the development of efficient 

electrocatalysts capable to produce CO2 after the ethanol 

electrooxidation or in other words to cleave the C-C bonds.[28] Pd 

has shown recently that can be more active, stable and poison 

tolerant towards the intermediates of ethanol electrooxidation 

species.[29–32] Furthermore, Pd is 50 times more earth abundant 

than its counterpart Pt and is a promising candidate to replace 

the latter in the field of alkaline fuel cell.[33]

In the present study, the modification of oxygen-terminated 

BDD electrodes with Pd and Pd-Ni nanoparticles is proposed for 

ethanol oxidation of relevance to the direct ethanol alkaline fuel 

cell (DEAFC). The motivation for this work is ultimately the 

continuation of our understanding of how metallic interfaces 

formed on the Ni nanoparticles agglomerate with partial 

coverage of mono-dispersed Pd nanoparticles behave on 

diamond by comparison with similar structures on other forms of 

carbon.[8] The second objective of this study is to gain a further 

understanding of how different core metals behave on diamond 

and how they can affect the stability, electrochemical activity and 

finally the poison tolerance towards the by-products of ethanol 

electrooxidation. In both of these cases, the electrochemical 

modifications introduced by the electrodeposition of the metal 

nanoparticles reflect the particular properties of the metal, the 

interface interaction between the two metals and their interaction 

with the underlying diamond. 

2. Results and Discussion 

2.1 Morphology, EDX and XPS Characterisation of the 

Deposits on BDD Electrode 

The morphology of the deposits was characterised by a 

scanning electron microscope and the images are shown in Fig. 

1 (a-b). Ni particles have been deposited in a non-uniform 
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manner along the diamond edges with visible agglomeration as 

can be seen from the Figure 1(a) due to the high metal loading 

(658 mC/cm2). The size of the Ni particles cannot be estimated 

due to the latter effect. The lateral conductivity of diamond as 

well as the non-uniform distribution of the B dopant led to the 

non-uniform distribution of the deposits as reported previously.[8]

The sequential deposition of Pd onto Ni produced smaller 

particles around 13 nm as shown in elemental mapping of 

Figure 1(b). The elemental mapping provides information for the 

deposition of the Pd-Ni nanoparticles in which Pd nanoparticles 

quite sparsely cover the Ni particles. The elemental composition 

of the electrodes is displayed in Figure 1(c). Energy dispersive 

x-ray spectra shows slightly more intense Ni peaks than the Pd 

as expected from the low amount of Pd metal loading by 

comparison with Ni. 

Figure 1. (a) SEM image of Ni deposited on BDD electrodes. (b) Elemental 

mapping of Pd-Ni deposited on BDD showing Ni nanoparticles agglomerate 

with partial coverage of mono-dispersed Pd nanoparticles. (c) EDX spectra of 

the Pd-Ni nanoparticles on BDD electrode. 

The elemental composition as well as chemical and electronic 

states were explored by x-ray photoelectron spectroscopy as 

shown form the XPS spectra in Figure 2. Figure 2 (a) shows the 

wide scan survey of the oxygen-terminated BDD electrodes with 

the relevant elements of Ni, Pd and Pd-Ni. The wide scan survey 

illustrates the existence of C, O and the relevant peaks of the 

main metals. Figure 2 (b) illustrates the Ni 2p peaks of the 

Ni/BDD and Pd-Ni/BDD electrodes. The Ni modified BDD has Ni 

2p3/2 and Ni 2p1/2 peaks at 856.6 eV and 874.5 eV, 

respectively.[34] The Ni photoelectron peak of the Pd-Ni/BDD 

electrode is attenuated significantly. As has been reported in 

previous work[8] the most likely scenario is that the Pd has 

covered the underlying Ni. The Pd modified BDD has two main 

peaks, the Pd 3d5/2 at 336.4 eV and Pd 3d3/2 at 341.7 eV, 

respectively. The Pd photoelectron peak of the bimetallic 

electrode has the same peaks. There is a binding energy shift of 

0.2 eV, which implies an electronic interaction between the two 

metals. The negative shift of binding energy can be attributed to 

the increase in interfacial charge of Pd atoms relative to the bulk 

material, and charge transfer that occurred from Ni atoms into 

the Pd contact layer, which increased the electron cloud 

densities of Pd atoms, as reported elsewhere.[35] 



Figure 2. XPS spectra of (a) wide scans of the Ni/BDD, Pd/BDD and Pd-

Ni/BDD, respectively, (b) typical Ni 2p peaks of the Ni and (c) typical Pd 3d 

peaks of the Pd in Pd-Ni modified BDD electrocatalysts. 

2.2 Voltammetric Characterisation 

2.2.1 Electrodeposition of the Electrocatalysts 

A typical chronoamperogram of bare BDD in a solution 

containing 0.01 mol L-1 [Ni(NO3)2·6H2O] in acetate buffer is 

shown in Figure 3(a). The Ni is deposited at a constant potential 

of -1.2V until 658 mC/cm2 was passed. The increase in current 

for the first 25 seconds indicate the formation of small Ni nuclei 

followed by further growth of the nuclei, which decreases and 

finally becomes constant under the diffusion controlled reduction 

of the electroactive nickel ions. A typical cyclic voltammogram of 

the bare BDD in a solution containing 1mM PdCl2/0.1 mol L-1

HCl is also illustrated in Figure 3(b). The deposition of Pd occurs 

in the potential range of +0.3V and -0.35V. In this region, there is 

a cathodic current peak maximum at +0.15V (peak C1). This 

current remained stable until an overpotential value of -0.26V 

and then increased again sharply until reaching a maximum at   

-0.35V (peak C3). The small cathodic peak C2 (-0.15V) is due to 

the adsorption of the underpotentially deposited hydrogen (HUPD) 

onto the Pd surface. The peak C3 around -0.35V can be 

described as the diffusion limited reduction of Pd ions. After this 

point, there is a cathodic current at -0.37V (peak C4) which 

represents the area of the simultaneous Pd deposition and bulk 

hydrogen evolution onto the freshly deposited Pd particles. Due 

to the latter process, peaks A2, A3 and A4 correspond to the H 

desorption process. The A1 peak shows the Pd stripping from 

the electrode surface having a maximum peak at +0.60V in the 

backward scan. 



Figure 3. (a) Chronoamperogram of bare BDD in a solution containing 0.01 

mol L-1 [Ni(NO3)2·6H2O] in acetate buffer at constant potential of -1.2V. (b) 

Cyclic voltammogram of bare BDD in a solution containing 0.1 mol L-1 HCl and 

1 mmol L-1 PdCl2/0.1 mol L-1 HCl, respectively, at scan rate of 0.01 V s-1 (inset: 

chronoamperogram of Pd deposition from 1 mmol L-1 PdCl2/0.1 mol L-1 HCl on 

bare BDD at constant potential of -0.15V). 

2.2.2 Electrochemical Activity of the Electrocatalysts 

All the electrocatalysts were electrochemically characterised by 

cyclic voltammetry and linear sweep voltammetry in 0.5M KOH 

as shown in Fig. 4. Fig. 4(a) shows the voltammograms of the 

bare BDD, Ni, Pd and Pd-Ni modified BDD with 2.9 μg/cm2 Pd 

loading. There is no electrochemical activity on the unmodified 

electrode and the current response is close to zero. The Ni/BDD 

is not electrochemically active within the potential window in 

which Pd is active. Peaks A2/C2 represent the oxidation and 

reduction of freshly deposited Ni particles on the diamond 

surface at +0.49 and +0.43V, respectively. 

Regarding the Pd/BDD electrode various features are 

observed: (i) Pd oxidation and reduction peaks (A1/C1) in the 

anodic scan at +0.05V and cathodic scan at-0.24V, respectively; 

these peaks can be attributed to the formation and removal of a 

palladium oxide layer on the surface of the electrocatalyst. The 

mechanism of the Pd oxidation formation was reported 

previously,[27,35,36] in which OH- ions are chemisorbed in the initial 

stage of the oxide formation and then are transformed into 

higher valence oxides at higher potentials. (ii) Hydrogen 

adsorption and desorption peaks of Pd surface at -0.67V and -

0.58V (C3 and A3). 

The Pd-Ni/BDD has the same features as the Pd/BDD but 

with higher electrocatalytic response. The features include (i) Pd 

oxidation and reduction waves occur at +0.05V (A1) and -0.24V 

(C1), respectively. (ii) H adsorption and desorption occurred on 

Pd surface between -0.67V in the cathodic scan (peak C3) and -

0.58V in the anodic scan (peak A3), respectively. (iii) Ni oxidation 

and reduction waves appeared at +0.5V (A2) and +0.44V (C2), 

respectively, and (iv) a prepeak (A′1) appeared at -0.27V in the 

anodic (backward) scan corresponds to oxidation at favourable 

sites on the palladium surface[37] and is not seen at its Ni and Pd 

counterparts. The latter feature may be consistent with the Ni 

particles serving as reactive centres for the subsequent 

deposition of Pd as a result the metallic interfaces between Ni 

and Pd nanoparticles. 

The mechanism for the formation of core-shell nanoparticles 

has been discussed in our previous work with Pt and Cu 

nanoparticles on oxidised diamond electrodes.[8] A pronounced 

hydrogen adsorption and evolution occurred on the Pd-Ni 

surface in the cathodic scan at -0.9V (peak C4) and the 

corresponding desorption occurred in the anodic scan at -0.87V 

(peak A4). Figure 4(b) shows the cyclic voltammograms of the 

same electrodes but with 4 times more Pd loading (11.6 μg/cm2). 

We can observe similar features but with a little higher current 

response due to the higher amount of Pd loading on Ni surface. 

However, in the case of the higher amount of Pd loaded 

bimetallic electrocatalyst the characteristic oxidation prepeak 

(A′1) was not seen. This likely arises due to the fact that 4 times 

more Pd has created a thick layer on top of the Ni particles and 

therefore, is unable to have the electronic interaction between 

the two metals and negates the advantages of core-shell 

structure. Figures 4 (c and d) illustrate the linear sweep 

voltammograms of the above electrocatalysts with 2.9 μgr/cm2 

and 11.6 μgr/cm2 Pd loading on Ni particles, respectively. All the 

electrocatalysts were scanned into the hydrogen evolution 

region starting from -0.6V and ending at -1.2V. In both cases, 

there is no electrocatalytic response for the unmodified BDD. 

The Pd/BDD electrodes showed lower current response and 

therefore, lower hydrogen evolution than the Ni/BDD. The 

maximum current densities were provided by the bimetallic core-

shell electrocatalysts giving the highest hydrogen adsorption and 

evolution on their surface. 

The metal coverage of Pd can be estimated from the charge 

of the Pd oxide reduction peak C1 in Fig. 4(a-b). The ratio of the 

charge required for desorption of an oxygen monolayer on the 

Pd (111) surface[41] (0.424 mC/cm2) to that of Qdes, which is the 

coulombic charge of the oxygen desorption on  the Pd surface, 

determines the electroactive surface area (EAS) of the pure Pd 

electrocatalyst. In addition, the specific surface area (SSA) can 

be defined as the electroactive surface area divided by the metal 

loading. All the above information is included in the Table 1. The 

electroactive as well as the specific surface areas are doubled in 

the case of the Pd-Ni/BDD electrocatalysts. 



In

Figure 4. Cyclic voltammograms (a and b) and linear sweep voltammograms 

(c and d) of the Ni/BDD, Pd/BDD (Pd loading: 2.9 (a) and 11.6 (b) μg/cm2) and 

Pd-Ni modified BDD (Pd loading: 2.9 (a) and 11.6 (b) μg/cm2) in 0.5 mol L-1

KOH solution at scan rate of 0.02 V s-1 (all CVs and LSVs were started from 

open circuit potential). The amount of Ni loading were the same for all 

electrodes (658 mC/cm2). 

2.3 Evaluation of Pd-Ni Electrocatalysts Preparation 

Conditions on Ethanol Oxidation Characteristics 

The Pd-Ni/BDD electrocatalysts were evaluated through cyclic 

voltammetry and compared to Pd/BDD alone towards the 

ethanol electrooxidation. Cyclic voltammograms of the modified 

electrodes were obtained after a scan in a solution containing 

0.5M KOH and 1M EtOH and the results are shown in Figure 

5(a) and (b). The onset overpotential is observed at -0.55V and 

all the electrodes are inactive before this overpotential. When 

the applied potential is scanned positively in the anodic scan an 

electrooxidation current is observed. The peak current due to the 

electrooxidation of ethanol on the electrodes appeared at around 

-0.08V, -0.1V, -0.01V and +0.03V for the Pd/BDD (2.9 μg/cm2), 

Pd-Ni/BDD (2.9 μg/cm2), Pd/BDD (11.6 μg/cm2), and Pd-Ni/BDD 

(11.6 μg/cm2), respectively, as shown in Figure 6 (a) and (b). It 

appears that the corresponding peak potentials move in the 

cathodic direction with Ni anchoring and in the anodic direction 



with increasing Pd loading. The synergy of the electron 

interaction between the outermost d-orbitals of the Ni and Pd 

metals as discussed in section 3.1 increases the electron cloud 

at the interfacial layer and thus, facilitates faster adsorption of 

the hydroxyl and ethanol species towards electrooxidation. 

Conversely, higher loading of Pd onto Ni increases the thickness 

of the interfacial layer and thus, minimises the synergistic effects 

of the electron interaction. The current density in the forward 

peak (If) of ethanol electrooxidation of Pd-Ni/BDD (2.9 μg/cm2) 

was acquired at 10.5 mA/cm2 while the same peak of the 

Pd/BDD (2.9 μg/cm2) was obtained at 6.5 mA/cm2. The peak in 

the anodic scan is due to the electrooxidation of the fresh 

carbonaceous species of ethanol accumulated on the surface of 

the electrode. After this oxidation wave, all the electrodes 

deactivated at around 0.1V (Pd/BDD) and 0.2V (Pd-Ni/BDD) for 

the electrodes in Figure 5(a) and at around 0.4V for the 

electrodes in Figure 5(b). The electrodes with 2.9 μg/cm2 Pd 

loading are activated again at -0.22V (Figure 5a) and the 

electrodes with 11.6 μg/cm2 Pd loading at -0.19V giving a 

second electrooxidation peak (Ib) at -0.25V (Pd: 2.9 μg/cm2, 

Figure 5a) and at -0.21V (Pd: 11.6 μg/cm2, Figure 5b), and these 

peaks are due to the oxidation of the incompletely oxidised 

carbonaceous species of ethanol that are still on the surface of 

the electrode after the anodic scan. The corresponding current 

density with higher Pd loaded bimetallic electrode (11.6 μg/cm2) 

were found to be 23.4 mA/cm2 whereas the current density peak 

with the equivalent amount of Pd alone was 18.5 mA/cm2. It 

interesting to point out that Pd loading was increased by 4 times 

in Figure 5(b) by comparison with that in Figure 5(a) but the 

current density increased only by about 2.2 times, which implies 

that higher amount of Pd onto Ni metal disaffirm the synergistic 

effects of the interfaces on the nanostructured metallic surfaces. 

Also, in the context of the poisoning tolerance i.e., ratio of If/Ib, 

the higher amount of Pd on Ni metal particle is not tolerant 

enough towards the ethanol electrooxidation. The values of the 

poison tolerance ratios are presented in Table 1. The mass 

activity of the Pd-Ni (Pd loading: 2.9 μg/cm2) electrocatalysts 

towards ethanol electrooxidation has been compared with the 

most recent studies in literature and found that our 

electrocatalysts showed 2.4 times higher mass activity 

compared to similar system.[39] Moreover, our monometallic 

Pd/BDD (Pd loading: 2.9 μg/cm2) electrocatalyst showed 8 

times higher mass activity than its counterpart on a carbon 

support (Pd/C).[39,40]

Figure 5(c) illustrates electrooxidation of ethanol on Pd-

Ni/BDD electrode with 11.6 μg/cm2 Pd loading versus different 

amount of Ni loading. The purpose of that investigation was to 

find out the optimum amount of Ni needed to interact 

electronically with the outer Pd shell. Hence, we observe that a 

very small amount of Ni behaves the same as the pure Pd/BDD 

electrocatalyst offering negligible synergistic effects of the 

electron interaction at the interface of the Pd and Ni metal.  

Conversely, an electrode with up to 25 times higher deposition 

charge of Ni250 (200 μg/cm2) is needed in order to realise such 

synergistic effects of the electron interaction at the interfaces 

between two metals. The current density decreased again with a 

further increase in deposition charge of Ni as seen for Pd-

Ni500/BDD electrode. Clearly, it is very important that the 

optimum shell-core metal ratio is achieved not only for the 

particular properties of the metal but also of the synergistic 

effects of the interfaces between two metals. Furthermore, an 

adequate shell-core metal ratio for an optimised and effective 

metallic interface can increase the poisoning tolerance towards 

the electrooxidation of alcohol and works as protection for the 

noble metal typically poisoned by the carbonaceous 

intermediates of the alcohol. The optimum Pd loading in terms 

utilisation efficiency coupled with increased tolerance towards 

the carbonaceous intermediate species produced during ethanol 

electrooxidation was 2.9 μg/cm2 on Ni250/BDD electrode. 

However, of note is the fact that the mass activity of the ethanol 

electrooxidation on Pd-Ni electrocatalyst with 4 times less Pd 

loading is 2.25 times higher than that of the Pd alone. All the 

aforementioned results have been summarised in Table 1. 

Stability tests were conducted in alkaline solution. There was 

only a 12% decrease of the current density on the Pd-Ni 

electrocatalyst instead of 35% current drop on the Pd alone. The 

proposed mechanism for Ni atoms donating electron cloud to the 

Pd interfacial contact layer that facilitates the faster 

electrooxidation of ethanol species is illustrated in Figure 5(d). 



Figure 5.  (a, b) Cyclic voltammograms of Pd and Pd-Ni modified BDD with 

2.9 μg/cm2 (i.e., 5.2 mC/cm2 charge) and 11.6 μg/cm2 (i.e., 21 mC/cm2 charge) 

Pd loading, respectively in 0.5 mol L-1 KOH and 1 mol L-1 EtOH at scan rate of 

0.1 V s-1. The amount of Ni loading in Figure 5(a) and 5(b) was Ni250 (200 

μg/cm2). (c) Cyclic voltammograms of Pd and Pd-Ni modified BDD (with 2.9 

μg/cm2: Pd loading versus different amount of Ni loading) in 0.5 mol L-1 KOH 

and 1 mol L-1 EtOH at scan rate of 0.1 V s-1. (all CVs were started from open 

circuit potential). The subscript value in the legend in (c) represents the 

deposition charge of Ni in mC/cm2 with corresponding equivalent weight for 

Ni10, Ni125, Ni250 and Ni500 to 8 μg/cm2, 100 μg/cm2, 200 μg/cm2 and 400 

μg/cm2, respectively. Cyclic voltammograms shown here are steady-state 

taken after 10 cycles. (d) Schematic of Pd-Ni atomic arrangement with Ni 

atoms donating electron cloud to the Pd interfacial contact layer thus 

facilitating the faster electrooxidation of ethanol species. 

2.4 Tafel Analysis 

Further investigation of the electrocatalytic activity of the 

electrocatalysts performed through Tafel analysis. The 

measurements recorded the anodic polarisation curve during the 

electrooxidation of ethanol and analysed the kinetic parameters. 

Quasi-steady-state cyclic voltammograms were used to make 

the Tafel plots and the results are demonstrated in Figure 6. The 

lower onset potential region of -0.6V to -0.25V, known as the 

charge transfer control region, is dominated by the adsorption of 

hydroxyl ions on the Pd surface as reported in previously.[35,36] In 

Figure 6(a), slopes in the lower onset potential are 184.2 mV 

dec-1 and 201.8 mV dec-1 for the Pd/BDD and Pd-Ni/BDD, 

respectively, with the lower amount of Pd loading (2.9 μg/cm2). 

The Tafel slope indicates the kinetics of ethanol oxidation in the 

above potential region and is controlled by the adsorption of 

hydroxyl ions. A small deviation in the Tafel slope between the 

Pd/BDD and Pd-Ni/BDD indicates that the kinetics of the 

electrooxidation of ethanol is controlled by the additional surface 

reactions such as the formation of oxide layer as we reported in 

our previous study.[35] A similar description can be applied to the 

higher Pd loaded electrode (11.6 μg/cm2) in Figure 6(b). All the 

plots have been fitted to a linear region. In Figure 6(b), the slope 

of the Pd/BDD is 178 mV dec-1 a bit lower than that of Pd-

Ni/BDD (203.2 mV dec-1). This is likely due to the adsorption of 

more hydroxyl (OHads) ions on the surface of the Pd-Ni 

nanoparticles with higher palladium loading. The Tafel slopes 

are similar for all electrodes and good agreement with the 

Temkin type adsorption for hydroxyl (OHads) and acyl (CH3COads) 

ions in the lower onset potential region (-0.6V to -0.25V) 

indicating the similarity of  the reaction mechanism for ethanol 

electrooxidation.[37] 

Figure 6. Tafel plots of anodic polarisation curve for ethanol electrooxidation 

in 0.5 mol L-1 KOH and 1 mol L-1 EtOH: Pd/BDD and Pd-Ni/BDD electrode with 

Pd loading of (a) 2.9 μg/cm2 (i.e., 5.2 mC/cm2) and (b) 11.6 μg/cm2 (i.e., 21 

mC/cm2), respectively. The amount of Ni loading was Ni250 (200 μg/cm2).  



2.5 Amperometric Response of the Electrocatalysts in 

Ethanol 

In order to compare the stability of Pd-Ni electrocatalysts with 

the Pd only on BDD version chronoamperometric experiments 

were carried out towards the electrooxidation of ethanol and the 

results are seen in Figure 7. All the electrodes were held at a 

fixed and constant potential of -0.15V and run for 2 hours. The 

current densities decreased initially for all electrodes and 

stabilised at 2 hours operational time in the range of 0.2-0.4 

mA/cm2 (Figure 7a), which is ascribed to the combined effects of 

electrocatalyst poisoning by the chemisorbed carbonaceous 

oxidative intermediates and the concentration polarisation with 

time (i.e., limited mass transport with increasing reaction time). 

However, the core-shell electrocatalysts showed a higher 

current response in relation to the Pd alone. Of note is that the 

Pd-Ni/BDD with only 2.9 μg/cm2 Pd loading gave a higher 

amperometric response than the pure Pd/BDD with almost 4 

times higher palladium loading (11.6 μg/cm2) (Figure  7b). The 

latter can be attributed to the fast electrocatalyst poisoning by 

some of the carbonaceous intermediates of the ethanol 

oxidation reaction in the absence of Ni metal.  In contrast, the 

activity of the Pd supported on Ni nanoparticles was enhanced 

and through the electronic interaction effects of the Ni/BDD 

support protected the electrocatalyst for a longer period. 

Figure 7. (a) Chronoamperometric response of Pd and Pd-Ni modified BDD 

with Pd loading of (a) 2.9 μg/cm2 (i.e., 5.2 mC/cm2) and (b) 11.6 μg/cm2 (i.e., 

21 mC/cm2), respectively, in 0.5 mol L-1 KOH and 1 mol L-1 EtOH at potential -

0.15V. The Ni loading was Ni250 (200 μg/cm2). 



Table 1. Pd features after electrodeposition through chronoamperometry on Ni250/BDD. 

Electrodes 
Charge 

(mC cm-2) 

Pd loading 

(μg cm-2) 

Qdes 

charge 

(mC cm-2) 

Electroactive surface 

area, EAS (cm2 cm-2) 

Specific 

surface area, 

SSA (m2 g-1) 

Mass activity 

(mA g-1) 

x 106

Forward peak 

current (If), specific 

activity (mA cm-2) 

Poisoning 

tolerance 

If/Ib

Pd/BDD 

5.2 2.9 

0.24 0.56 19.31 2.25 6.52 1.23 

Pd-

Ni/BDD 
0.46 1.08 37.24 3.63 10.53 0.94 

Pd/BDD

21 11.6 

0.27 0.63 5.43 1.60 18.56 1.75 

Pd-

Ni/BDD 
0.48 1.13 9.74 2.02 23.47 1.50 

Conclusions 

The enhanced mass activity and stability of Pd-Ni bimetallic 

nanoparticles supported on BDD electrodes were shown in this 

work. The BDD surface was modified electrochemically with the 

electrodeposited metal nanoparticles. A two-step 

electrochemical deposition method was used for the fabrication 

of the Pd-Ni nanoparticles onto the BDD surface. A 

potentiostatic method was used to deposit noble metal Pd and 

transition metal Ni as nanoparticles onto BDD to investigate their 

electrocatalytic properties for ethanol electrooxidation and its 

electrocatalytic activity by comparison with that of Pd alone. 

Electrochemical characterisation and XPS suggested that Ni 

particles serve as reactive centres for the subsequent deposition 

of mono-dispersed Pd nanoparticles with partial coverage in 

order to form interfaces between the two metals. The latter 

modification led to higher ethanol oxidation current densities 

than for Pd/BDD alone owing to the synergistic effects of 

electron interaction at the metallic interfaces. Our synthesised 

Pd-Ni/BDD electrocatalyst showed 2.4 times higher mass 

activity than similar systems from literature as well as the 

stability when operated in alkaline media. Furthermore, 

electrochemical experiments revealed that the proper Pd loading 

tuning, in other words, thickness of the metallic interfaces, plays 

an important role in achieving high mass and specific 

electrocatalytic activity towards the ethanol electrooxidation. 

Finally, after chronoamperometric experiments, bimetallic Pd-

Ni/BDD electrocatalysts showed a higher stability during the 

ethanol oxidation by comparison with Pd/BDD alone. 

Experimental Section 

Chemical Reagents 

Chemical reagents were purchased from Sigma-Aldrich and used as 

received without any further purification. These were: palladium (II) 

chloride (PdCl2); hydrochloric acid (HCl); nickel (II) nitrate hexahydrate 

[Ni(NO3)2·6H2O]; acetic acid and sodium acetate. All aqueous solutions 

were freshly prepared, using milli-Q water (>18 MΩ cm) and solutions 

were deaerated using oxygen-free nitrogen gas for a minimum of 20 

minutes prior to running experiments. 

Equipment and experimental Set-up 

BDD wafers ([B]>1020 cm-3) of 10 x 10 x 0.6 mm were obtained from 

Element Six Co. (UK) and mounted in a home-built PTFE holder with a 

circular area of 0.38 cm2 exposed to the electrolyte. The electrochemical 

measurements were performed with an Autolab PGSTAT 128N 

potentiostat/galvanostat. The electrochemical depositions were 

conducted at room temperature (24 ± 1.0°C) using a standard three 

electrode cell with a Pt counter electrode and a Ag/AgCl (1M KCl) 

reference electrode. The electrochemical measurements of ethanol 

electrooxidation were carried out at room temperature using a three 

electrode cell with a Pt and Hg/HgO (1 mol L-1 KOH) as the counter and 

reference electrode, respectively. The data were analysed with OriginPro 

8.5 software (OriginLab Ltd.). The morphology of the deposits was 

characterised by a high resolution FEI Helios Nanolab 600i field emission 

scanning electron microscope with an attached Oxford Instruments 

AZtech X-Max-80 energy dispersive X-ray spectroscopy unit for 

elemental mapping. All the images were taken at 400K magnification with 

an acceleration voltage of 20 kV and a working distance (WD) of around 

4 mm. The composition of the deposits was measured by XPS using an 

Al Kα (1486.6 eV) X-ray source. XPS data were curve fitted using 

CasaXPS software,[41] using a Shirley background.[42] The C 1s peak was 

calibrated to 285 eV with the following relative sensitivity factors (R.S.F.): 

C 1s (1.0), O 1s (2.93), Pd 3d (16.0) and Ni 2p (22.2). 

Modification of BDD electrodes 

Prior to each use, to ensure fresh, active surfaces, free of deactivating 

layers and contamination, which consequently leads to better signal to 

noise in the electrochemical data.[43] BDD working electrodes were 

polished with alumina micropolish II (Buehler, UK) of decreasing particle 

size (1 μm to 0.05 μm) on soft lapping pads (Buehler, Chemonet I for 8’’ 

wheel). When the polishing had been finished with the 1 μm alumina, the 

electrodes were rinsed gently with distilled water and were sonicated for 

5 minutes in water and acetone (1:1 ratio). This was followed by polishing 

with 0.05 μm alumina, a rinse in water, and sonication for 30 minutes. 

The electrodes then were cycled in 0.1 mol L-1 nitric acid between the 

potential range of -1.7V and 2.5V for 10 sweeps, which yields a high 

concentration of oxygen functionalities at the electrode surface.[11]

Pd was then electrodeposited onto BDD from a deaerated 0.1M HCl 

solution containing 1mM PdCl2 by a potentiostatic method. The 

deposition potential was held at -0.15V (vs Ag/AgCl) until 5.2 and 21 



mC/cm2 charge passed through the surface. The corresponding metal 

loading of the aforementioned charges was 2.9 and 11.6 μg/cm2, 

respectively. The electrodepositions potential was chosen after cyclic 

voltammetry on bare diamond electrode in the aforementioned solution, a 

potential range (-0.1V to -0.4V) in which Pd reduction is occurred.[35]

The second electrode comprised Pd-Ni/BDD was fabricated as follows: 

Ni was electrodeposited onto BDD from a deaerated 10mM 

[Ni(NO3)2.6H2O] in acetate buffer solution by a potentiostatic method. 

The deposition potential was held at -1.2V (vs Ag/AgCl) until 658 mC/cm2

charge was passed through the surface. The Ni/BDD electrode then was 

removed, rinsed with ultrapure water and dried with N2. Pd was then 

electrodeposited onto Ni/BDD from a deaerated 0.1 mol L-1 HCl solution 

containing 1 mmol L-1 PdCl2. Again, a potentiostatic method was used in 

which the potential was held at -0.15V (vs Ag/AgCl) until 5.2 and 21 

mC/cm2 charge passed through the electrode surface giving  2.9 and 

11.6 μg/cm2 palladium loading as referred in the previous paragraph. 
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Electrochemical synthesis of 

bimetallic Pd-Ni nanoparticles on 

oxygen-terminated boron-doped 

diamond (BDD) substrate is 

described for use as electrocatalyst 

in direct ethanol fuel cell. The 

synthesised Pd-Ni nanoparticles 

shows 2.4 times higher mass activity 

compared to similar systems in 

literature owing to the enhanced 

synergistic effects of the electron 

interaction at the interfaces of two 

metals. 
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