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Abstract 
 

Direct ethanol fuel cells (DEFC) are limited by the slow 
kinetics of the ethanol oxidation reaction (EOR) at the anode. 
In this work, a ternary PdNiBi/C catalyst was synthesized via 
the modified instant method including a few modifications to 
investigate the influence on the performance for the alkaline 
EOR. The catalyst was ex-situ characterized by means of thin 
film rotating disk electrode technique using a standard three 
electrode set-up. The results were compared with a 
commercial Pd/C catalyst. With the CV measurements, all 
characteristic reduction and oxidation peaks for Pd, Ni, and 
Bi as well as for the hydrogen ad/absorption were observed. 
The PdNiBi/C (636 cm2 mg-1) catalyst presents a higher 
EASA than the commercial Pd/C (411 cm2 mg-1). The onset 
potential of the ternary catalyst (0.193 V) is lower, the 
maximum current density (138 mA cm-2) of the forward scan 
is higher and a better byproduct tolerance is examined 
compared to the commercial catalyst (0.255 V, 126 mA cm-2). 
The remaining current density of the PdNiBi/C is 13 % higher 
than that of the commercial Pd/C. 
 

Introduction 
 
In recent years, demand of renewable energy has been 

increasing due to the limitation of fossil fuels and large CO2 
emission. Fuel cells are identified as one of key technologies 
for clean energy industry of the future [1, 2]. However, there 
are three critical technical barriers, which limit the 
commercialization of fuel cells: a) performance (activity), 
b) durability (stability), and c) costs [3, 4]. Direct ethanol fuel 
cells (DEFC) have attracted attention in the last decades due 
to their easy handling, low cost and environmental 
friendliness [5, 6]. In addition, ethanol shows relatively high 
energy densities (8.01 kWh kg-1) that are comparable to 
gasoline (11 kWh kg-1) [7].  

 

Figure 1: Schematic illustration of a) proton exchange membrane (PEM) 
and b) anion exchange membrane (AEM) direct ethanol fuel cell with 
cathode catalyst layer (CCL), anode catalyst layer (ACL), cathode 
diffusion layer (CDL) and anode diffusion layer (ADL) (adapted from [4]). 

 
However, DEFCs are limited by the slow kinetics, 

especially of the electrochemical reaction at the anode and 
the ethanol crossover through the membrane from the anode     

to the cathode. The crossover is causing a mixed potential 
thus resulting in a reduction of the cathode potential. 
Consequently, these both limitations contribute drastically to 
the power density decrease of alkaline DEFC systems. 
Therefore, the transition from acidic to alkaline electrolyte 
became more important to improve the kinetics of the alcohol 
oxidation reaction and oxygen reduction reaction [8, 9]. 

In alkaline DEFC, an Anion Exchange Membrane (AEM) is 
used to transfer anions (e.g. OH-, CO3

2- and/or HCO3
-), 

whereas in acidic DEFC, a Proton Exchange Membrane 
(PEM), mostly Nafion 115® or Nafion 117®, is applied for the 
movement of cations (e.g. H+ or Na+).  

The dragging force of the moving ions in AEM is reversed 
to PEM, reducing problems of fuel crossover. Another 
advantage of alkaline DEFC is the simplified water  
management. 

The most used catalyst for alcohol oxidation is platinum, 
but high cost, low availability and prevalent poisoning by 
adsorbed CO-like intermediates formed during ethanol 
oxidation limits its application. Alkaline DEFC show faster 
kinetics due to high concentration of OH- ions [4, 6, 10]. 
Hence, cost efficient Pt catalysts can be substituted by more 
abundant, cheaper and non-noble metal containing catalysts. 

Currently, palladium is the most suitable catalyst for the 
replacement of platinum in DEFC. Ma et al. [11] have reported 
that Pd/C catalysts exhibit a higher ethanol oxidation reaction 
(EOR) activity than Pt/C in alkaline condition. This can be 
attributed to higher oxophilic characteristics and the inherent 
ability of Pd on C-C bond cleavage. This positive effect also 
causes a higher stability and less susceptibility to poisoning 
of the active sides of the Pd catalyst during EOR [5, 11, 12]. 

However, the complete oxidation of ethanol remains as 
main challenge for DEFC development. As it can be seen in 
equation 1, the complete ethanol oxidation leads to CO2 and 
water with the release of 12e-. In comparision, state-of-the-
art catalyst systems lead to an incomplete oxidation reaction 
resulting in acetic acid (acetate) with 4e- released as 
described in equation 2 [4].  

 
Complete oxidation: 
 
CH3CH2OH + 12OH- → 2CO2 + 9H2O + 12e-                  (1) 

 
Incomplete oxidation:  
 
CH3CH2OH + 5OH- → CH3COO- + 4H2O + 4e-               (2) 
 

The cleavage of the C-C bond of ethanol resulting in a CO2 
efficiency of 100% can be described by the C1 pathway, but 
the ethanol oxidation reaction in alkaline media with currently 
available catalysts predominantly follows the C2 pathway 
(Figure 2). Ethanol is oxidized by hydroxide ions to acetic 
acid/acetate as the main oxidation products. During the EOR, 
acetate is adsorbed on the catalyst surface as the active 
species. Nevertheless, various reaction intermediates 
deactivate the catalyst due to poisoning of the active sites 
and thus decrease the EOR performance [13, 14]. 
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Figure 2: Alkaline EOR: C2 pathway and C1 pathway [14]. 
 

The reaction mechanism of EOR for Pd-based catalystsis 
still not completely explained. Multiple studies [12, 15, 16] 
describe the generally accepted mechanism of EOR on Pd in 
alkaline media as followed in Equations 3-7: 

 
Pd0 + OH- ⇆ Pd-OHads + e-                                                (3) 

 
Pd0 + CH3CH2OH ⇆ Pd-(CH3CH2OH)ads                          (4) 
 
Pd-(CH3CH2OH)ads + 3OH- ⇆ Pd-(COCH3)ads + 3H2O + 3e- 

                                                                                           (5) 
 
Pd-(COCH3)ads + Pd-OHads ⇆ Pd-(CH3COOH)ads + Pd0    (6)                                                         
 
Pd-(CH3COOH)ads + OH- ⇆ Pd0 + CH3COO- + H2O        (7) 

 
From this reaction pathway, the importance of the OH- ions 

for the conversion of the intermediates (acyl) to acetate is 
pointed out. Liang et al. [16] describe that the removal of the 
adsorbed acyl by the adsorbed hydroxyl is the rate 
determining step (equation 6), while the dissociative 
adsorption of ethanol is quickly proceeded [12, 17, 18].  

In the last years, a lot of research is dedicated to anode 
materials to enhance the EOR performance and to reduce the 
costs of the fuel cell. The two most promising techniques for 
that are first, to find appropriate synthesis methods for 
catalyst nanostructures to enlarge the surface area of the 
active material and second, to alloy Pd with other metals. The 
advantage of bi- and trimetallic catalysts is that the additives 
are mainly cheaper and act as co-catalysts which facilitate 
the catalytic activity [1, 8].  

Ni is a very promising candidate as co-catalyst for Pd. It 
causes the formation of alloys thus resulting in a shift of the 
lattice constants and promotes synergetic effects. The 
binding energy at the surface is lowered and therefore, the 
poisoning effect by different adsorbents like CO or CHx 
species is reduced [19, 20, 21]. Moreover, Ni has a high 
affinity for the attraction of OH--ions, that are fundamental for 
the EOR as described above [2]. 

In contrast to Ni, Bi and Pd have quite different 
crystallographic properties, which significantly reduces the 
probability of alloy formation [22]. Nevertheless, Neto et al. 
[23] reported a positive impact on the performance of the 
anode catalyst upon adding Bi to Pd. Additionally, 
crystallographic changes were observed during the 
synthesis. Huang et al. [24] describe the affinity of Pd to 
Bi(III)-ions that are adsorbed on the surface as one possibility 
for the interaction. In literature, the formation of oxide- and 
hydroxide-species at the surface is also said to increase the 
OH- concentration at the catalyst surface and thus enhances 
the activity for EOR [23, 24, 25].  

Another strategy to enhance the electrocatalytic activity of 

the Pd catalysts is the deposition of the nanoparticles on a 
suitable support material [1, 8]. The dispersion of the active 
material on a support results in a higher active surface area 
and thus the total loading can be reduced that further lowers 
the costs [26]. The most used supports are carbon based 
materials (e.g. Vulcan XC72R from Carbot Cooperation) that 
show an excellent combination of surface properties, 
electronic conductivity and corrosion resistance. Therefore, it 
is well known, that the support material influences the particle 
size, morphology, particle distribution and stability [27, 28]. 

As it can be seen in equation 3-7, the EOR on Pd is a 
typical multistep and multiselective catalytic process with a 
complex network of steps. Pd catalysts can greatly influence 
its EOR performance due to various atomistic properties and 
adsorption behaviours of different Pd crystal facets [29]. The 
Pd (100) crystal structure is proved to be the best surface for 
ethanol dissociation with relatively low energy barriers [15, 
29]. The shape of the nanoparticles is another critical factor 
for the catalytic activity, because the shape is in correlation 
with the surface structure. Hao et al. [30] reported a higher 
activity of cubic Pd nanocrystals than for the spherical ones. 
This can be attributed to a higher concentration of the more 
active Pd (100) facets in the cubic nanoparticles. Another 
critical factor that effects the catalytic activity of the 
nanoparticles is the particle size. The reduction of the particle 
size results in a higher surface area and thus increases the 
quantity of available active atoms [31].  

Therefore, many research groups focused on the 
development of a suitable synthesis method of 
nanoelectrocatalysts [31, 32]. The chemical reduction 
method is a facile strategy for the synthesis of mono-, 
bimetallic or ternary catalysts. Various reducing agents like 
sodium borohydride hydrazine alcohols, citric acid and 
ascorbic acid have been used for the reduction of the metals 
[31]. 

In this study, a carbon supported ternary PdNiBi catalyst is 
synthesized by the modified instant method [13] and 
compared with a commercial Pd/C catalyst from fuel cell 
store. The prepared and commercial catalysts were ex-situ 
characterized by means of thin film rotating disk electrode 
technique using a standard three electrode set-up. Cyclic 
voltammetry (CV) and EOR measurements were recorded in 
N2 purged potassium hydroxide solution (1 M) and a mixture 
of potassium hydroxide and ethanol solution (1 M), 
respectively. The obtained data are utilised to determine the 
electrochemical active surface area (EASA), the EOR activity 
and the byproduct tolerance of the catalysts. 
Chronoamperometry was performed to examine the stability 
of the catalysts. 

 
Materials and Methods 

 
Materials. Carbon Black (XC72R, Carbot), Palladium (II) 

chloride (PdCl2, anhydrous, 59-60% Pd basis, Sigma 
Aldrich), Nickel (II) nitrate hexahydrate (Ni(NO3)2 ∙ 6 H2O, 99 
% trace metals basis, Sigma Aldrich), Bismuth (III) chloride 
(BiCl3, ≥ 98 % p.a., Sigma Aldrich), Sodium Hydroxide 
(NaOH, 98 % p.a., Baker), Sodium borohydride (NaBH4, ≥ 98 
% p.a., Sigma Aldrich), Ethanol (EtOH, 99.9 % p.a., Roth), 
Propanol-2 (Isopropanol, 99.9 % p.a., Roth), Potassium 
Hydroxide (KOH, 1.0 M Fixanal 1 L Ampoule, Sigma Aldrich), 
Hydrochloric acid (HCl, 37 % p.a., Roth), Nafion® Solution 
(5 wt% in H2O, Quintech), Alumina suspension (Al2O3, 
0.05 µm, MasterPrep Bühler).    

Pd-based Nanocatalyst Preparation using Modified 
Instant Method. The carbon supported PdNiBi catalyst was 
synthesized based on the modified instant method [33]. The 
catalyst was prepared using Vulcan XC72R as a carbon 
support with the following metal loading: 60 wt % carbon and 
40 wt% metal. First, an appropriate amount of Vulcan XC72R 
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was dispersed in 60 mL of ultrapure water. An ultrasonic 
probe (Hirscher, UP400s) was used for sonication at an 
amplitude of 40 % and a cycle of 1 (5 minutes, two times) 
under nitrogen atmosphere and ice cooling.  
Three metal precursor salt solutions are separately prepared 
by adding 10 mL ultrapure water to an appropriate amount of 
the PdCl2, Ni(NO3)2 ∙ 6 H2O and BiCl3 metal salts. In addition, 
1.5 mL of 1 M HCl were added to the Pd and Ni salt solutions 
for a better solubility. PdCl2 is insoluble in water and forms a 
square-planar, water soluble complex in the presence of HCl 
(equation 8) [33]. The solution process of PdCl2 is further 
accelerated by sonication (Bandelin Sonorex, Typ RK 31H) 
until complete dissolution.  
 
PdCl2 + 2HCl → H2[PdCl4]                                                  (8) 
 
A few drops of concentrated (37 wt.%) HCl were added to the 
BiCl3 precursor solution instead of 1 M HCl to dissolve the 
water insoluble bismuth oxychloride (BiOCl) [13]. 

Afterwards, the metal salt precursor solutions were added 
to the dispersion of Vulcan XC72R under constant sonication 
and nitrogen atmosphere in the ice bath. The pH of the 
mixture is adjusted to 10 by adding 1 M NaOH. The reduction 
process is carried out by adding NaBH4 (~5 eq., in 6 mL 
ultrapure water and 0.6 mL of 1 M NaOH) dropwise to the 
dispersion.  

The reaction mixture was stirred at 60 °C for 4 h, whereas 
nitrogen atmosphere was removed after 1 h. Finally, the 
catalyst dispersion was cooled to room temperature 
overnight. The precipitate was filtered instead of centrifuged 
and was extensively washed several times with ultrapure 
water. The resulting product was dried at 40 °C overnight and 
crushed with a mortar to gain a fine, black catalyst powder. 
Electrochemical Characterization. The synthesized 
PdNiBi/C and commercial Pd/C catalysts were ex situ 
characterized in half-cell experiments. The measurements 
are performed using a thin film rotating disk electrode (RDE) 
from PINE Research Instrumentation (AFE5T0GC) in a 
standard three electrode setup. The RDE, covered with the 
catalyst, was used as the working electrode, the counter 
electrode was a platinized titanium rod (Bank Elektronik – 
Intelligent controls GmbH) and a reversible hydrogen 
electrode (RHE; Hydroflex®, gaskatel) was utilized as 
reference electrode. A Reference 600TM 
Potentiostat/Galvanostat/ZRA and software from GAMRY 
Instruments was used for data analysis.  

The working electrode was prepared by applying the 
catalyst on a glassy carbon (GC) rotating disk electrode 
(Ø = 5 mm; 0.196 cm2) via a suspension. The catalyst 
powder was mixed with 2-propanol/ultrapure water (7:3) and 
a Nafion ionomer solution (binder) and was sonicated for 
20 minutes to form a homogenous suspension. The GC-RDE 
was cleaned and polished with an Al2O3 powder and rinsed 
with ultrapure water before each measurement. Two times 
5 µL of the suspension are pipetted on the GC-RDE to obtain 
a Pd-loading of 56 µg cm-2. The electrode was rotated at 
700 rpm for 1 h to form a dry, thin and uniform catalyst film. 

 For the determination of the EASA and the EOR activity 
(including byproduct tolerance), cyclic voltammetry and EOR  

 

measurements were recorded in nitrogen purged potassium 
hydroxide solution (1 M) and in a mixture of potassium 
hydroxide and ethanol solution (1 M KOH and 1 M EtOH) at 
30 °C with a scan rate of 10 mV s-1. Chronoamperometry 
(CA) was performed at 0.83 V at 30 °C for 3600 s to examine 
the stability of the catalysts. Three independent 
measurements with three cycles for CV and one sweep for 
CA of each catalyst were recorded and the last cycle with the 
best performance was used for comparison. The mean value 
and standard deviation was calculated from all cycles. 
The charge of the integrated reduction peak of PdO to Pd 
(QPd; located at 0.65 V - 0.9 V in Figure 4a) was used for the 
determination of the EASA according to equation 9.  
 
EASA = (QPd/Q*Pd) ∙ (1/cL) ∙ (1/AGC)                                     (9) 
 
For the calculations, the assumed value of the reduction 
charge of PdO to Pd (Q*Pd = 405 µC cm-2) [13, 34], the 
catalyst loading of Pd (cL) and the surface area of the 
electrode (AGC) are considered. 
 

Results 
 

The EOR performance of the Pd-based nanocatalysts was 
determined via electrochemical characterization (CV and 
CA). The results, presented in Figure 3-6, are discussed in 
this section and summarized in Table 1. In Figure 3, the CV 
of the PdNiBi/C catalyst recorded in de-aerated 1 M KOH at 
30°C in a potential range of 0.05 V – 1.5 V vs. RHE is shown. 
The characteristic reduction peak V at a potential of 
0.5 V – 0.8 V is linked to the reduction of Pd to PdO. Peak III 
and IV are attributed to the oxidation of Ni(OH)2 to NiOOH 
and to the reduction of NiOOH to Ni(OH)2 [35]. The oxidation 
peak II at approx. 0.9 V indicates the formation of Bi2O3 from 
Bi [25]. The associated reduction peak cannot be noticed due 
to the fact that it is overlapped by the large reduction peak of 
Pd to PdO. In the lower potential region (peak I), hydrogen 
ad/absorption is detected [13, 23, 36].  

 

 
Figure 3: CVs of carbon supported Pd-based nanocatalysts in de-aerated 
1.0 M KOH solution at 30 °C with a scan rate of 10 mV s–1 from 0.05 V to 
1.5 V vs RHE. 

 
 

aelectrochemical active surface area; bEonset, onset potential of the ethanol oxidation; cif and ib, peak current density of forward and backward scan; dif/ib, 
byproduct tolerance using peak current density of forward and backward scan; eQf/Qb, byproduct tolerance using the charge of the integrated peak current 
density area of forward and backward scan; firc, remaining current density after CA at 0.83 V for 3600 s. 

Catalyst 
EASAa 

(cm2 mg-1) 
Eonset

b  
(V) 

ifc  
(mA cm-2) 

ibc  
(mA cm-2) 

if/ibd Qf/Qb
e ircf 

(%) 

Pd/C 411 ± 21.0 0.255 ± 0.001 126 ± 6.36 150 ± 6.69 0.84 ± 0.07 2.01 ± 0.12 14.5 ± 1.72 

PdNiBi/C 636 ± 72.8 0.193 ± 0.008 138 ± 7.23 111 ± 18.3 1.27 ± 0.19 3.29 ± 0.61 27.0 ± 9.84 

Table 1: Electrochemical characterization results of the Pd-based nanocatalysts. 
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The CVs as well as the resulting EASAs of the ternary 
PdNiBi/C and commercial Pd/C catalyst recorded in 
de-aerated 1 M KOH at 30°C in a potential range of 
0.05 V – 1.2 V vs. RHE are shown in Figure 4. It can be 
noticed, that the characteristic peak in the negative scan for 
the reduction of Pd to PdO is much more distinct for the 
ternary PdNiBi//C catalyst. Therefore, the investigations show 
a higher EASA of the ternary PdNiBi/C catalyst 
(636 cm2 mg-1) compared to the commercial Pd/C catalyst 
(411 cm2 mg-1). Furthermore, the presence of Bi reduces the 
hydrogen ad/absorption on the Pd-based catalyst. This 
phenomenon can be explained by the strong interaction of Bi 
with Pd on the catalyst surface [37]. 

 

 
Figure 4: CVs of carbon supported Pd-based nanocatalysts in de-aerated
1.0 M KOH solution at 30 °C with a scan rate of 10 mV s–1 from 0.05 V
to 1.2 V (left) and the resulting EASAs (right). 

 
The performance of the Pd-based nanocatalysts for the 
alkaline EOR is evaluated by cyclic voltammetry in the 
presence of ethanol. The CVs and the resulting byproduct 
tolerances toward ethanol reaction intermediates are shown 
in Figure 5. The onset potential, that is determined at 
0.1 mA cm-2 and the maximum current density of the forward 
scan indicate the activity of the catalysts for the alkaline EOR. 
The ternary PdNiBi/C catalyst shows a lower onset potential 
(0.193 V) and a higher maximum current density for the 
forward scan (138 mA cm-2) compared to the commercial 
Pd/C catalyst (0.255 V, 126 mA cm-2). Furthermore, the 
maximum current density for the backward scan of the 
ternary PdNiBi/C (111 mA cm-2) is lower in comparison with 
the commercial Pd/C catalyst (150 mA cm-2). This indicates a 
better byproduct tolerance toward ethanol reaction 
intermediates of the ternary catalyst synthesized by the 
modified instant method. The calculated byproduct tolerance 
according to the maximum current densities results in 1.27 
for the ternary PdNiBi/C catalyst and in 0.84 for the 
commercial Pd/C catalyst. The byproduct tolerance 
determined using the charge of the integrated peak current 
density area of forward and backward scan leads to the same 
trend (PdNiBi/C: 3.29, Pd/C: 2.01). 
 

 
Figure 5: CVs of carbon supported Pd-based nanocatalysts in a mixture
of 1.0 M KOH and 1 M EtOH at 30 °C with a scan rate of 10 mV s–1 from
0.05 V to 1.2 V (left) and the resulting byproduct tolerances toward
ethanol reaction intermediates (right). 
 
The results of the CA measurements and the resulting 
remaining current densities, to determine the stability of the 
Pd-based nanocatalysts are shown in Figure 6. The 
remaining current density of the PdNiBi/C catalyst is 13 % 
higher compared to the commercial Pd/C catalyst. Moreover, 

the CA curve of the ternary catalyst indicates a steeper 
decrease at the beginning of the measurement and 
afterwards it is more or less stable, whereas the current 
density of commercial catalyst constantly decreases. 
 

 
Figure 6: CA measurements for stability determination of the Pd-based
nanocatalysts in a mixture of 1.0 M KOH and 1 M EtOH at 30°C at an
applied potential of 0.83 V for 3600 s (left) and the resulting remaining
current densities (right). 

 
Conclusion 

 
In this work, a ternary PdNiBi/C catalyst was synthesized via 
the modified instant method. A different purification method 
(filtering instead of centrifugation) was applied to investigate 
the influence on the performance for the alkaline EOR. With 
the CV measurements in a potential range of 0.05 V – 1.5 V, 
all characteristic reduction and oxidation peaks for Pd, Ni, 
and Bi as well as for the hydrogen ad/absorption were 
observed. The results of the electrochemical characterization 
were compared with a commercial Pd/C catalyst. It was found 
out that the synthesized PdNiBi/C (636 cm2 mg-1) catalyst 
presents a higher EASA than the commercial one 
(411 cm2 mg-1) and that the presence of Bi reduces the 
hydrogen ad/absorption on the Pd-based catalyst. 
Furthermore, the onset potential of the ternary catalyst 
(0.193 V, 138 mA cm-2) is lower and the maximum current 
density of the forward scan is higher compared to the 
commercial catalyst (0.255 V, 126 mA cm-2). A better 
byproduct tolerance toward ethanol reaction intermediates of 
the PdNiBi/C catalyst was examined. The stability tests result 
in a steeper current density decrease of the commercial 
catalyst compared to the ternary catalyst and the remaining 
current density is 13 % lower. 
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