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Abstract 

This paper describes the synthesis of Pd0.70-Nix-By nanoparticles (x:y = 0.30:0, 0:0.30, 0.25:0.05, 

0.20:0.10, 0.15:0.15, and 0.10:0.20) supported on carbon Vulcan XC-72 R by the chemical 

reduction method using ethylene glycol as a reducing agent for the study of the 

electrochemical oxidation of ethanol in alkaline media. Neither surfactants nor templates 

were used during the syntheses. The catalysts were physically characterized by transmission 

electron microscopy that showed the formation of nanoparticles with diameters of 

approximately 3 nm. Analyses of X-ray dispersive energy spectroscopy coupled with scanning 

electron microscopy identified the presence of the synthesized metals in concentrations close 
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to the nominal ones. The electrochemical study was performed by CO-stripping, cyclic 

voltammetry, chronoamperometry, and steady-state polarization curves. The catalytic 

efficiency was also evaluated against the oxidation of CO, which is the principal intermediate 

adsorbed on the surface of catalysts during ethanol oxidation. The Pd0.70Ni0.15B0.15/C catalyst 

showed the lowest oxidation onset potentials for both CO (0.37 V) and ethanol oxidation (0.51 

V) compared with the Pd/C catalyst (0.63 V and 0.64 V). Chronoamperometric tests also 

revealed that the Pd0.70Ni0.15B0.15/C catalyst displayed current densities four times higher than 

those of the Pd/C catalyst, probably because of the electronic and geometric effect that favors 

the removal of intermediate species from the catalyst surface. The synthesized ternary 

catalysts were more efficient toward the electrochemical oxidation of ethanol in alkaline 

media than Pd0.7Ni0.3/C and Pd/C catalysts. Thus, the synergistic effect of boron on the 

structure of binary nanoparticle catalysts supported on carbon for use in direct alcohol fuel 

cells was demonstrated for the first time.  

Keywords  

Ternary catalysts; ethanol electrochemical oxidation; alkaline media; direct ethanol fuel cell; 

chemical reduction method 

 

1. Introduction 

Energy sources are essential in the modern world for the development of society and its main 

activities [1]. In this context, alternative energy sources are required to meet energy demands and 

ensure global sustainability [2]. Direct ethanol fuel cells (DEFCs) appear as an alternative source of 

energy since ethanol offers the following advantages: It can be obtained from biological processes, 

such as the fermentation of some bacteria, making the price of ethanol more viable than gasoline; 

its complete oxidation to CO2 releases 12 e- per each oxidized molecule, presenting a high energy 

density (8.01 kWh kg-1), comparable to gasoline (12,7 kWh kg-1); in addition, it is a non-toxic liquid, 

has easy logistics for transport, storage and assembly in a short time [3, 4]. 

However, in the complete oxidation of ethanol to CO2, aldehydes are formed before the C–C 

bond cleavage. If the cleavage does not occur, acetic acid may be formed in excess, decreasing the 

system's efficiency by adsorption onto the electrode surface. Then, the ethanol oxidation reaction 

(EOR) occurs by a mechanism releasing 4 electrons (e-) per molecule of ethanol oxidized, reducing 

the kinetics of the EOR. This inability to break the C–C bond is related to using anodic catalysts with 

low activation energies [5]. 

Therefore, it is essential to develop strategies that can increase the efficiency of oxidation rates 

and the durability of the electrocatalysts. Studies have focused on Pd-based electrocatalysts to 

guarantee improved catalytic activities. Pd-based catalysts exhibit a higher power density in an 

alkaline medium than Pt-based catalysts. They are a promising option for Pt replacement due to 

their high electrochemical stability and relatively larger reserves [6-8]. 

Several authors have indicated that the addition of a cocatalyst to Pd in an alloy improves stability 

and tolerance to poisoning and can also modify the electronic and crystalline structure of these 

metals, which favors easier C–C cleavage and increases the catalytic activity towards the EOR [6, 9, 
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10]. The formation of Pd alloys with Pt, Ni, Ag, Au, Cu, Zn, Co, and others, forming binary or ternary 

electrocatalysts, enhances the catalytic activities of Pd. This enhancement is due to changes in the 

d band center caused by the electronic effect, which modifies the electronic properties of Pd, 

weakening the CO adsorption on the metal surface and easing its oxidation. The electronic effect 

occurs through the transfer of electrons from the atoms of the added metal to neighboring Pd atoms 

[10, 11]. Furthermore, these metals can favor the adsorption of oxygen species and the adsorption 

and desorption of COads on the metal, promoting the better oxidation of alcohol on the surface of 

the catalysts [12].  

The combination of Pd with Ni showed promise for EOR [9, 10, 13, 14]. The improvement in the 

catalytic activity of this material was attributed to the strong electronic synergistic effects, which 

can facilitate the oxidation of adsorbed CO to CO2 at lower potentials than pure Pd, increasing the 

oxidation kinetics and reducing poisoning rates. The formation of alloys with two or more metals 

alters the adsorption energy of the adsorbates on the surface of the primary metal in the alloy. This 

shift change favors greater feasibility and flexibility in improving the electronic and geometric 

properties of the Pd surface, thus protecting the catalyst from CO poisoning [15].  

The addition of B into the Pd-Ni binary alloy favors the catalytic performance and stabilizes the 

structure of the nanoparticles. It is due to the electronic effect related to the change in the energy 

shift of the 5d band of Pd, which can weaken the CO adsorption on the surface and increase the 

tolerance toward CO in Pd, significantly affecting the catalytic properties. Furthermore, introducing 

B and Ni can reduce the catalyst costs implemented at the anode in fuel cells [16]. Wang et al. [17] 

prepared Pd+B alloy nanowires (NWs) for ethanol oxidation in an alkaline medium. In the cyclic 

ethanol oxidation voltammograms, the NWs of the binary PdB alloy showed a higher 

electrocatalytically active surface area (ECSA) of 41.1 m2 gPd
-1 compared with Pd NWs, PdB 

nanoparticles (NPs), and Pd/C 27, 6, 34.4 and 24.1 m2 gPd
-1, respectively. In addition, the PdB NWs 

exhibited more negative peak potentials and larger peak surface areas than the other catalysts, 

indicating greater ease of removal of CO-related poisons. For comparison, the authors also 

evaluated the behavior of PdB NWs for methanol and glycerol oxidation and showed a ~3.0-fold 

increase in bulk activities compared with commercial Pd/C. In addition, PdB NWs indicated a 2.63-

fold increase in activity for electrochemical glucose detection than commercial Pd/C. This increased 

activity occurs because B promotes a change in the electronic structure of the Pd surface, 

contributing to the removal of intermediates during EOR. 

To our knowledge, no studies have been performed on synthesizing and analyzing trimetallic 

catalysts using boron as a cocatalyst for ethanol oxidation. The atomic lattice of B is smaller than 

that of Ni and Pd. Therefore, the reduction in the distance between Ni and Pd through adding B 

becomes interesting, bringing the active sites closer to the metals [7, 9, 16, 17]. This combination of 

elements has yet to be explored. Therefore, we developed ternary carbon-supported Pd-Ni-B alloys 

for EOR in alkaline media as an alternative anode catalyst for DEFCs. We used a chemical reduction 

method using ethylene glycol as the reducing agent and NaOH as the reducing accelerator. This 

methodology uses the synthesis procedure without the complication of ligands (covering agents or 

surfactants). According to the literature [18-20], using the ligand renders incomplete exposure of 

catalytically active sites. It inhibits efficient contact between nanoparticles and support and 

influences the catalytic reactions, impairing their catalytic activity. Hence, the catalytic behavior and 

the effect of the catalyst’s composition of the synthesized alloys (Pd0.7Ni0.3/C, Pd0.7Ni0.25B0.05/C, 

Pd0.7Ni0.2B0.1/C, and Pd0.7Ni0.15B0.15/C) on the EOR activity in alkaline media were studied. Physical 
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characterizations were conducted to identify nanoparticles' formation and determine the particles' 

average size. The electrochemical activity of the catalysts developed toward the EOR was studied 

using cyclic voltammetry, polarization curves, and chronoamperometry. The evaluation of catalytic 

efficiency was also carried out toward the oxidation of CO. 

2. Materials and Methods 

2.1 Materials 

All chemicals were analytical-grade reagents. Palladium chloride (PdCl2 – Sigma-Aldrich, 99%), 

nickel chloride hexahydrate (NiCl2 6H2O – Sigma-Aldrich, 99%), sodium borohydride (NaBH4 – Sigma-

Aldrich, 98%), ethylene glycol (C2H6O2 – Sigma-Aldrich, 99,8%), ethanol (CH3CH2OH – Sigma-Aldrich, 

99,8%), 2-Propanol ((CH3)2CHOH – Sigma-Aldrich, 99,5%), sodium hydroxide (NaOH – Sigma-Aldrich, 

98%), potassium hydroxide (KOH – Sigma-Aldrich, 99%), Nafion® solution (Sigma-Aldrich, 5% 

aliphatic alcohols and water) were used without any pretreatment. Carbon Vulcan XC-72R was 

purchased from Cabot. All solutions were prepared with ultrapure water (18.2 MΩ cm at room 

temperature). 

2.2 Synthesis of Catalysts 

Pd-Ni nanoparticles were synthesized by chemical reduction using ethylene glycol as a reductant 

agent with a theoretical value of 10% by weight of metals concerning carbon support [21]. Briefly, 

the Pd0.7Ni0.3/C catalyst was synthesized using 70% Pd and 30% Ni, with carbon powder as support 

(Vulcan XC-72R, Carbon Black, 240 m2 g-1). The synthesis was initially carried out with the addition 

of 70 ml of ethylene glycol and 25 ml of 0.10 mol L-1 sodium hydroxide solution, then 0.08 g of 

carbon powder was incorporated into the solution, and the suspension was heated to 110°C on a 

hot plate, for the activation of ethylene glycol [21]. Subsequently, the appropriate amounts of PdCl2 

and NiCl2 6.H2O were added. This set was stirred for 3 h to complete the reduction of metal ions at 

a temperature of around 110°C. Finally, the suspension was vacuum filtered with ultrapure water 

and dried in an oven for approximately 12 h at 70°C for further physical and electrochemical 

characterization. 

Pd-Ni-B nanoparticles with a fixed Pd proportion (70%) variating the Ni: B ratio (Ni: B mass ratio 

of 25:5, 20:10, and 15:15), resulting in the following catalysts: Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, and 

Pd0.7Ni0.15B0.15/C, respectively, were synthesized by chemical reduction with ethylene glycol [21]. All 

experiments were carried out in aqueous solutions at room temperature, following the same 

procedure described above, but with NaBH4 (precursor of B ions), which was added together with 

PdCl2 and NiCl2. 6.H2O in the solution containing ethylene glycol and NaOH. In addition, the Pd/C 

catalyst (10wt.% pf Pd) was prepared similarly to the synthesis procedure described above for 

synthesizing Pd-Ni nanoparticles, but using only PdCl2. 

2.3 Physical Characterization 

The crystalline structure of the catalysts was determined by X-ray diffraction (XRD) analyses 

performed using a BRUKER diffractometer model D8 ADVANCE, operating with Cu Kα radiation (λ = 

0.15406 nm). The diffraction patterns were registered with 2θ ranging from 20° to 80°, with a scan 

rate of 2° min-1. The crystalline phases were indexed according to reference standards from the Joint 



Catalysis Research 2023; 3(1), doi:10.21926/cr.2301005 
 

Page 5/22 

Committee of Powder Diffraction Data Standards (JCPDS) database using X’Pert HighScore Plus 

software. In duplicate, the elemental compositions of the samples were determined by Inductively 

Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) using a Spectro spectrometer model 

Arcos. The detection limit (LD: 0.01 mg·L-1), and quantification limit (LQ: 0.10 mg·L-1). 

Transmission electron microscopy (TEM) images were obtained using a JEM-1400 electron 

microscope operated at 120 kV to provide information on morphology, average diameter, and 

particle size distribution. For TEM measurements, the catalytic powders were dispersed in H2O and 

C2H5OH under ultrasound for 2 min. The suspension was then placed in a 3 mm carbon-coated grid, 

and the sample was dried under vacuum at room temperature. The average particle size and size 

distribution were determined from the TEM micrograph, considering at least 50 particles, and using 

the FIJI (ImageJ)-free software [22, 23]. 

Scanning electron microscopy (SEM) analyses were performed using a JEOL JSM-IT 200 

microscope operated at 20 kV and equipped with an X-ray energy dispersive system (EDX). These 

techniques were used to estimate the chemical compositions of the catalysts. The Co standard was 

used for calibration, and a 20 kV electron beam of 25-mm focal length was applied. The sample area 

analyzed was 320 × 320 µm. 

The mass of the Pd/C, Pd0.7B0.3/C, and Pd0.7Ni0.15B0.15/C catalysts was determined by 

thermogravimetric analysis (TGA) performed using a thermal analysis system (STA7200RV, Hitachi). 

All experiments were carried out in synthetic air (75% N2 and 25% O2) from 25 to 900°C using a 

heating rate of 10°C/min with 50 mL·min-1 flow. 

2.4 Electrochemical Characterization 

A conventional three-electrode glass cell (Pyrex® glass) was used for all electrochemical 

experiments. A glassy carbon (GC) disk with a geometric area of 0.071 cm2 (3 mm in diameter) was 

used as a support to fix the nanoparticles. Before each measurement, the GC electrode was polished 

with alumina (Al2O3 – 1 μm) to clean and renew the electrode surface and then washed with 

ultrapure water. Subsequently, this electrode was covered with a thin layer composed of the 

synthesized suspended supported nanoparticles. The counter electrode was a platinum sheet (1 

cm2), and the reference system used was a hydrogen electrode prepared in the same solution 

immersed in a Luggin capillary. All potential data in this study are expressed on the scale of the 

reversible hydrogen electrode (RHE).  

Electrochemical measurements were performed at room temperature using an Autolab Model 

PGSTAT 302N potentiostat/galvanostat (Metrohm, Brazil). A 1.0 mol L-1 aqueous KOH solution was 

used to produce hydrogen (H2) at the reference electrode, applying a constant negative potential 

of approximately –6.0 V. This solution was also the alkaline concentration used as the electrolyte in 

all electrochemical experiments. 

A 3-mg catalyst suspension was mixed with 30 μL of Nafion® and 1000 μL of 2-propanol to 

prepare the catalytic layer. The mixture was sonicated for 20 min until a homogeneous black ink 

was formed. Then a 5 μL aliquot of this suspension was deposited on the surface of the GC electrode. 

The electrode was dried at room temperature. The solution was deaerated with nitrogen flow (N2) 

for 15 min prior to the electrochemical test to eliminate all dissolved O2. The electrodes were first 

subjected to 500 scanning cycles at 500 mV s-1 between 0.05 and 1.2 V to obtain stationary 

responses and activate the catalytic sites of the electrocatalysts. Subsequently, cyclic voltammetry 
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(CV) experiments were performed at a scan rate of 20 mV s-1 in a potential window between 0.05 

and 1.2 V. The second cycle was used to study the reactions occurring on the catalyst's surface. 

Furthermore, 1.0 mol L-1 of ethanol was added to the solution to analyze the EOR, and 

measurements were made under the same conditions described above. Further, all measurements 

were made in triplicate to verify reproducibility. 

Chronoamperometric (CA) tests were performed at 0.50 V for 30 min. The catalytic activity of 

these materials toward the EOR was also tested using quasi-steady-state anode polarization curves 

obtained from the potentiostatic current values measured after 200-s polarization every 20 mV 

between 0.05 and 0.80 V in an aqueous solution containing KOH + CH3CH2OH. The stability study of 

the synthesized catalysts was carried out in 1.0 mol L-1 CH3CH2OH and 1.0 mol L-1 KOH solution. 

Stability was determined by comparing the voltammetric response of the second cycle with the 

500th cycle, obtained at a scan rate of 50 mV s-1 in a potential range between 0.05 and 1.2 V. These 

tests had an approximate duration of 7 h.  

The electrodes were subjected to only 30 scanning activation cycles for the CO Stripping tests. 

CO stripping experiments were carried out in a 1.0 mol L-1 KOH solution after bubbling CO gas in the 

electrochemical cell for 15 min, maintaining the potential at 0.05 V versus RHE. The electrolyte was 

then purged with high-purity N2 for 45 min to remove residual CO in the solution. The CO-stripping 

CV test (2 cycles) was performed in the potential region between 0.05 and 1.20 V at 20 mV s-1. This 

analysis was performed to calculate the active electrochemical area (ECA) and study the tolerance 

to CO poisoning [24] in all catalysts. The area below the peak of CO oxidation was used to calculate 

the ECA since the oxidation of a monolayer of CO adsorbed linearly on Pd involves a charge of 420 

μC cm-2 [25].  

3. Results and Discussion 

3.1 Physical Characterization 

Figure 1 shows the XRD patterns of the prepared catalysts. At approximately 25°, a characteristic 

broad diffraction peak of carbon black is identified, the other peaks located at about 2θ = 40.63°, 

47.19°, and 68.60° corresponding, respectively, to the reflection planes (111), (200), (220) of the 

face-centered cubic structure of Pd (JCPDS: 00-005-0681). All catalysts exhibited a typical XRD 

pattern of Pd with no other peaks, indicating that the introduction of B did not affect their crystal 

structure. The crystallite size (t) was calculated using Scherrer’s equation (Equation 1), where ʎ is 

the wavelength of the X-ray, β is the full width at half maximum (FWHM) of the respective peaks, 

and θ is the peak position. The (111) diffraction is a single peak and had the maximum intensity for 

all catalysts and therefore was selected for the crystallite size evaluation [26].  

𝑡 =
0.90ʎ

𝛽 cos 𝜃
(1) 

Crystallite sizes ranged from 2.2 nm to 3.6 nm in the synthesized catalysts (Table S1). This 

increase is related to the isotropic expansion of the Pd crystal lattice for this catalyst through the 

incorporation of Ni atoms into the interstice of Pd-Pd lattice spaces, which has already been 

demonstrated in other studies [24]. Even in the sample with a 30% B content, the B peaks were 

undetected; this may be related to amorphous B deposition [27]. Thus, XRD data suggest the 
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formation of the Pd alloys and that the interaction between Pd, Ni, and B affects the Pd lattice 

parameter.  

 

Figure 1 XRD patterns obtained from the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, Pd0.7Ni0.2B0.1/C, 

Pd0.7Ni0.15B0.15/C, and Pd0.7Ni0.1B0.2/C catalysts. 

For synthesized catalysts, the elemental composition can vary greatly, which can tremendously 

impact catalytic performance. Therefore, to evaluate the catalytic activity of the catalysts, the 

elemental compositions were analyzed by ICP-AES, which is a suitable method for quantitatively 

determining elemental concentrations of Pd-supported carbon [28]. Thus, Table 1 shows the ICP-

AES data taken for the Pd0.7Ni0.3/C and PdxNiyBz/C catalysts.  

Table 1 Elemental composition of the synthesized catalysts determined by ICP-AES. 

Catalysts 
The atomic ratio of elements (at.%) 

Pd Ni B 

Pd0.7Ni0.3/C 75.5 24.5 --- 

Pd0.7Ni0.25B0.05/C 74.7 24.9 0.4 

Pd0.7Ni0.15B0.15/C 79.0 20.0 1.0 

Pd0.7Ni0.10B0.20/C 84.5 14.3 1.2 

The ICP-AES analysis detected the presence of all components of the synthesized catalysts. 

However, the amount of boron in the catalysts is lower than the nominal expected composition. 

This fact indicates the difficulty of introducing boron atoms in the structure of the catalysts. Notably, 

the higher the B content, the lower the Ni content in the catalysts. Hence, the boron atoms have 

entered into the structure of the catalysts substituting Ni, and their presence seems to hinder the 

inclusion of Ni into the Pd structure. It has been shown in the literature [29-31] that added B can 



Catalysis Research 2023; 3(1), doi:10.21926/cr.2301005 
 

Page 8/22 

react not only with carbon material but also with the active metal, thus affecting the activity and 

stability properties of the catalysts. As discussed hereafter, the changes in the composition of the 

catalysts result in the different catalytic activity of the catalysts. Moreover, the reduced amounts of 

boron in the catalysts are still responsible for the changes in the catalytic performance of the 

catalysts. 

For example, Xu et al. [31] reported that adding B to metallic surfaces helps to increase the 

catalytic activity and promotes low catalyst deactivation during the reaction, as boron B exhibits 

similar chemisorption on the surface of Ni. This behavior is related to the chemisorption of B in Ni 

catalysts, which increases the stability of Ni catalysts. 

Figure 2 illustrates the EDX spectra of the synthesized samples. Elementary mapping images 

obtained from SEM-EDX were taken to identify and observe the distribution of the elements in the 

synthesized catalysts. The EDX spectra in Figure S1 show the elements C, O, Ni, and Pd in the samples. 

The presence of oxygen can be explained by its bond with carbon, the formation of surface oxides, 

or the synthesis in a non-inert atmosphere, which makes the presence of oxygen sensitive. The SEM-

EDX data confirm the presence of the metals Pd and Ni in the synthesized catalysts and the carbon 

substrate present in the catalysts, confirming the deposition of the metals in the support. Note that 

Ni and Pd elements are well dispersed on the carbon substrate for all catalysts (Figure 2). In addition 

to qualitative confirmation of the depositions of metals, the analysis allowed us to estimate the 

atomic proportion values in the chemical composition of the catalysts, making it possible to 

compare them with the nominal proportion of the synthesized catalysts (Table 2). However, it is 

unlikely to determine the presence of B, as it has an EDX energy similar to that of carbon [32, 33]. 
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Figure 2 MEV-EDX patterns obtained from the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, 

Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C, and Pd0.7Ni0.1B0.2/C catalysts. 
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Table 2 Chemical composition data obtained by SEM-EDX and average particle size and 

diameter, and standard deviation obtained from the histogram of TEM images for all 

synthesized catalysts supported on carbon. 

Catalysts 

Nominal 

(%) 

Pd:Ni:B 

Atomic proportion identified 

by MEV-EDX 

Carbon to 

metallic loading 

ratio (%) 

Average 

particle size 

(nm) Pd Ni B 

Pd0.7Ni0.3/C 70:30:0 73 ± 1: 26.9 ± 0.4 --- 88.5:11.5 3.4 ± 1.1 

Pd0.7Ni0.25B0.05/C 70:25:5 77.4 ± 0.1 17.6 ± 0.5 --- 92.3:7.7 3.6 ± 1.0 

Pd0.7Ni0.2B0.1/C 70:20:10 72.0 ± 0.3 18 ± 1 --- 91.9:8.1 3.3 ± 0.9 

Pd0.7Ni0.15B0.15/C 70:15:15 69.2 ± 0.7 15.8 ± 0.4 --- 91.3:8.7 3.4 ± 0.5 

Table 2 shows the elemental ratios and the metallic loading to carbon ratio, all taken from SEM-

EDX measurements for the Pd0.7Ni0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, and Pd0.7Ni0.15B0.15/C 

catalysts. Notably, the metallic loading identified by EDX agreed with the nominal values (90% of 

carbon and 10% of metals). Moreover, the ratio between Pd and Ni in the samples is close to the 

nominal compositions for each catalyst. 

Figure 3 shows the thermogravimetric curves for Pd/C, Pd0.7B0.3/C, and Pd0.7Ni0.15B0.15/C. Initially, 

the first mass loss is observed in the range from 30 to 100°C, which is related to the evaporation of 

water adsorbed on the catalysts [34], showing a more significant loss for the Pd/C catalyst. 

Furthermore, the Pd/C catalyst showed different curve trends with mass loss at about 350°C (~60% 

by weight), which could be due to the synthesis shift [35], due to not adding the NaBH4 precursor, 

which can also be influenced as a reducing agent in binary and ternary catalysts [36]. Between 500°C 

and 630°C, an intense mass loss is attributed to the complete oxidation of the carbon support, 

leaving only metals in the sample [37]. At 900°C, the remaining mass corresponds to the catalyst 

present on the carbon support, which was 12.2%, 10.6%, and 9.3% for Pd/C, Pd0.7B0.3/C, and 

Pd0.7Ni0.15B0.15/C catalysts, respectively. These values are close to the calculated weight of the 

catalysts (10% by weight). 
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Figure 3 Thermogravimetric measurements for (a) Pd/C, (b) Pd0.7B0.3/C, and (c) 

Pd0.7Ni0.15B0.15/C catalysts supported on carbon. The analysis was performed at 10°C 

min-1 from 25 to 900°C under synthetic air flow.  

The morphology of the Pd0.7Ni0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, and Pd0.7Ni0.15B0.15/C 

catalysts was investigated by TEM images (Figure 4). Nanoparticles of spherical shape and highly 

distributed on the carbon support are observed in the micrographs, thus demonstrating the 

feasibility of the adopted synthesis method. The average particle size and particle size distribution 

are shown in Table 1. These values were determined from the Gaussian fit and the full-width at half 

maximum (FWHM) and are shown in Figure 4. All catalysts have an average particle size of around 

3.5 nm and narrow size distribution.  
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Figure 4 TEM images of the synthesized catalysts supported on carbon (a) Pd0.7Ni0.3/C, 

(b) Pd0.7Ni0.25B0.05/C, (c) Pd0.7Ni0.2B0.1/C, and (d) Pd0.7Ni0.15B0.15/C and histograms of the 

particle size with Gaussian fit. (e) Pd0.7Ni0.3/C, (f) Pd0.7Ni0.25B0.05/C, (g) Pd0.7Ni0.2B0.1/C, 

and (h) Pd0.7Ni0.15B0.15/C. Fifty nanoparticles were counted for each catalyst. 
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3.2 Electrochemical Measurements  

Figure 5 (a) shows cyclic voltammograms of the oxidative desorption of CO for the developed 

catalysts obtained in 1.0 mol L-1 KOH aqueous solutions. The voltammetry of the oxidative 

desorption of a CO monolayer is essential to get information on the tolerance of catalysts to CO 

poisoning. CO is an intermediate produced during EOR and is responsible for electrode surface 

poisoning [32]. 

 

Figure 5 Cyclic voltammograms obtained for the oxidative desorption of CO in a 1.0 mol 

L-1 KOH solution (a). Cyclic voltammograms (second cycle) for the electrochemical 

oxidation of 1.0 mol L-1 ethanol dissolved in a 1.0 mol L-1 KOH solution (b) Experiments 

performed for the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, 

Pd0.7Ni0.15B0.15/C, and Pd0.7Ni0.1B0.2/C catalysts. ʋ = 20 mV s-1 and T = 25°C.  

Furthermore, Watanabe et al. [22] proved that the oxidative desorption of CO is an efficient 

technique for estimating the ECA of catalysts. The ECA is obtained from the voltammetric charge 

surrounding the region in which the oxidation of the adsorbed CO monolayer occurs over the 

palladium atoms of the catalysts. This region is identified from the intersection between the first 

cycle, related to CO oxidation, and the second cycle (or background), in which the complete removal 

of CO from the surface and the electrolytic medium occurred [22]. CO oxidation curves are shown 

in Figure 5 (a). 

The three peaks in Figure 5 (a) strongly depend on the surface composition of the catalyst. The 

first peak (I) that occurs for all synthesized binary and ternary catalysts, between 0.30 and 0.50 V, 

refers to the oxidation of CO at Pd sites containing Ni and B species that can promote the 

bifunctional effect. Since the synthesized catalyst Pd/C is located at 0.68 V, it can be attributed to 

the strong adsorption of hydrogen on the surface of Pd, inhibiting CO adsorption [14]. The shift of 

the peak (I) to more negative potentials indicates that the catalysts Pd0.7B0.3/C, Pd0.7Ni0.25B0.05/C, and 

Pd0.7Ni0.1B0.2/C start before the oxidation reaction and have greater tolerance to CO. The second 

peak (II), which occurs at approximately 0.75 V for the binary and ternary catalysts with current 

values higher than the other peaks, is related to the oxidative removal of CO in places of low 

coordination in the crystallographic plane of the Pd surface. Notably, the higher the B content, the 

greater the peak II. For Pd/C, this peak is located around 0.78 V. The peak (III) appears for the 

catalysts Pd0.7Ni0.3/C and Pd0.7Ni0.25B0.05/C. This peak may be related to the agglomeration of the 
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nanoparticles (Figure 4) and the presence of different crystalline facets on the catalyst surface [38-

40]. 

The values of the CO oxidation onset potentials and ECA for all catalysts are shown in Table 3. 

The incorporation of B yielded a high electroactive area compared to that of the binary catalyst. The 

lowest onset potential for CO oxidation on binary and ternary catalysts may be related to the 

decrease in the adsorption force between Pd and CO, leading to faster oxidation of the CO 

monolayer, which improves oxidation through a bifunctional mechanism and the electronic effect 

that occurs with the addition of B [41] and Ni [14]. The ECA values for bimetallic and trimetallic 

catalysts are higher than those for Pd/C, revealing a greater use of Pd active sites. 

Table 3 CO and ethanol oxidation onset potentials, peak current densities, Tafel slopes, 

and electrochemical surface area (obtained by CO-stripping) for all catalysts synthesized 

in this study. 

Catalyst 

CO oxidation 

onset 

potential (V) 

Ethanol 

oxidation onset 

potential (V)a 

Peak current 

density (mA 

cm-2) 

ECA 

(cm²) 

Oxidation onset 

potential (V vs. 

RHE)b 

Pd/C 0.63 0.64 1.17 0.56 0.51 

Pd0.7Ni0.3/C 0.39 0.59 0.45 0.84 0.42 

Pd0.7B0.3/C 0.35 0.60 1.81 0.78 0.53 

Pd0.7Ni0.25B0.05/C 0.34 0.61 0.99 0.71 0.49 

Pd0.7Ni0.2B0.1/C 0.40 0.63 0.65 0.82 0.48 

Pd0.7Ni0.15B0.15/C 0.37 0.51 1.99 0.70 0.44 

Pd0.7Ni0.1B0.2/C 0.35 0.60 1.22 0.80 0.46 
a Values obtained via ethanol oxidation in Figure 5 (b) 
b Values obtained from the Tafel plot in Figure 7 (b) 

In order to evaluate the electrochemical activities of the catalysts, an attempt was made to 

compare them with other binary and ternary Pd-based catalysts reported in the literature. However, 

the direct comparison of the results is inaccurate because there are differences in the experimental 

conditions. As shown in Table 4, the Pd0.7Ni0.15B0.15/C catalyst showed high catalytic activity for 

ethanol oxidation, with the lowest onset potential. Moreover, our catalyst displays the second-

highest specific activity, which is only lower than the Pd1Ni1/C catalyst that is composed of 

nanoparticles with a small average diameter (2.4e3.2 nm), narrow size distribution (1-6 nm), and 

large electrochemical surface areas (i.e., 67.3 m2/g). 

Table 4 Comparative data of studies with some Pd-based binary catalysts for ethanol 

oxidation. 

Catalyst 
Supporting 

electrolyte 

Concentration of 

ethanol (mol L-1 ) 

Ethanol oxidation 

onset potential (V)a 

Specific activity 

(mA cm-2) 
Ref 

Pd0.7Ni0.15B0.15/C KOH 1.0 M 1.0 0.51 1.99 This work 

Pd50Ni50/C KOH 1.0 M 1.0 0.52 1.09 [14] 

Pd1Ni1/C NaOH 1.0 M 1.0 0.85 3.52 [42] 

Pd70Ni15Fe15/C KOH 1.0 M 1.0 - 0.93 [43] 
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Pd3Ni1/C NaOH 0.1 M 0.5 0.83 1.50 [44] 

PdNi/C NaOH 0.1 M 1.0 0.70 - [45] 

Figure S2 shows the cyclic voltammograms of the developed catalysts taken in the supporting 

electrolyte at 20 mV s-1. The potential window was chosen in the potential range from 0.05 to 1.20 

V to characterize the electrode surface throughout the region of interest.  

The first anodic peak (I) that occurs from 0.1 to 0.15 V is related to hydrogen desorption on the 

surface of the catalysts [40]. The second peak (II) occurs between 0.38, 0.41, 0.45, 0.40, 0.42, and 

0.43 V for the Pd/C, Pd0.7Ni0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C, and 

Pd0.7Ni0.1B0.2/C, respectively. This peak comes from the adsorption process of OH- ions on Pd, which 

partially overlaps the hydrogen desorption peak [41]. The Pd0.7Ni0.25B0.05/C catalyst presented the 

highest peak current (peak II) among the other ternary catalysts. This behavior is due to the lower 

amount of B in this composition. This peak is the smallest for the Pd0.7B0.3/C catalyst, which could 

be due to the overlapping of the Pd–H signal with the B–H signal [46]. 

The third region (III), at approximately 0.65 and 0.85 V for binary and ternary catalysts, can be 

attributed to the reduction of Pd(II) oxide during cathodic scanning [47]. The fourth peak (IV) that 

appears at approximately 0.2 V for all catalysts results in hydrogen absorption in the Pd crystal 

lattice [37, 47]. The cathodic sweep's fifth peak (V) comes from the hydrogen evolution reaction. As 

the proportion of palladium is fixed, the peak potential value remains practically the same; however, 

the catalyst Pd0.7Ni0.25B0.05/C showed higher peak current values than other catalysts containing B. 

Figure 5 (b) shows cyclic voltammograms (second cycle) for the electrochemical oxidation of 1.0 

mol L-1 ethanol dissolved in 1.0 mol L-1 KOH solution for the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, 

Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C, and Pd0.7Ni0.1B0.2/C catalysts. In all of the 

catalysts, two oxidation peaks are observed. The anodic oxidation peak in the forward scan is 

attributed to the oxidation of chemically adsorbed species by ethanol adsorption. The oxidation 

peak in the backward scan is related to the oxidation of carbonaceous species, such as CO and 

CH3COads, partially oxidized in the forward (anodic) scan [47]. These species can accumulate on the 

surface of catalysts and affect the catalytic efficiency [40, 47]. Note that the hydrogen 

desorption/adsorption region (0.10−0.20 V) is suppressed in the presence of ethanol in the solution. 

The anodic peak in the forward scan occurs between 0.78 and 0.81, while the reverse peak occurs 

between 0.63 and 0.70 for all catalysts. 

The current density value was set at 0.20 mA cm-2 to establish the onset potentials for ethanol 

oxidation at all catalysts. The values of the onset oxidation potential and maximum-specific activity 

in the forward scan for the catalysts are shown in Table 3. The catalyst Pd0.7Ni0.15B0.15/C started 

ethanol oxidation at lower potentials (0.51 V), demonstrating a high catalytic activity and a higher 

peak current density than the other catalysts. This proportion's synergy between Pd, Ni, and B 

species is significant. Furthermore, according to the ICP results (Table 2), adding B decreased the 

elemental composition of Ni in the catalyst, which changed the catalytic activity of the catalysts. It 

seems that the boron atoms have entered into the structure of the catalysts substituting Ni. 

However, the increasing amount of boron does not result in a positive tendency since the most 

catalytic catalyst was the one with the intermediary content of boron (Pd0.70Ni0.15B0.15/C). Therefore, 

achieving the ideal ratio between the components of the catalyst and analyzing their influence on 

the catalytic performance is important to obtain efficient catalysts. According to Sun et al. [48], the 

interstitial insertion of B in PdCu nanocatalysts promoted positive synergies that increase the 
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ethanol oxidation reaction, such as (i) the electronic effect, (ii) the bifunctional effect, and (iii) a 

structural effect in which a smaller B is interstitially inserted into Pd-based nanocrystals.  

Furthermore, Almeida et al. [35] demonstrated that the catalytic activity of the binary Pd70/Ni 

(OH)2(30)/C catalyst exhibited the highest catalytic activity for ethanol oxidation in alkaline media, 

reaching a current density 4.7 times higher than that of the pure Pd catalyst. In this sense, Ren et al. 

[35] synthesized ternary PdPtNi nanostructures to reduce 40% of the Pt content and increase the 

catalytic activity against ethanol oxidation in an alkaline medium. The experimental results indicated 

that the PdPtNi catalysts showed better electrochemical activity and stability. The specific and mass 

activities of PdPtNi toward the EOR were 206.93 mA cm-2 and 1195.81 mA mg-1, which were higher 

than those of the binary PdNi, PdPt, and commercial Pt catalysts. The mass activity was estimated 

by normalizing the current intensity to the Pt mass and Pd in the nanocatalysts. This fact occurs 

because the composition of this ternary alloy has a large specific surface area, abundant reactive 

sites, and synergistic effects of the different metals.  

It is worth mentioning that the improvement in the catalytic activity of the Pd0.70Ni0.15B0.15/C 

catalyst toward the EOR may be related to several factors. Among them, we can list (i) the greater 

electroactive area compared to binary catalysts, (ii) the bifunctional mechanism, which facilitates 

the oxidation of CO to CO2, and (iii) the electronic effect generated in this alloy due to an interaction 

between the metals Pd, Ni, and B, which modifies their electronic structures, reducing the activation 

energy required for EOR [9], the addition of a second metal results in changes in its electronic 

structure.  

Chronoamperometry is a technique used to investigate a catalyst's electrochemical activity and 

stability. The results are presented in chronoamperometric curves (current density as a function of 

time). This technique is essential because some catalysts perform satisfactorily in voltammetry 

studies; however, they undergo deactivation when subjected to longer operating times. Figure 6 

shows the chronoamperometric curves obtained of the synthesized catalysts with the polarized 

electrode at 0.5 V for 3600 s in a solution containing 1.0 mol L-1 KOH + 1.0 mol L-1 ethanol. 

 

Figure 6 Chronoamperometric curves obtained for the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, 

Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C and Pd0.7Ni0.1B0.2/C catalysts in 1.0 

mol L-1 in KOH solution + 1.0 mol L-1 ethanol solution for 15 min. The electrodes were 

polarized at 0.5 V. T = 25°C. 
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After the potential application, there is a sudden drop in the oxidation current of ethanol, and 

later, an almost steady state is reached. The current drop is probably due to the electrode surface's 

blocking by adsorbed organic molecules' fragments [9]. Tan et al. [7] stated that this current drop is 

due to the initial oxidation of ethanol and the adsorption of CO-like species in Pd catalysts, which 

poison the catalysts. Eliminating surface impurities resulting from incomplete oxidation of ethanol 

leads to the stability of current density at the end of the established time [7]. 

The current density values (Figure 6) obtained for the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, 

Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C, and Pd0.7Ni0.1B0.2/C catalysts were -0.00127, 

0.00302, -0.00139, 0.00002, -0.00006, 0.00450, and 0.00177 mA cm-2, respectively, at the end of 

3600 s. The catalysts obtained negative current density values because oxidation still does not occur 

at the chosen potential of 0.5 V. The Pd0.7Ni0.15B0.15/C catalyst had the lowest degree of decay, and 

the highest current density (0.00450 mA cm-2) after 3600 s compared with the other catalysts and 

showed a current density about four times higher compared to the Pd/C catalyst. Thus, this catalyst 

is less poisoned by intermediate species and has more free active sites for ethanol oxidation [49].  

The catalyst with 15% B showed a lower current density loss and higher catalytic stability. The 

more stable behavior in chronoamperometry indicates better catalytic performance for ethanol 

oxidation, leading to oxidation at low potentials (as seen in Figure 5 (b)). This outcome suggests the 

need for further research on the effects of the 15% B composition on the electrocatalysis of the 

ethanol oxidation reaction. 

We also evaluated the catalytic performance of the catalysts using polarization curves in a quasi-

stationary state (Figure 7 (a) and Tafel plots 7 (b)) in a solution containing 1 mol L-1 KOH + 1.0 mol L-

1 ethanol. A potential sweep from 0.05 V to 0.8 V was performed at a sweep speed of 1 mV s-1. This 

procedure reduces the contribution of the capacitive current, and only the faradic current responses 

are obtained. Polarization curves exhibit peak current density values around 0.27 mA cm-2, 0.09 mA 

cm-2, 0.38 mA cm-2, 0.45 mA cm-2, 0.27 mA cm-2, 0.51 mA cm-2, and 0.59 mA cm-2 for Pd/C, 

Pd0.7Ni0.3/C, Pd0.7B0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C, and Pd0.7Ni0.1B0.2/C, 

respectively. Table 3 presents the electrochemical parameters obtained from the Tafel diagrams 

(Figure 7 (b)) for Pd0.7Ni0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, and Pd0.7Ni0.15B0.15/C catalysts, 

indicating good linearity with R2 values between 0.9993 and 0.9880. 

 

Figure 7 Linear sweep voltammograms at steady-state polarization (a) and Tafel plots (b) 

for the Pd/C, Pd0.7Ni0.3/C, Pd0.7B0.3/C, Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C, 

and Pd0.7Ni0.1B0.2/C catalysts measured in 1.0 mol L-1 KOH solution + 1.0 mol L-1 ethanol. 
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Furthermore, the catalysts were investigated by polarization curves (Figure 7 (a)) and Tafel 

diagrams (Figure 7 (b)) to obtain more accurate results to clarify the CV results of the 

electrochemical oxidation of ethanol. The onset potential decreased in the order of Pd0.7Ni0.3/C > 

Pd/C > Pd0.7Ni0.25B0.05/C > Pd0.7Ni0.2B0.1/C > Pd0.7Ni0.1B0.2/C > Pd0.7Ni0.15B0.15/C. Thus, the 

Pd0.70Ni0.15B0.15/C catalyst obtained a better catalytic activity toward ethanol oxidation compared 

with the ternary catalysts, presenting the lowest values of onset potential of oxidation, at 0.44 V 

(Table 2), which is in good agreement with the catalytic behavior of CV for the oxidation of ethanol 

in alkaline media as seen in Figure 5 (b). These results also confirm the trends observed for the 

chronoamperometry tests in Figure 6. All electrochemical data (CV, AC, and steady-state 

polarization curves) indicate that the Pd0.70Ni0.15B0.15/C catalyst displays the lowest onset potential 

of ethanol oxidation. 

4. Conclusions 

This study evaluates the influence of the composition of the Pd0.7Ni0.3/C, Pd0.7Ni0.25B0.05/C, 

Pd0.7Ni0.2B0.1/C, and Pd0.7Ni0.15B0.15/C catalysts on their catalytic activity toward ethanol oxidation. 

Using ethylene glycol as the reducing agent, the chemical reduction method effectively produced 

carbon-supported Pd-Ni-B nanoparticles. 

Physical characterizations of the catalysts confirmed the formation of nanoparticles in the carbon 

support, confirmed the presence of the synthesized metals, and demonstrated that the metal 

composition is close to the nominal composition. According to electrochemical tests, the 

Pd0.70Ni0.15B0.15/C catalyst is the most active toward ethanol oxidation among the ternary catalysts, 

presenting lower onset potentials for CO and ethanol oxidation, 0.37 V and 0.51 V, respectively. 

Furthermore, it gave the highest specific activity (1.99 mA cm-2). 

The addition of B to the binary PdNi catalyst probably caused electronic and geometric changes 

in the Pd0.70Ni0.15B0.15/C catalyst, reducing the onset potential for ethanol oxidation and facilitating 

the removal of intermediate species from the catalyst surface. Therefore, this study confirms that 

Pd0.70Ni0.15B0.15/C nanoparticles are a promising anodic catalyst for DEFC applications. 
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2. Figure S1: EDX spectra of (a) Pd0.7Ni0.3/C, (b) Pd0.7Ni0.25B0.05/C, (c) Pd0.7Ni0.2B0.1/C, and (d) 

Pd0.7Ni0.15B0.15/C catalysts. 

3. Figure S2: Cyclic voltammograms (second cycle) obtained on Pd/C, Pd0.7Ni0.30/C, Pd0.7B0.30/C, 

Pd0.7Ni0.25B0.05/C, Pd0.7Ni0.2B0.1/C, Pd0.7Ni0.15B0.15/C and Pd0.7Ni0.1B0.2/C catalysts in a 1.0 mol L-1 KOH 

solution; ν = 20 mV s-1; T = 25°C, (→) anodic scan, (←) cathodic scan. 
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