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Highlights: 7 

• Quantify electrochemical activity of Pd nanoparticle in electrolyte solution by CV. 8 

• Characterise detailed local structure of Pd cluster by X-ray based EXAFS technique. 9 

• Measure Pd nanoparticle size on Y-zeolite under different pre-treatment conditions. 10 

• Explore up-hill diffusion process and surface conductance pathways on Pd surface. 11 

• Discuss electrochemical reaction behaviour on Pd surface and Pt particle size. 12 

Abstract: 13 

Palladium (Pd) has been widely used as a type of hydrogen storage material and has attracted much 14 

attention for fuel cell applications, due to its high solubility and mobility of hydrogen in Pd. In this 15 

study, Pd nanoparticles made by 1.5 wt% Pd loading on Y-zeolite under pre-treatment was employed 16 

to investigate their electrochemical activities using cyclic voltammetry (CV), and detailed local 17 

structural characterization of Pd cluster was probed by the extended X-ray absorption fine structure. 18 

Pd nanoparticle sizes were predicted at 0.81nm - 1.2nm and the CV measurement has demonstrated 19 

that Pd zeolite catalyst has exhibited a similar tendency to those 40% Pd on XC-72R carbon. The 20 

hydrogen spillover process and surface conductance pathways contribute to the electrochemical 21 

behaviour on Pd surface. In electrochemical environment, hydrogen is able to form hydride phase on 22 

Pd surface by either direct hydrogen adsorption or migrating to the centre of Pd.  23 
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1.   Introduction 25 

Over the past decades, Platinum (Pt) based materials used as electrocatalysts have been the 26 

most popular choices for direct methanol fuel cell application, due to their high activity and stability 27 

properties. However, the expensive cost and insufficient supplement of Pt have motivated 28 

researchers to develop and explore other alternative fuel cell electrocatalysts at a relatively lower 29 

cost with a comparable performance as to the Pt based catalyst system. Palladium (Pd) as one of the 30 

Pt-group metals has attracted significant attentions of research, since it has shown a relatively good 31 

activity for hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) in fuel cell 32 

applications [1, 2]. Moreover, Pd has been widely used in gas sensors and also as a hydrogen storage 33 

material [3, 4], owing to its capability of bulk incorporation of hydrogen which leads to the high 34 

solubility and mobility in Pd. Economically, the price of Pd is considerably cheaper at about two-35 

thirds of the cost than that accounted for Pt. Therefore, Pd has been regarded as a compatible 36 

alternative substitute to Pt, if the electrocatalytic performance of Pd can be enhanced somehow, 37 

similar to that of Pt.  38 

The direct methanol fuel cell presents some advantages over the pure hydrogen polymer 39 

fuel cell, as methanol is cheaper to produce and can be stored and distributed safely in comparison 40 

to hydrogen. However, the main weakness hindering it to be widely used is the lower fuel cell 41 

efficiency due to several reasons, including CO poisoning effect by blocking of the Pt active surface 42 

and the high over-potential during electro-oxidation process. By contrast, Pd based electrocatalyst 43 

shows some resilience to CO poisoning and has a relatively higher electrocatalytic activity for 44 

methanol electro-oxidation than Pt based electrocatalyst [5]. Recently, a lot of effort has been made 45 

to develop more electrochemical efficient Pd electrocatalyst by focusing on carbon based Pd catalyst 46 

system (e.g. carbon black, carbon nanotubes and graphene [6]) using various approaches such as 47 

composition control and developing of synthetic methods (e.g. electrochemical deposition [7] and 48 

spontaneous deposition [8]) to achieve high Pd utilization for different nanoparticle sizes and their 49 



distributions. As Pd electrocatalytic activity is generally lower than Pt [9], most studies have focused 50 

on Pd alloy synthesis using metals such as Ni, Ag, C, Mo and Pt to produce novel nanostructure, i.e. 51 

core-shell, porous and shape controlled nanoparticles by de-alloying process using acid [1]. So far, 52 

few studies have been carried out to investigate Pd nanostructure and surface activity by employing 53 

polymer material such as zeolite, because its substrate comprising amorphous aluminosilicates 54 

structure. Therefore, this paper will focus on experimental study of zeolite supported Pd 55 

nanoparticle characteristics to realize its potential for fuel cell application.   56 

Zeolite has presented a unique prosperity of high exchange capability and crystalline 57 

structure formed by Al-O-Si, which can assist the preparation of high dispersed metal particles by 58 

using fewer amounts of catalyst loading to produce different particle sizes [6, 10]. It was reported 59 

that the activity and stability of Pd based catalyst system can be improved by Pd nanoparticle and 60 

support interaction [11, 12]. Similar properties will be investigated in present study using a zeolite 61 

supported Pt nanoparticle (0.9 nm - 1.5 nm) catalyst system.    62 

For noble metal based fuel cell electrocatalysts, Pt ions are much more stable in small cages 63 

such as zeolite sodalite cages or hexagonal prisms even under a high reduction temperature of 500 64 

oC, due to the formation of large Pt particle size with high polarization ability attributed by the Pt d 65 

bond electron configuration [13]. However, Pd appears to be more mobile than Pt, and the locations 66 

of Pd on zeolite cages are found strongly dependent on calcinations and reduction temperature [10].   67 

Tzou et al. [14] and Xu et al. [15] have reported their studies of Pd locations on zeolite under 68 

temperature control. In the process, Pd ions coordinated with one or two ammonia ligands can 69 

migrate into zeolite sodalite cages at 300 oC. Pd ions can be completely removed at calculation 70 

temperature up to 500 oC with some Pd ions found to occupy the hexagonal prisms. By increasing 71 

the reduction temperature is able to facilitate Pd atoms migrating from supercages to sodalite cages 72 

to form multi-atomic particles [15]. The majority of Pd could be released from sodalite cages to 73 



supercages by hydrogen reduction at 350 oC [14]. At reduction temperature higher than 350 oC, it 74 

was also reported to force Pd atoms migrating from the hexagonal prisms to the supercages [14].  75 

The Pd migration process between zeolite cages can be critical to facilitate the increase of Pd 76 

dispersion on zeolite, where small particles will act as nucleation sites to form new particle in 77 

supercages. However, there are few literatures in public domain that have presented such studies to 78 

explore Pd performance, i.e. the particle size and dispersion on zeolite in an electrochemical 79 

environment, whereas most studies were merely focused on carbon or gold (Au) based Pd 80 

electrocatalyst. One previous study by Zhao et al. [16] indicated that an average Pd particle size on 81 

carbon can be between 2.7 nm and 5.2 nm, dependent on the process of catalyst pre-treatment. The 82 

average Pd particle size of 6.6 nm to 30.3 nm has also been reported by coating Pd on microcellular 83 

graphitic carbon foam as substrate with a lattice constant of 3.9 Å for face centered cubic (FCC) 84 

structure, corresponding to a 5.0 % Pd loading on carbon foam [17].  Further studies using Pd L3 X-85 

ray Adsorption Spectroscopy (XAS) method [18, 19] confirmed that the change of electronic and 86 

geometric structure can alters Pd d bond observed on Pd, Cu and Pt based alloy electrocatalysts, 87 

primarily due to the charge transfer among the neighboring metal atoms and interacted substrates.  88 

Previously, the electrochemical activity of Pd in acid solution such as H2SO4 has been 89 

reported on Au supported Pd catalyst system to determine the hydrogen evaluation and reduction 90 

(HER) activity [20]. The exchange current density over Pd increases with the decrease of Pd overlays 91 

on Au, owing to the strong adsorption energy of Had. Moreover, the HER activity increases with the 92 

decrease of Pd coverage for systems in which the surface is decorated by a Pd cluster. Therefore, Pd 93 

electrocatalyst morphology is believed to have played a substantial role in the HER performance 94 

[21]. Further study [22] found that the preferred adsorption site for Had is identified at the hollow 95 

FCC site by three Pd atoms for a Pd cluster, resulting in a low coverage of Had. A spillover and surface 96 

diffusion process of adsorbed hydrogen atoms on Au surface is responsible for enhancing the HER 97 

activity on Pd, as suggested by Pandelov and Stimming [23], and the hydrogen oxidation reaction 98 



follows a similar pathway [24]. This is consistent to that has been discussed previously by present 99 

authors for hydrogen spillover and surface diffusion and conductance pathway on Pt nanoparticle 100 

catalyst system [25], since they share similar electronic properties. Nevertheless, the Pd specific 101 

activities such as oxidation and reduction reaction activity in acid solution are generally regarded 102 

lower than that of Pt, owing to the strong oxygen binding energy on Pd surface [24, 26, 27]. The 103 

strong dependence of Pd crystalline orientation can be a key consideration for electrochemical 104 

activities in acidic solution [28]. The Pd high specific activity was also demonstrated for Pd cubic 105 

particle size at 5nm - 6 nm, compared to that of Pd with an octahedral structure [29].     106 

In present study, laboratory made zeolite supported 1.5 wt% Pd nanoparticle structure will 107 

be investigated by ion exchange method under various calcinations and reduction temperatures. 108 

Based on the outcome of previous study [14], ion exchange method can produce uniform Pd 109 

distribution within zeolite structures. The Pd electrochemical activity in hydride region will be 110 

determined under various potential depositions at -0.675 V, -0.65 V, and ±0.5 V in H2SO4 acidic 111 

solution, respectively. The oxygen reduction reaction will also be investigated with a potential swept 112 

up to 0.4 V, as Pd has shown a generally improved electrocatalytic activity for oxygen reduction 113 

reaction and hydrogen oxidation reaction [30]. Pd particle size and its dispersion on zeolite are to be 114 

characterized by cyclic voltammetry (CV) and the extended X-ray adsorption fine structure (EXAFS) 115 

techniques using a Nafion@ bound electrode, fabricated by Pd/zeolite and carbon powder mixed 116 

with Nafion@ to form ultra-thin film and membrane on electrode surface [31, 32]. The study will 117 

contribute to the understanding of the relation of electrochemical activity with correspondent to Pd 118 

particle size, and moreover, Pd and zeolite conducting pathway for the enhancement of the 119 

electrochemical activity, resulted by charger/electron transfer occurred at electrode and solution 120 

interface, since the activity of electrocatalyst is known to be mainly a surface property [33].   121 

 122 

 123 



2.   Experimental 124 

2.1.   The preparation of Pd/Y zeolite electrocatalysts  125 

              1.5 wt% Pd loading on Y zeolite electrocatalyst was made by ion exchange method [24, 25, 126 

34] using (NH3)4PdCl4 to achieve highly dispersed Pd with uniform distribution [14, 35]. The 127 

mechanism of ion replacement on zeolite is to exchange [Pd(NH3)4]
4+ ligand with sodium ion (Na+) 128 

that has an affinity with a negative charge situated on the alumina tetrahedral arrangement [AlO4]
-. 129 

One [Pd(NH3)4]
4+ ligand replaces four Na+ ions to interact with four negative charges situated on four  130 

[AlO4]
- ions to make a charge balance. Then, one Pt4+ ion bridges four [AlO4]

- ions after calcination 131 

process to decompose ammonia ligand. 132 

          The ion exchange procedure was identical to that illustrated for Pt zeolite ion exchange process 133 

[25, 34]. The ion exchange was carried out in a neutral solution at pH 7. An appreciate quantity of 134 

[Pd(NH3)]4Cl4 was dissolved in 200 ml of triply distilled water at 0.004 mol dm-3 in an ultrasonic bath 135 

at room temperature. The ion exchange process of Pd ions within zeolite was taken place in a water-136 

jacketed reactor at 70 oC by dispersion of Y zeolite powder at a concentration of 1 g per 100 ml of 137 

triply distilled water. The Pd ions were added slowly by pumping the Pd salt solution at 0.1 ml min-1. 138 

Then Pd Y zeolite sample was washed with a sufficient amount of triply distilled water until no 139 

[Pd(NH3)4]
4+ complex detected by Ultraviolet UV spectrum [25, 34], and the filtrate was tested using 140 

1 N AgNO3 to ensure the free of Cl- ions. Subsequently, the sample was dried at a temperature of 141 

120oC in an oven.  142 

        The synthesis of Pd nanostructures on Y zeolite was carried out using calcinations and reduction 143 

procedure to remove Pd coordinate ligand. [Pd(NH3)4]
4+ salt/Y zeolite samples were purged with 144 

argon at 150 oC in a fluidized bed reactor to dry out the water moisture. After cooling, O2 was 145 

introduced into the reactor to slowly re-heat samples up to 350 oC with O2 purge at 200 ml/min. 146 

Then, samples were chemically reduced at 360 oC by purging with 5% H2 and 95% N2 gas mixture to 147 

produce a fine Pd distribution on zeolite (donated as 15Ptanc35r36). Figure 1 illustrates [Pd(NH3)4]
4+ 148 



ions decomposition process to produce the metallic Pd atoms that extend throughout zeolite cages 149 

under different level of calcinations and reduction temperatures. [Pd(NH3)4]
4+ ions are mainly 150 

located at zeolite exterior surface and supercgaes after ion exchange process. The ammonia ligands 151 

attached to Pd starts to decompose at 250 oC [10], and the Pd ions can migrate through zeolite 152 

channels and extend several cages of zeolite such as sodalite cages and hexagonal prism [35] under 153 

calculations and reduction temperature up to 300 oC. The Pd atoms migrate back to zeolite 154 

supercages and zeolite exterior surface under calcinations of 350 oC and reduction temperature of 155 

360 oC, respectively. The following equations illustrate Pd ligand decomposition and Pd oxidation 156 

and reduction process.  157 

Oxidation: 158 

[Pd(NH3)4]
4+ = NH3 (gas) +  Pd4+ 159 

O2 (gas) + Pd4+ =  PdO2 160 

Reduction: 161 

PdO2 + 2H2 (gas) = 2H2O + Pd  162 

 

 

 

 

 

 168 

 169 

Figure 1. Schematic illustration of Pd location during calcinations and reduction process after ion 170 

exchange of [Pd(NH3)4]
4+ ions within zeolite.   171 



2.2.   Electrochemical Cell and Cyclic Voltammetry (CV)  172 

The electrode was made of 1.5 wt% Pd loading on zeolite electrocatalyst and XC-72R carbon 173 

powder (untreated) mixed with 15 wt% Nafion@ solution (i.e. 5 wt% solution in Aliphatic Alcohols 174 

and H2O from Aldrich) as a binder (donated as 15Pdanc35r36). The resultant paste was then hot 175 

pressed on a sheet of 9 cm2 carbon paper (E-TEK TGHP-90) for solidification. A disc of 2.5 cm2 176 

diameter of electrodes was then trimmed for CV measurement and a disc of 1.3 cm2 for in-situ 177 

EXAFS measurement, respectively. A 40 wt% Pd/C or 1.5 wt% Pd/C made by 40 wt% Pd and extra XC-178 

72R carbon mixture was employed to justify the CV results determined by 1.5 wt% Pd zeolite 179 

electrode, respectively.   180 

The charge separation on electrode was investigated in a glass-jacketed electrochemical cell, 181 

consisting of a working electrode, Hg/Hg2SO4 Mercury/Mercuries Sulphate (MMS) reference 182 

electrode and a Pd gauze counter electrode. The in-situ EXAFS measurement was carried out in an 183 

electrochemical cell formed by two acrylic discs with two Kapton windows cut in the middle, 184 

accomplished by a working electrode connected with a gold wire current collector to reinforce the 185 

contact in the cell system via Pd gauze count electrode. Then the Hg/Hg2SO4 MMS reference 186 

electrode was connected to the electrochemical cell using a salt bridge, re-assembled to produce a 187 

sufficiently large absorption edge. The electrolyte was 2.5 mol dm-3 sulphuric acid (H2SO4) solution 188 

for a standard CV measurement and 1 mol dm-3 for the in-situ EXAFS measurement at a scan rate of 189 

1 mV s-1 in a potential region of -0.675 V to 0.4 V, respectively, in which no solvent and electrolyte 190 

decomposition were detected [36].  191 

2.3.   The Extended X-ray Adsorption Fine Structure Measurement  192 

           The Pd electrocatalyst under investigation has low-level of concentration distribution on 193 

zeolite made of amorphous polymer material that has short-range order characteristics of electron 194 

scatting. Thus, the Pt particle structure investigation on zeolite is limited by standard measurement 195 



methods. Subsequently, the EXAFS measurements were performed using a Synchrotron Radiation 196 

Source (SRS) at STFC Daresbury Laboratory, UK. The wiggler beam line was operated at conditions of 197 

2 GeV and 100 mA. High-order harmonics that might affect the amplitude of EXAFS were removed 198 

using a double-crystal Si220 monochromator. The 50 % detuning of harmonic beam using gas ion 199 

chambers filled with Ar, Xe or Kr and He was used to locate the Pd K absorption edge under 200 

fluorescence mode. A Pd foil was used as a reference sample for EXAFS data collection.  201 

          Data analysis was carried out using in-house software EXCURV 98. The inter-atomic distance, 202 

atom number and the type of backscattering neighbors were determined using a method proposed 203 

by Abruna [37]. Therefore, the Pd particle local structure information such as number of atoms in a 204 

Pd cluster and Pd-Pd binding distance can be analyzed in a great detail.    205 

3.   Results and Discussion 206 

3.1.   Cyclic Voltammetry (CV) measurement in H2SO4 electrolyte solution  207 

      The CV measurement was performed to determine the electro-activity of species in the H2SO4 208 

electrolyte solution and on Pd surface by monitoring the current density change against the 209 

potential.  210 

       Figure 2 depicts the electrochemical measurement for electrode made by 40 wt% Pd on XC-72R 211 

carbon using a scan rate of 20mV/s. The CV consists of a very clear electrochemical feature in the 212 

hydrogen re-adsorption (HRS) and hydrogen re-oxidation (HRO) regions, as verified by two separated 213 

quasi-reversible peaks that represents hydrogen adsorption and desorption peaks on Pd surface. The 214 

peaks  ‘A’ and ‘C’ determined at -0.47 V and -0.647 V on the cathodic sweep  are strongly associated 215 

with hydrogen adsorption site and hydrogen evolution, respectively, and a small peak ‘B’ observed 216 

at -0.53 V presents a weakly hydrogen adsorption site. The additional peak ‘D’ predicted at -0.63 V 217 

on the anodic sweep is attributed to the re-oxidation of H2. The peak ‘E’ predicted at -0.442 V is due 218 

to weakly bond H desorption and the peak ‘F’ at -0.382 V is due to strongly bond H desorption, 219 

respectively. The current density increase between 0.176 V and 0.4 V in the anodic sweep are the re-220 



oxidation of the Pd surface (OR region), and a large peak ‘G’ determined at 0.079 V in the cathodic 221 

sweep is attributed to the removal of oxygen on Pd surface. The oxidation current density increases 222 

with the increase of potential in oxidation region up to 0.4 V.  223 

  224 

 225 

 226 

 227 

 228 

 229 

Figure 2. Steady state cyclic voltammogram measurement using a Nafion@ bound working electrode 230 

made by 40 wt% Pd on XC-72R carbon, scanned rate at 20 mV s-1 in 2.5 mol dm-3 H2SO4  at the 231 

potential region of -0.65 V to 0.4 V vs MMS reference electrode.   232 

 233 

 234 

 235 

 236 

 237 

 238 

Figure 3. Steady state cyclic voltammogram measurement using 1.5 wt% Pd on XC-72R carbon 239 

powder Nafion@ bound working electrode made by 40 wt% Pd on XC-72R carbon electrocatalyst 240 



mixed with extra carbon powder, scanned at 1 mV s-1 in 2.5 mol dm-3 H2SO4 at the potential region of 241 

-0.675 V to 0.4 V vs MMS reference electrode.  242 

 243 

         Figure 3 displays cyclic voltammetry (CV) measurement for 1.5 wt% Pd on XC-72R carbon 244 

Nafion@ bound working electrode made of 40 wt% Pd on XC-72R carbon electrocatalyst with extra 245 

XC-72R carbon powder mixture (i.e. denoted as 15PdXC-72R). The CV consists of a very similar 246 

electrochemical feature as that presented in Figure 2. The two distinguished regions are associated 247 

with the hydrogen adsorption, evaluation, hydrogen desorption and the re-oxidation peaks, 248 

respectively.  249 

      A double layer (DL) current density is measured at a potential region of -0.18 V to -0.420 V in the 250 

cathodic sweep and 0.18 V to -0.4 V in the anodic sweep respectively. A small peak ‘A’ detected at -251 

0.59 V is correspondent to hydrogen adsorption on Pd surface, and hydrogen evolution (peak ‘B’) is 252 

observed at -0.689 V. The peak ‘C’ at -0.626 V on the anodic sweep is related to hydrogen re-253 

oxidation and the second peak ‘D’ at -0.564 V is attributed to hydrogen desorption. The current 254 

density increase from 0.226 V to 0.4 V is attributed to the formation of Pd oxide (PdO) on electrode 255 

surface. A peak ‘E’ interpreting the striping of O formed on Pd surface is predicted at 0.0656 V. 256 

      The electrochemical activity of Pd on zeolite was determined using a Nafion@ bound Pd zeolite 257 

electrode fabricated by 1.5 wt% Pd loading on zeolite with extra XC-72R carbon power. The 1.5 wt% 258 

Pd zeolite sample was calcined at 350 oC in O2 and reduced at 360 oC in 5 % hydrogen and 95 % 259 

nitrogen (denoted as 15Pdanc35r36 thereafter).  260 

       CV measurement for electrode 15Pdanc35r36 presented in Figure 4 has shown three 261 

distinguished features captured in hydride region. The hydrogen adsorption peak ‘A’ is predicted at -262 

0.644 V which is shifted to further negative than that by electrode 15PdXC-72R, and the second peak 263 

‘B’ at -0.677 V is linked to hydrogen evaluation. The single peak ‘C’ detected at -0.604 V on the 264 

anodic sweep is associated to hydrogen desorption. By comparison with the electrochemical 265 



performance of electrode 15XC-72R, the electrode 15Pdanc35r36 presents a relatively high 266 

electrochemical activity, as interpreted by high current density change at hydride region. No 267 

hydrogen re-oxidation peak is observed at the potential region of -0.675 V. This may be due to the 268 

energy level for H2 re-oxidation is very close to the energy required for hydrogen desorption.  269 

      An oxidation current density is observed between 0.109 V and 0.4 V, and the removal of oxygen 270 

on Pd surface is captured at 0.0198 V (peak ‘D’) during the cathodic sweep. Nevertheless, the 271 

electrocatalyst made of 1.5 wt% Pd using either zeolite or XC-72R carbon as substrate gives out a 272 

very different current density change of hydrogen adsorption and desorption features. This may be 273 

due to Pd particle size smaller on zeolite than on carbon support.  274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

Figure 4. Steady state cyclic voltammogram measurement using 1.5 wt% Pd on zeolite with extra XC-282 

72R carbon powder mixture Nafion@ bound working electrode (i.e. 15Pdanc35r36), scanned at a rate 283 

of 1 mV/s in 2.5 mol dm-3 H2SO4  at the potential region of -0.675 V to 0.4 V vs MMS reference 284 

electrode.  285 

3.2.   In-situ EXAFS study for 1.5 wt% Pd/Y zeolite electrocatalyst 286 

    The in-situ EXAFS data for a sample 15Pdanc35r36 was collected at the Pd K edge via a 287 

fluorescence mode under potential control of -0.675 V, -0.63 V, -0.5 V and 0.5 V, respectively, with 288 



correspondent to an Hg/Hg2SO4 Mercury/Mercuries Sulphate (MMS) reference electrode. The 289 

resulting Chi data and their Fourier transforms are displayed in Figure 5. 290 

 291 

 292 

 293 
(c) -0.5 V 

(b) -0.65 V 

(a) -0.675 V 



 294 

 295 

Figure 5. Chi data and Fourier transforms for 1.5 wt% Pd loading on zeolite catalyst calcined at 350 296 

oC and reduced at 360 oC (i.e. 15Pdanc35r36), phase corrected. The data were collected at room 297 

temperature. The solid lines represent the experimental data and dashed lines represent the fitted 298 

data: (a) at -0.675 V; (b) at -0.65 V; (c) at -0.5 V; (d) at +0.5 V.  299 

Table 1. The fitting results for each Pd shell 300 

(a) EXAFS data fitted at the Pd K edge at -0.675 V vs MMS reference electrode 301 

15Pdanc35r36 N 22/Å2 R/ Å 

Shell 1_Pd 7.860.46 0.01680.0007 2.830.005 

Shell 2_Pd 0.580.25 0.00610.0031 3.460.019 

Shell 3_Pd 4.740.26 0.02680.0080 4.000.036 

 302 

(b) EXAFS data fitted at the Pd K edge at -0.65 V vs MMS reference electrode    303 

15Pdanc35r36 N 22/Å2 R/ Å 

Shell 1_Pd 7.090.31 0.01510.0005 2.800.004 

Shell 2_Pd 1.110.22 0.00490.0017 3.470.011 

Shell 3_Pd 2.730.69 0.01270.0025 3.960.013 

 304 

(d) +0.5 V 



(c) EXAFS data fitted at the Pd K edge at -0.50 V vs MMS reference electrode   305 

15Pdanc35r36 N 22/Å2 R/ Å 

Shell 1_Pd 5.650.61 0.00880.0005 2.740.005 

Shell 2_Pd 2.420.54 0.00590.0036 3.800.024 

 306 

(d) EXAFS data fitted at the Pd K edge at +0.50 V vs MMS reference electrode 307 

15Pdanc35r36 N 22/Å2 R/ Å 

Shell 1_Pd 6.180.52 0.01620.0009 2.730.008 

Shell 2_Pd 4.680.31 0.04190.0363 3.330.008 

Shell 3_O 0.640.31 0.02720.0099 2.000.133 

 308 

         Chi data is extended until at k = 15 Å-1 for a potential at -0.675 V, k = 13 Å-1 for a potential at -309 

0.65 V, k = 14 Å-1 for a potential at -0.5 V and k = 13.5 Å-1 for a potential at +0.5 V, respectively. All 310 

data were fitted using k3 weighting and in r-space, and the fits are represented by dashed lines. The 311 

fitting parameters are summarized in table 1.  312 

      The Pd-Pd distance in the first shell of Pd-Pd is fitted approximately with 2.83 Å at -0.675 V and 313 

2.8 Å at -0.65 V, respectively, that distance is slightly longer than 2.75 Å observed for the bulk of Pd. 314 

The Pd distance is fitted around 2.74 Å at -0.5 V and 2.73 Å at +0.5 V, respectively, which appears to 315 

be metallic in nature. The increase of Pd-Pd distance at a negative potential over -0.5 V may be 316 

attributed by hydrogen atoms that are not only absorbed on the Pd surface but also forms Pd 317 

hydride phases, i.e. -PdH or α-PdH on Pd, through an H atom migration process such as hydrogen 318 

spillover or surface conductance [38]. In electrochemical environment, -PdH is associated with a 319 

direct hydrogen adsorption reaction between electrode surface and sub-surfaces, while -PdH may 320 

be formed by H migration from a nearer surface of hydride phase to the centre of metal particle. The 321 

hydrogen transfer between -PdH and -PdH to Pd may be attributed by up-hill diffusion from 322 



decomposition of -PdH layer into -PdH, whereas hydrogen in the -PdH layer is decomposed and 323 

transferred into the Pd [4, 38]. Both CV measurement and EXAFS data analysis indicate that the Pd 324 

electrochemical activity is associated with the location of Pd on zeolite. An O shell with coordination 325 

number of 0.64 was predicted at 0.5 V. The Pd-O distance was fitted at 2 Å, consistent to the value 326 

observed for Pd metal oxides (see table 1d).  327 

     The number of Pd coordination predicted is dependent on potential regime. The large Pd 328 

coordination number was fitted at -0.675 V, -0.65 V and +0.5 V, respectively. This can result in a low 329 

Pd active surface area which has indicated by small hydrogen adsorption peak, compared to that 330 

predicted at -0.5 V. The Pd coordination numbers were fitted with low values at -0.5 V, indicting Pd 331 

particle size was small. The change of Pd coordination number at different potential regimes can be 332 

interpreted that Pd seems more mobile than Pt in zeolite structure. This may be due to their d bond 333 

electron configuration [13, 25]. The valence electrons on Pd are located in the 4d orbit, whilst 334 

electrons on Pt are in the 5d orbit. Additionally, Pd2+ ion has greater charge density than Pt2+.  335 

     The CV measurement for 1.5 wt% Pd/Y zeolite sample has shown same basic current density 336 

change features observed for 40 wt% Pd/C catalyst, represented by hydrogen adsorption and 337 

evaluation, desorption and re-oxidation peaks. However, there is no clear visible hydrogen 338 

desorption feature observed for 1.5 wt% Pd/C sample made by 40 wt% Pd/C and extra XC-72R 339 

carbon mixture. This is probably because that the Pd active surface area on XC-72R carbon might be 340 

smaller than that on zeolite.  341 

      The number of Pd atoms for catalyst sample 15Pdanc35r36 is predicted at approximately 12 342 

using Benfield model [39]. The Pd location is dependent on calcinations and reduction temperature 343 

[6]. The majority of Pd particle for 1.5 wt% Pd loading on zeolite calcined at 350 oC and reduced at 344 

360 oC (i.e. 15Pdanc35r36) are more likely to reside at the zeolite sodalite cage. A temperature 345 

higher than 360 oC is required to remove Pd nanoparticle from sodalite cage to the zeolite supercage 346 

or zeolite external surface. This might be attributed by Pd and zeolite substrate interaction that is 347 

able dramatically to modify the density of energy on Pd cluster. In order to further understanding Pd 348 



behavior within zeolite channels, future work could focus on following topics as: (1) the Pd mobility 349 

and Pd particle interaction with zeolite structure using excess H+ ions exchanged into zeolite active 350 

sites; (2) the increase of Pd performance by forming Pd metal alloys under various calcinations and 351 

reduction temperature conditions; and (3) the efficiency of small organic molecules such as formic 352 

acid and methanol oxidation on Pd electrocatalysts.  353 

 354 

4.   Conclusions 355 

      This paper presents the characteristics of zeolite supported 1.5 wt% Pd nanoparticle made by ion 356 

exchange method. The Pd electrocatalytic performances are characterized by EXAFS analysis and 357 

Cyclic Voltammetry measurements. In general, the Pd electrochemical activity depends on the Pd 358 

location and particle size. CV measurements indicate that Pd metal particles on the external of 359 

zeolite surface or inside zeolite supercage can be electrochemically accessible and reduced. EXAFS 360 

fitting results have interpreted Pd particle size on zeolite at different potential regions ranked in an 361 

order of -0.675 V > -0.65 V > 0.5 V > -0.5 V. This also results in Pd active surface areas ranked at the 362 

potential region in an order of -0.5 V > 0.5 V > -0.65 V > -0.675 V. The Pd distance is larger than 2.75 363 

Å at the potential region between -0.675 V and -0.65 V. This might be attributed by either 364 

electrochemical adsorption of H atom on the Pd active surface forming Pd hydride phases, i.e. -PdH 365 

by direct hydrogen adsorption on electrode surface or -PdH by migration of H atom onto Pd 366 

surface. The Pd appears to be more metallic in nature at 0.5 V, whereas Pd distance is consistent in 367 

comparison of bulk Pd. The Pd may be electronically accessible via hydrogen spillover or surface 368 

conductance.  369 

     A further study can be carried out to investigate the Pd electrochemical activity in connection 370 

with Pd particle size with correspondent to Pd zeolite catalyst pre-treatment condition under 371 

different calcinations and reduction temperatures. The Pd particle performance will be characterized 372 

via electrooxidation of small organic molecules on Pd surface, e.g. formic acid and methanol, among 373 

other materials.   374 
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