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Abstract In this study time-efficient size controlled

synthesis of stable Pd nanoparticles was carried out using

microwave heating method by the decomposition of pal-

ladium chloride with glucose in aqueous medium using

poly(ethyleneglycol) as capping agent. The benefit of the

synthesis is that it was achieved in only 20 s. The syn-

thesized Pd nanoparticles were characterized by UV–Vis-

ible spectroscopy, transmission electron microscopy, X-ray

diffraction, and particle size analysis. The relative rates

of electro-oxidation of formic acid, methanol and ethanol

measured by cyclic voltammetry showed that efficiency of

Pd nanoparticles as catalyst followed the order: formic

acid \ methanol \ ethanol. The current–voltage charac-

teristics improved with increase in either electrolyte

(NaOH) or fuel concentrations but decreased with further

increase in NaOH concentration.

Keywords Electro-oxidation � Cyclic voltammetry �
Chronoamperometry � Diffusion controlled � Charge

transfer plot

1 Introduction

The unique chemical, optical, electronic, and magnetic

properties of metallic nanoparticles have led to a growing

interest in their synthesis. Polymers control both the reduction

rate of metal ions and the aggregation process of metal atoms.

Preparation of polymer-stabilized nanoparticles by a chemi-

cal method involves two processes: reduction of metal ions to

zero valent atoms and coordination of the stabilizing polymer

to metal nanoparticles. Figure 1 illustrates a typical stabil-

ization structure of a metal nanoparticle by soluble polymers

in an aqueous solution [1]. Stabilizing polymers can be

adsorbed on the surface of hydrophobic metal nanoparticles.

Hydrophobic ‘‘train’’ segments can be directly adsorbed on

the surface of solid metal, and hydrophilic ‘‘loop’’ or ‘‘tail’’

segments spread out into the hydrophilic solvent. Many

studies [2, 3] have focused on improving methods for size-

controlled synthesis of metal nanoparticles, however, there is

still a significant challenge in obtaining a targeted nanopar-

ticle size from a given set of synthetic conditions due to

difficulties in avoiding formation of new nucleation sites

during the growth stage.

Pd is an important transition metal with high catalytic

activity [4, 5], although it has not been used as widely as Pt

[6]. Recently, much attention has been focused on the

preparation of Pd nanoparticles and their application in the

fields of catalysis [7], hydrogen storage [8], and chemical

sensors [9] because of the large surface area-to-volume

ratio, relatively lower price than Pt, and especially the

unique function in absorption of hydrogen [10, 11]. Pd

exhibits interestingly much higher catalytic activity than Pt

toward formic acid electro-oxidation, since it is free from

poisoning by CO [12, 13]. In acidic solutions, Pd catalysts

possess low catalytic activity for the oxidation of small

organic molecules except formic acid; however, they show

very high catalytic activity in alkaline solutions [14, 15].

Polyethyleneglycol (PEG) has been widely used as sta-

bilizer in the synthesis of Pd nanoparticles [16–19]. Namini

et al. [20] have synthesized Pd nanoparticles with narrow

size distribution by loading metal salt (Pd(OAc)2) into the

polymeric matrix, PEG as both reducing agent and stabi-

lizer. Although PEG was only used as reducing agent and

stabilizer, the method was however time consuming.
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Mallikarjuna and Varma [21] described bulk and shape-

controlled syntheses of Pd nanostructures through micro-

wave (MW) reduction of noble metal salts using an

aqueous solution of a-D-glucose, sucrose and maltose using

poly(vinylpyrrolidinone) in 30–60 s. MW dielectric heat-

ing is a new promising technique for the preparation of

size-controlled metallic nanoparticles due to rapid heating

and penetration. In comparison with conventional heating,

this method can shorten the reaction time by a factor of

approximately 20. In addition, heating is not only quick but

also uniformly spread over the entire volume of the reac-

tion mixture as it provides rapid and uniform heating of

reagents, solvents, and intermediates [22, 23]. Currently,

there is a growing need to develop such ecofriendly pro-

cesses that avoid the use of toxic chemicals in the pre-

parative protocol with increased emphasis on the synthesis

of nanoparticles using greener methods. Glaspell et al. [24–

27] have reported the synthesis of unsupported and oxide

supported Pd nanoparticles synthesis through microwave

and other methods and their use in catalysis. Many authors

[28–30] have also investigated on the synthesis of sup-

ported Pd as nanocatalysts. In a recent report, Ravishankar

and coworkers [31] have described the selective hetero-

geneous nucleation of metal nanoparticles on oxides by

microwave-assisted reduction and their activity as sup-

ported catalysts. However our method is superior to others

in terms of rapid generation and stabilization of Pd nano-

particles in water with a cheap, readily available PEG and

glucose. The size of the nanoparticles generated can be

controlled by the concentration of reagents in water med-

ium. Nanoparticle catalysis in water has an advantage of

carrying out efficient reactions under environmentally

benign conditions associated with green chemistry.

In an attempt to develop greener methods to synthesize

noble nanostructures, in this article we report an environ-

mentally benign approach that provides easy production of

nanostructures. Pd nanoparticles with narrow size distribu-

tion have been synthesized by exploiting a-D-glucose as

reducing agent and PEG as stabilizer in 20 s, by heating in

MW. In addition to the MW irradiation time,the effects of

Pd nanoparticles morphology, polymeric matrix PEG, and

glucose concentration effects on the conversion of Pd2? to

nano Pd0 have been analyzed using UV–Vis spectroscopy,

transmission electron microscopy (TEM), X-ray diffraction

(XRD), and particle size analysis (PSA) techniques. To the

best of our knowledge, there has not been any prior study of

synthesis of Pd nanoparticles in just 20 s, despite the current

interest in its application in direct fuel cells. In addition, the

synthesized nanoparticles have been employed in catalysis

of reactions such as electro-oxidation of formic acid,

methanol and ethanol using cyclic voltammetry (CV).

2 Materials and methods

All reagents were of the highest purity. PEG (Molecular

weight 20,000) and methanol ([99%) were purchased from

Merck. Palladium (II) chloride (PdCl2) (99%) was obtained

from Aldrich. a-D-glucose (99.5%) was purchased from Hi

Media. Formic acid (98–100%) and ethanol (99.9%) were

obtained from BDH and Changshu Yangyuan (China),

respectively. All these chemicals were used without further

purification. Freshly deionized and distilled water (con-

ductivity = 3–4 lS) was used as dispersion medium

throughout the experiments.

2.1 Preparation of PEG stabilized Pd nanoparticles

Solutions were prepared freshly to avoid photochemical

reactions. All experiments were carried out in air. Mono-

metallic Pd nanoparticles were synthesized using PdCl2 as

precursor, a-D-glucose as reducing agent and PEG as sta-

bilizer. 5 mM solution of PdCl2 was prepared using double

distilled water. Required amounts of glucose and PEG were

added to the solution. It was heated in domestic MW oven

for 20 s. The light brown colour changed to blackish brown

indicating the formation of Pd nanoparticles, and the par-

ticles were stable for months at room temperature.

2.2 Characterizations

Experiments were carried out in domestic MW oven (IFB-

20PG2S, power supply 230 V/50 Hz, consumption 1,200 W,

output power 800 W, and operation frequency 2,450 MHz) at

60% power. UV–Vis spectroscopic measurements were

performed on a Thermo Fisher Scientific Evolution 160

UV–Vis spectrophotometer at room temperature using 1 cm

quartz cuvettes. The PEG coated Pd nanoparticles were

characterized by TEM at 80 kV with a Hitachi H-7500

electron microscope. The selected area electron diffraction

(SAED) was also recorded. Samples for TEM and SAED

were prepared by placing a drop of the colloidal dispersion of

PEG–Pd nanoparticles onto a gold grid, and the solvent was

allowed to evaporate naturally. The sample for XRD was

prepared by the same procedure followed by washing first by

Fig. 1 Schematic representation of stabilizing structure of polymers

on the surface of metal nanoparticles
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water and then by acetone to remove all the unreacted

material. It was dried in air to get solid sample. The XRD

patterns were determined on a Panalytical’s X’Pert Pro

X-ray Diffractometer (Powder method) using CuKa as radi-

ation (k = 1.54 Å). Data were collected in the range

5 B 2h� B 80 with a 0.02� 2h-step. PSA analysis was per-

formed using Malvern Zetasizer nanoseries.

2.3 Electrochemical studies

Electrochemical measurements were performed using a

lAutolab Type-III cyclic voltammeter using conventional

three-electrode cell, which includes an Ag/AgCl electrode

(saturated KCl) as reference electrode, a Pt wire as counter

electrode, and a glassy carbon (GC) electrode (2 mm in

diameter) as working electrode. The GC electrode was first

carefully polished with fine alumina powder and a certain

amount of required solution was pipetted onto the GC

electrode and allowed to dry under an infrared lamp. The

CV and chronoamperometry (CA) experiments were car-

ried out in 0.5 M NaOH (Qualigens) individually when the

scan rate was 0.1 Vs-1, for catalysing 0.5 M formic acid,

methanol and ethanol.

3 Results and discussion

3.1 UV–Vis spectroscopic studies

To prepare the stable Pd nanoparticles using the chemical

reduction method, it is important to select appropriate

stabilizer and reducing agent. In present work, PdCl2 has

been reduced by glucose in the presence of stabilizer PEG,

resulting in Pd nanoparticles, according to the Eq. (1).

Pd2þ þ CH2OH� CHOHð Þ4�CHO þ H2O �!MW;20S
Pd0

þ 2Hþ þ CH2OH� CHOHð Þ4�COOH ð1Þ

The nanoparticles have been synthesized at the conditions

of constant amounts of PdCl2, glucose and PEG. The

colour of the solution depends on the heating time.

UV–Vis spectra of colloidal Pd nanoparticles prepared

with different MW heating time (5, 10, 15, 20 s) have

been depicted in Fig. 2a. With increasing time, the colour

of solution changed from light brown to blackish brown

and absorbance also increased till 20 s. However, on

further microwaving, no change in absorbance was

observed even after 20 s up to 30 s which indicated that

the reaction has been completed in 20 s. Mallikarjuna and

Varma [21] reported the synthesis of Pd nanoparticles

along with other metals in 30–60 s whereas Pd nanopar-

ticles in the present system has been synthesized in 20 s

only. It has been observed that the absorbance increases in

the presence of both glucose and PEG (Fig. 2b). Thus,

both PEG and glucose increase the efficiency of the

reduction of Pd precursor.

To understand the role of glucose concentration, the

reduction reaction has been carried out by varying con-

centration of glucose (50–400 mg) at the conditions of

initial PdCl2 concentration (5 mM) and PEG (300 mg).

UV–Vis spectra of different amounts of glucose have been

shown in Fig. 2c. With small amount of glucose, a weak

Fig. 2 UV-Vis absorption

spectra showing effects of

a increasing MW heating time,

b both PEG and glucose,

c increasing concentration of

glucose and d increasing

concentration of PEG
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absorption has been observed, indicating that Pd nanopar-

ticles of a relatively low concentration were produced,

because of insufficient reduction reaction. The main pur-

pose of introducing PEG to the solution was to prevent the

Pd nanoparticles from growth and aggregation. Figure 2d

depicts the UV–Vis spectra of colloidal Pd nanoparticles

with different PEG concentrations (50–300 mg). The

nanoparticles were synthesized at the conditions of initial

PdCl2 (5 mM) and glucose concentration (300 mg). When

adequate amount of PEG was used, it adsorbs on the sur-

face of Pd nanoparticles, and protects nanoparticles from

growth and aggregation because of its steric effect.

3.2 TEM studies

Figure 3 shows the TEM images of Pd nanoparticles

prepared with different glucose and PEG amounts. The

nanoparticles synthesized have shown fair monodispersity.

The particles are nearly spherical in shape. With increasing

the glucose concentrations, the particle size changes have

been observed (Fig. 3a–c). The size variations with change

in amounts of glucose and PEG estimated from TEM and

PSA have been shown in Table 1. The size variation may

be because, with an increase in the concentration of the

reducing agent, the reduction rate of metal ions increases,

leading to smaller metal nanoparticles.

The TEM image (Fig. 3d) of the sample synthesized from

100 mg PEG and 300 mg glucose showed aggregation of

the particles which concluded that 100 mg PEG was insuf-

ficient for capping the nanoparticles. While, the amount of

PEG was increased (Fig. 3c, e), monodisperse particles were

seen. No aggregates were observed in other samples, and the

nanoparticles prepared showed good size distribution.

3.3 XRD and PSA studies

Figure 4a shows the XRD pattern of the particles. The

characteristic peaks for Pd (2h = 40.1, 46.7,and 67.9),

marked by their indices ((111), (200), and (220)), reveal

face-centered cubic (fcc) structure of Pd particles. Extra

noise can be because of PEG. The crystallite size was

estimated by applying the Scherrer equation (Eq. 2) to the

full width at half maxima (FWHM) of the (111) peak of Pd

nanoparticles:

s ¼ Kk
b cos h

ð2Þ

where K is the shape factor (0.94 for spherical shapes), k is

the X-ray wavelength, typically 1.54 Å, b is the FWHM,

Fig. 3 TEM images of Pd nanoparticles obtained by changing the concentrations of glucose and PEG

Table 1 Size of the nanoparticles observed from TEM images

TEM image Glucose (mg) PEG (mg) Approximate size (nm)

TEM PSA

3(a) 100 300 30 37.8

3(b) 200 300 15 21.0

3(c) 300 300 10 7.5

3(d) 300 100 Aggregate –

3(e) 300 400 12 18.1

1410 J Appl Electrochem (2011) 41:1407–1417

123



h is the Bragg angle in radians, and s is the mean size (nm)

of the particle. The XRD data yield particle size of 10.6 nm

when using 300 mg glucose, which is in good agreement

with the average size of 10 nm as obtained from TEM data.

The PSA (Fig. 4b) also shows that the nanoparticles syn-

thesized are of mean diameter of approx. 7.5 nm.

3.4 Electrocatalytic studies

3.4.1 Electro-oxidation of fuels

With the development of nanotechnology, nanostructures

provide more opportunities for searching or designing an

effective catalyst for such materials. Recently [32–34], Pd-

based electrocatalysts, as one of the non-Pt electrocatalysts,

have been found to possess prominent properties for cata-

lyzing alcohol or formic acid. Fig. 5 depicts the CV of the

Pd nanoparticles modified GC electrode in 0.5 M NaOH

solution in the absence of any organic compound. By

comparing to the CV in the absence of fuel, an oxidation

peak of the fuel can be clearly observed.

The most active catalyst for the formic acid oxidation is

made of the smallest Pd nanoparticles [35]. Such small Pd

nanoparticles display the highest binding energy shift and

the highest valence band center downshift with respect to

the Fermi level [35]. In other words, the smallest nano-

particles display the highest formic acid reactivity. For

formic acid oxidation to CO2, the mechanism can be

summarized as follows:

HCOOHð Þads! COOHð ÞadsþHþ þ e� ð3Þ

COOHð Þads! CO2ð ÞrdsþHþ þ e� ð4Þ

The rate of formic acid transformation to CO2 (Eq. 3) is the

highest at the surface. Since the smallest Pd nanoparticles

have the lowest d-band center, they bind the COOH

intermediate less strongly (versus larger nanoparticles) and

reduce the surface (COOH)ads coverage (Eq. 4). If the

limiting step, i.e., Eq. 4 is avoided because of the low

COOH coverage, then higher rates of the direct HCOOH

decomposition process to CO2 are expected.

Keeping in view that smallest nanoparticles of Pd act as

active catalyst, in the present study, we have used 10 nm

size Pd nanoparticles in the electro-oxidation. Figure 6a is

the CV scan of formic acid electro-oxidation in 0.5 M

NaOH containing 0.5 M formic acid on different materials

modified GC electrodes at the scan rate of 0.1 Vs-1. There

is an oxidation peak at about 0.063 V (versus Ag/AgCl) in

the forward scan, which is ascribed to the electro-oxidation

of formic acid, and another oxidation peak in the reverse

scan mainly corresponds to the residual carbon fuels

formed in the forward scan. The unexpected steep slopes in

CV are due to fast mass transport in diffusion process.

Bravo et al. [36] investigated the determination of amount

of uric acid with the help of carbon fiber electrode. They

reported that the steep rise of the current–potential curve of

uric acid points to fast electrode kinetics of uric acid at

carbon fiber electrode surface. Similarly, Toth et al. [37]

also reported that steep angles in CV are due to the fast

kinetics on the electrode due to fast mass transport.

Similarly, for methanol oxidation, the following reac-

tions have been observed [38]:

CH3OHð Þads! CHOð Þadsþ 3Hþ þ 3e� ð5Þ

CHOð ÞadsþOH� ! HCOOHð Þadsþ e� ð6Þ

Fig. 4 a XRD pattern of Pd nanoparticles synthesized in MW. b Size

distribution histogram obtained from PSA

Fig. 5 CV of the Pd nanoparticles modified GC electrode in 0.5 M

NaOH solution at 0.1 Vs-1
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HCOOHð Þads! COOHð ÞadsþHþ þ e� ð7Þ

COOHð Þads! CO2ð ÞrdsþHþ þ e� ð8Þ

The CV scan of methanol electro-oxidation with modified

GC electrode under same conditions as above has been

presented in Fig. 6b. It shows the oxidation peak at about

-0.159 V (versus Ag/AgCl) in the forward scan.

Besides the above, ethanol electro-oxidation has

received increasing attention since ethanol is less toxic than

methanol and can be easily produced in great quantity by

the fermentation of sugar-containing raw materials. The

Pd-based catalyst used for ethanol electro-oxidation in

alkaline media has been developed recently. There is a

generally accepted reaction scheme for ethanol oxidation

on Pt-based catalysts. The reaction mechanism [39] is

actually split into three paths leading to either acetaldehyde

or acetic acid formation, and a path leading to CO2 for-

mation. For each path, however, the low-potential activa-

tion of water by the electrocatalyst (Eqs. 9 and 10) is

mandatory to accomplish both the oxidation of COads to

CO2 and the C–O coupling that transforms acylads into

acetic acid:

OH2ð Þads! OHð ÞadsþHþ þ e� ð9Þ

OHð Þads! Oð ÞadsþHþ þ e� ð10Þ

COð Þadsþ Oð Þads! CO2 ð11Þ

The surface structure sensitivity of ethanol oxidation is due

in part to facile C–C bond cleavage at step sites. The faster

C–C bond breaking kinetics lead to larger CO2 yields [40],

but it occurs at the expense of increased poisoning by

adsorbed CO and possibly other partial oxidation products.

The decrease in acetic acid production is likely a conse-

quence of (i) a shift in reactions toward the CO2 producing

pathway and (ii) increased surface poisoning that blocks

sites for water activation. The CV scan of ethanol electro-

oxidation with modified GC electrode under same condi-

tions as for formic acid and methanol (Fig. 6c) shows the

oxidation peak at about -0.180 V (versus Ag/AgCl) in the

forward scan. The results indicates that it possesses better

electrocatalytic behavior than Pd nanoparticles used by

Liu et al. [41] and bulk Pd employed by Zhou et al. [42].

The oxidation peaks of the fuels in Fig. 5 are consistent

with the recent results [43, 44] [Table 2]. The similar

results confirm that the peaks are due to the oxidation of the

fuels being oxidized. Bambagioni [44] reported the oxi-

dation potentials of methanol and ethanol as -0.15 and

-0.12 V (versus Ag/AgCl) on a Pd/MWCNT electrode.

The intermediate carbonaceous fuels formed during

electro-oxidation may poison the catalyst and suppress

its performance accordingly. Therefore, the stability of

the synthesized Pd nanoparticles for electro-oxidation

was investigated by multicycles in CV and CA [45].

Figure. 6d–f shows the cyclic voltammograms of electro-

oxidation in 0.5 M NaOH at a scan rate of 0.1 Vs-1. The

peak current density of formic acid during the first cycle

has been 5.697 mA cm-2 as compared to 5.090 mA cm-2

in the fifteenth cycle, which is just 10.06% less than that

during the first scan. Similarly, the efficiency has also been

calculated for the other two. The peak current densities for

Fig. 6 (a–c) CV scans of

oxidation on Pd (10 nm)

unsupported catalyst in 0.5 M

NaOH solution at 0.1 Vs-1 scan

rate and (d–f) forward CV scans

of oxidation for 15 cycles
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fifteenth cycle have been 1.99 and 1.72% less than the first

scan for methanol and ethanol, respectively. The efficiency

of the synthesized Pd nanoparticles for electro-oxidation of

methanol and ethanol has been found to be very high.

The ratio of the forward oxidation current peak (If) to

the reverse current peak (Ib), i.e., If/Ib, is an index of the

catalyst tolerance to the poisoning fuels [46]. A higher ratio

indicates more effective removal of the poisoning fuels

from the catalyst surface. The If/Ib ratios (Table 2) follows

the order: formic acid \ methanol \ ethanol, which indi-

cates that Pd nanoparticles of size *10 nm act as better

catalysts for ethanol compared to other two. The activation

energy of ethanol is low; therefore, ethanol gets more

easily electrochemically oxidized than methanol [47].

3.5 Chronoamperometric studies

In a CA experiment, the potential is held constant, and the

resulting current transient is measured [48]. Figure 7a, c,

and e shows the current-time plots for 1 h of 0.5 M formic

acid, methanol, and, ethanol, respectively, in 0.5 M NaOH.

In all the cases, the Pd catalyst shows good performance in

electro-oxidation. All the transients display appreciable

current during the early stages of oxidation. Figure 7a

shows very pronounced digital noise in CA tests. It may be

due to the CO poisoning of the catalyst which is also

contributing to the low efficiency of the nanoparticles

toward oxidation of formic acid. Recently, Winjobi and

coworkers [49] have employed carbon nanotube supported

Pt–Pd nanoparticles for formic acid oxidation. They have

also reported that unclear chronoamperograms, which is

again because of the COads poisons that gradually accu-

mulate on the catalyst surface and deteriorate the catalyst

activity.

Further CA plots have been employed in calculating the

charge transfer plots [50] in each case (Fig. 7b, d, f).From

the plots also we infer that the oxidation is linear, i.e.,

uniform. This means that the Pd nanoparticle of size 10 nm

shows superior catalytic activity in electro-oxidation of

alcohols and good catalytic activity in electro-oxidation of

formic acid.

The CV scans of Pd nanoparticles (10 nm) in formic

acid, methanol, and ethanol in 0.5 M NaOH solution have

also been carried at various scan rates v: 0.07-0.5 Vs-1. A

linear relationship is found between the oxidation peak

current and (v)1/2, as shown in Fig. 8, indicating that the

oxidation can be a diffusion-controlled process [51]. The

electro-active area of the nanoparticles modified GC elec-

trode is determined by the plot of ip against v1/2 (Fig. 8a)

using the following Randles–Sevcik equation [52]:

ip ¼ 2:69� 105
� �

n3=2 A D1=2 v1=2 C ð12Þ

Table 2 The oxidation peaks and If/Ib ratios of the fuels with the

references have been reported with the comparable peaks

Fuel Oxidation potential

observed* (V)

Reference If/Ib ratio

Formic acid 0.063 43 0.792

Methanol -0.159 44 2.640

Ethanol -0.180 44 15.674

*(V versus Ag/AgCl)

Fig. 7 CA current-time plots

for 1 h in 0.5 M NaOH and

charge transfer plots (a,

b) 0.5 M Formic acid, (c,

d) 0.5 M Methanol, (e, f) 0.5 M

Ethanol

J Appl Electrochem (2011) 41:1407–1417 1413
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For formic acid, n = 2 (Eqs. 3 and 4), A is the electro-

active area of the nanoparticles modified GC electrode, v is

the potential scan rate, and C is the concentration of formic

acid in 0.5 M NaOH, and D is the diffusion coefficient

of formic acid. The electroactive area calculated for

synthesized Pd nanoparticles is 74.119 mm2.

In addition, the peak potential (Ep) increases with the

increase in v and a linear relationship is obtained between

Ep and log v. The results show that the oxidation on the Pd

nanoparticles is an irreversible process [51].

3.5.1 Effect of concentrations of fuels and electrolyte

The peak current density is affected by both fuel and NaOH

concentrations [45]. Figure 9a–c shows the effect of con-

centration of the fuels to be oxidized on electro-oxidation

in alkaline medium. NaOH concentration has been main-

tained at 0.5 M, and the fuel concentration has been varied.

The anodic peak current density during the forward scans

increases with the increase in concentrations examined.

Therefore, the electro-oxidation is concentration-depen-

dent, and the anodic current density is proportional to the

concentration of the fuel to be oxidized and is not yet

saturated under the investigated fuel concentration range.

In addition, a positive shift in peak potential is observed as

fuel concentration increases.

Figure 9d–f depicts the effect of NaOH concentration on

electro-oxidation by fixing the fuels’ concentrations at

0.5 M and varying NaOH concentration. The anodic peak

current density in the case of formic acid increases with the

increase in NaOH concentration initially and then reaches a

maximum value at 0.5 M NaOH. Further increase of NaOH

concentration has an inverse effect on the current density.

Initial increase of NaOH concentration could have greatly

facilitated the adsorption of the hydroxide ion as well as

formic acid to be oxidized on Pd active sites. However,

when the NaOH concentration is too high, there is no

sufficient active site on the Pd surface, and further increase

of NaOH concentration results in the adsorption of OH-

being dominant. There might be no difference between the

active sites for the formic acid and OH- on the surface of

Pd, and their adsorptions follow a competitive mechanism

when the available active sites are insufficient. Therefore,

there is a net decrease in the active sites for formic acid.

Similar explanation is applicable for both methanol and

ethanol cases, where maximum value for NaOH is 0.8 M.

Figure 10 shows the plots between the ratio of NaOH

concentration and fuel to be oxidized and the peak poten-

tial for all systems. In all the cases, there is a particular

ratio of the concentrations after which the equation chan-

ges. There seems to be a correlation between the peak

potential and the ratio of NaOH concentration and the fuel

Fig. 8 Variations of peak

current and peak potential as a

function of different scan rates

on Pd nanoparticles (10 nm) in

0.5 M NaOH

1414 J Appl Electrochem (2011) 41:1407–1417
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to be oxidized. Table 3 lists the regression and the peak

potential equation of all the plots. The linear regression

constants (R2) have been found to be good. The data sup-

port that the ratio instead of any one of the concentration

alone is the determinant factor for the shift of peak

potential on the as-prepared Pd nanoparticles.

In summary, well-defined forward and backward scan

peaks have been observed for formic acid, methanol, and

ethanol, which indicate the good electrocatalytic activity of

the synthesized Pd nanoparticles for the electro-oxidation.

The prepared Pd nanoparticles (10 nm) have produced

stable and reproducible response to oxidation of formic

acid, methanol, and ethanol. The enhanced performance

may be attributed to the large surface area, reduced diffu-

sion resistance, good catalytic ability, and excellent poi-

soning tolerance of the nanoparticles catalyst. Thus, the

free-standing Pd nanoparticles have great potential appli-

cations in various direct alcohol fuel cells.

Fig. 9 Effect of concentration

on the forward CV scans using

Pd (10 nm) unsupported catalyst

at a scan rate of 0.1 Vs-1

Fig. 10 The change in peak potential with the ratio of NaOH

concentration to fuel concentration where Fuel = Formic acid or

methanol or ethanol

Table 3 Linear regression constants and Ep equations for different

fuels

Fuels Line* R2 Ep (V)

Formic acid I 0.8953 ?0.0993 (ratio) ? 0.0271

II 0.8613 -0.8553 (ratio) ? 0.9190

Methanol I 0.9868 -0.0126 (ratio) - 0.1721

II 0.8911 -0.0224 (ratio) - 0.1298

Ethanol I 0.9347 -0.0482 (ratio) - 0.1575

II 0.9992 -0.0588 (ratio) – 0.0518

*In fig. 10
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4 Conclusions

Nanostructures of noble metal, i.e., Pd with varying sizes

have been generated from aqueous glucose solutions using

MW irradiation. The synthesis has been done in few sec-

onds, i.e., 20 s along with the control in the size of nano-

particles. Specifically, bulk and size-controlled synthesis of

nanostructures of Pd with particle size from 10 to 30 nm

have been achieved depending upon the concentration of

sugar solution. The role of concentration of the metal ion,

reducing agent, and capping polymer to prepare smaller

nanoparticles has been explored through UV–Visible

spectroscopic studies. These nanoparticles are highly stable

in aqueous solution, and the stabilization results from the

adsorption of the long PEG chain on the particle surface

through the interaction of the PEG groups with the Pd

surface. By combining several characterizations, such as

UV–Vis spectroscopy, TEM, XRD, and PSA, the product

is proved to possess size in the order nanoscale. TEM

results reveal that the glucose concentration has significant

effect on the size of the synthesized Pd nanoparticles. It is

also documented here that Pd nanoparticles exhibit good

activity for the electro-oxidation of formic acid and alco-

hols in alkaline solutions. The nanoparticles are highly

efficient for the electro-oxidation of alcohols. The electro-

oxidation peaks of formic acid, methanol and ethanol can

be easily described by cyclic voltammograms, current–time

plots and charge transfer plots. It is proved that electro-

oxidation is diffusion controlled and irreversible and

the prepared Pd nanoparticles are quite stable as catalysts.

The electro-oxidation is also concentration dependent as it

depends on the concentrations of electrolyte as well as the

fuel used in the system. The experiments on formic acid,

methanol, and ethanol oxidation reveal that the prominent

catalytic properties can promote this new electrocatalyst,

i.e., PEG coated nanoparticles to be applicable in fuel cells.
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