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a  b  s  t  r  a  c  t

Carbon  Vulcan  XC-72R  supported  PdxRh  (x =  1, 2, 3)  nanoparticles  have  been  prepared  by  a modified  pulse
microwave  assisted  polyol  method  and  have  been  studied  for  glucose  electrooxidation  in  alkaline  media.
The PdxRh/C  electrocatalysts  have  been  characterized  by  X-ray  diffraction  (XRD),  Transmission  Electron
Microscopy  (TEM),  Cyclic  Voltammetry  (CV)  and Chronoamperometry  (CA).  The  effects  of  the  concentra-
tion  of electrolyte  and  glucose  as  well  as  of  temperature  on  the  activity  of  glucose  electrooxidation  have
been investigated.  According  to the  CV results,  the  electro-catalytic  activity  towards  glucose  electroox-
eywords:
lucose electrooxidation
lkaline media
dxRh/C electrocatalysts

idation  of  the  investigated  catalysts  has  the  following  order:  PdRh/C  >  Pd/C  > Pd2Rh/C > Pd3Rh/C.  It was
found  that  increasing  electrolyte’s  concentration  until 1.0  M  KOH  the  current  density  increases,  while
higher  (>1.0  M KOH)  OH− concentrations  prevent  the  adsorption  of  glucose  at  the  electrode.  Moreover,
increasing  glucose’s  concentration  from  0.02 to 0.5 M the  current  increases  for  0.1,  0.3,  0.5,  1.0  and  2.0  M
KOH.  Additionally,  the  increment  of  temperature  enhances  glucose  electrooxidation  until  36.5 ◦C, while

◦
 the c
for  temperatures  >36.5 C

. Introduction

Glucose is the most abundant carbohydrate in nature easily pro-
uced by photosynthesis in plants such as sugar cane or corn and by

 large amount of waste biomass generated by agricultural activi-
ies [1,2]. The theoretical energy of glucose is 4430 W h kg−1 and its
omplete oxidation to carbon dioxide can produce 24 electrons for
ach glucose molecule through the following chemical reactions:

node reaction : C6H12O6 + 24OH− → 6CO2 + 18H2O + 24e− (1)

athode reaction : 6O2 + 12H2O + 24e− → 24OH− (2)

verall reaction : C6H12O6 + 6O2 → 6CO2 + 6H2O (3)

A potential approach to obtain energy from glucose is to be used
s fuel of a fuel cell, where glucose can be directly oxidized to gen-

rate electricity, similar to direct methanol (DMFCs) [3,4] and direct
thanol fuel cells (DEFCs) [5,6].

The electrooxidation of glucose has mainly two purposes: (i)
n vivo applications (as human implantable devices that will power
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atalytic  activity  decreases.
© 2013 Elsevier B.V. All rights reserved.

microelectromechanical devices [7,8] and (ii) the development of
glucose electrochemical sensors for diabetes check. Glucose could
be virtually withdrawn without limit from the flow of blood provid-
ing a long-term or even permanent power supply for such devices
as pacemakers, glucose sensors for diabetics or small valves for
bladder control. Consequently, many attempts have been made
mainly on the development of enzymatic and microbial glucose
fuel cells. More precisely, in the past few decades most researches
had been turned to the immobilization methods for enzymatic cat-
alysts in an effort to increase the lifetime of enzymes and therefore
of glucose fuel cells [9–15]. Enzymatic catalysts for glucose/O2 fuel
cells have excellent selectivity and can produce power densities
of several mW cm−2. However, they have very short lifetime, typi-
cally less than thirty days, due to the fragile nature of the enzymes
and poor immobilization techniques. This makes them generally
unsuitable for long-term implantable applications despite having
been successfully tested in-vivo. Thus, recently, there has been an
increasing interest in non-enzymatic glucose fuel cells where plat-
inum [16–21] and gold alloys [16,20–23] are mainly used as anode
electrocatalysts and usually activated carbon as cathode electro-
catalyst [24–26]. The reported results prove that such fuel cells
present much better stability having been successfully tested in-

vivo [27]. However, the poor anode selectivity towards glucose
oxidation in the presence of oxygen is still the biggest challenge
for direct in-vivo glucose fuel cells. Recently, Kerzenmacher et al.
[7,8,28] proposed novel direct glucose fuel cell (DEFC) structures

dx.doi.org/10.1016/j.apcatb.2013.09.024
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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ith Raney platinum or Raney platinum doped with zinc electrodes
s anode and thin layer platinum as cathode, and they examined
heir compatibility with a body tissue environment. The Raney-
latinum fuel cells exhibited a power density of up to (4.4 ± 0.2)
W cm−2 with 7.0% oxygen saturation, despite the limited oxy-
en supply. This high performance was attributed to the increased
xygen tolerance of the Raney-platinum film anodes.

At present, Pt [17,29,30], Au [22,31] and their bi-metallic cata-
ysts, Pt-Bi [25], Pt-Pd [32], Pt-Ru [24], Pt-Au [21,26], Ag-Au [33–35]
nd their tri-metallic catalysts [36] have been studied for glucose
lectrooxidation. There are also some researches [37–40] that have
xamined Pd-based electrocatalysts for glucose electrooxidation. It
as been proved [41] that Pd presents better activity than Pt and
u towards alcohols electrooxidation in alkaline media, reducing
t the same time the high cost of the electrodes, if it is considered
hat last year the cost of platinum was doubles that of palladium
42]. However, the cost of rhodium was almost the same as plat-
num’s one [42]. For this reason, electrocatalysts with very low
hodium amount are also studied and investigated in the present
anuscript.
Here, we report for first time the study of glucose electroox-

dation at 20 wt.% PdxRh/C (x = 1, 2, 3) electrocatalysts. Since in
iterature there is no similar work, this constitutes a novelty and

 first step for further investigation of modified PdRh/C electro-
atalysts. The home-made electrocatalysts were physicochemically
haracterized by X-ray diffraction (XRD) and transmission elec-
ron microscope (TEM) techniques. Cyclic voltammetry (CV) and
hronoamperometry (CA) techniques were used to evaluate their
lectrocatalytic activity and their stability to glucose electrooxida-
ion. The results are compared with those of a home-made carbon
upported Pd (Pd/C) (20 wt.% metal).

. Experimental

.1. Materials

Carbon powder Vulcan XC-72R (Cabot Corporation) was used
s support. PdCl2 and RhCl3 were used as the corresponding
etal precursors. All aqueous solutions were prepared by ultrapure
ater (18.2 M� cm Millipore–Milli-Q) during catalysts prepara-

ion. Ethanol (>99% purity) (Sigma Aldrich) and Nafion® (5 wt.%,
onPower, GmbH) were used for catalyst ink preparation. d-glucose
99.5% pure, assay) and KOH (>85% assay, flakes purified) were pro-
ided by Sigma Aldrich.

.2. Catalysts preparation

The 20 wt.% PdxRh/C (x = 1, 2, 3 denotes the Pd:Rh molar
atio) electrocatalysts were fast and easily prepared by the pulse-
icrowave assisted polyol synthesis method [43]. The primary

teps of this synthesis process are given as follows: The starting
recursors (PdCl2•2H2O and RhCl3) were well mixed in a beaker
ith ethylene glycol (EG) by the aid of an ultrasonic bath, and

hen XC-72R carbon black was added into the mixture. After the
H value of the system was adjusted to be ∼13 by the drop-
ise addition of 1.0 mol  L−1 NaOH/EG, a well-dispersed slurry was

btained by ultrasonic stirring for 30 min. Thereafter, the slurry
as microwave-heated for several times in a 10 s-on/10 s-off pulse

orm. In order to promote the adsorption of the suspended metal
anoparticles onto the support, hydrochloric acid was adopted as

he sedimentation promoter and the solution was  re-acidified to a
H value of about 3–4. The resulting black solid sample was  fil-
ered, washed with hot de-ionized water and dried at 80 ◦C for
0 h in a vacuum oven. For the sake of comparison, 20 wt.% Pd/C
vironmental 147 (2014) 481– 489

was also prepared in the same way  and examined under the same
experimental conditions for the glucose electrooxidation.

2.3. Physicochemical characterization

The X-ray Diffraction (XRD) measurements were carried out
by the aid of a D/Max-IIIA (Rigaku Co., Japan) employing Cu K�

(� = 0.15406 nm)  as the radiation source. The samples were scanned
in the range of 10◦ ≤ 2� ≤ 86◦. The peak at 68◦ (Pd 2 2 0) was used
for the calculation of crystallite size. Catalysts were also investi-
gated by transmission electron microscopy (TEM) using a Philips
CM12 microscope (resolution 0.2 nm), provided with high resolu-
tion camera, at an accelerating voltage of 120 kV.

Suitable specimens for TEM analyses were prepared by ultra-
sonic dispersion in i-propylic alcohol adding a drop of the resultant
suspension onto a holey carbon supported copper grid. To prevent
the agglomeration of carbon supports, the prepared catalyst was
diluted in ethanol using ultrasonic water bath for some minutes
and dried before TEM analysis. High dilution helps to separate the
catalyst particles from each other.

2.4. Electrochemical characterization

Three-electrode cell assembly connected to electrochemical
station (AMEL 5000) was used for the CV and CA measure-
ments. Hg/HgO (in 1.0 mol  L−1 KOH) and (d = 12 mm,  A = 1.1 cm2)
were adopted as reference and counter electrodes, respectively.
The working electrode was  a glassy carbon electrode (d = 3.0 mm,
A = 0.07 cm2). The catalyst slurry was prepared with the aid of mag-
netic stirrer, dispersing 5.0 mg  of the as-prepared electrocatalyst
powder in 1.8 mL  ethanol and 0.2 mL  Nafion® ionomer for 40 min
[44]. The catalyst ink was  then quantitatively (10 �L) transferred
onto the surface of the glassy carbon disk electrode by using a
micropipette and dried under infrared lamp to obtain a catalyst thin
film. Initially, in order to find out the most active electrocatalyst
towards glucose electrooxidation, CV measurements were carried
out in aqueous solution containing 0.5 mol  L−1 KOH  in absence and
in presence of 0.5 mol  L−1 glucose. Before each measurement the
solution was deareated for 30 min  with high-purity nitrogen gas
to remove the dissolved oxygen from the aqueous solution. The
potential window ranged from −0.8 to 1.2 V (vs. Hg/HgO) at a
sweeping rate of 20 mV s−1. Additionally, the effects of glucose’s
(0.02, 0.05, 0.2 and 0.5 mol  L−1) and the electrolyte’s concentration
(0.1, 0.3, 0.5, 1.0 and 2.0 mol  L−1 KOH) were separately investi-
gated over the PdRh/C electrocatalyst which presented the best
performance among the examined electrocatalysts. Moreover, the
influence of temperature and scan rate in 0.5 mol  L−1 KOH con-
taining 0.5 mol  L−1 glucose aqueous solution was  studied. It should
be noted that the potential is referred to Hg/HgO (1 mol  L−1 KOH)
reference electrode without specification.

3. Results and discussion

3.1. Physico-chemical characterization of PdxRh/C

XRD patterns of the as-prepared electrocatalysts are shown in
Fig. 1. As it is observed there are no noticeable peaks for phase-
separated structures such as Rh metals, which is probably due to
the formation of PdxRh/C alloys, reported also in literature [45].
The first peak at 25◦ is associated with the Vulcan XC-72 support
material for all the four samples. There are five observed charac-

teristic diffraction peaks at ca. 38◦, 45◦, 65◦, 79◦ and 83◦ belonging
to the face-centred cubic (fcc) phase of Pd (1 1 1), (2 0 0), (2 2 0),
(3 1 1) and (2 2 2), respectively. The Pd (1 1 1) plane has the largest
intensity among those planes, which becomes more intense as the
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Fig. 1. XRD results of the as-prepared carbon supported PdxRh/C electrocatalysts.

Table 1
Structural parameters of the as-prepared catalysts.

Catalysts Crystallite size
(nm)

Lattice parameter
(nm)

Particle size
(nm)

Pd/C 8.2 0.3865 8.0 < d < 10.0
PdRh/C 7.0 0.3859 5.0 < d < 10.0
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Pd2Rh/C 22.0 0.3880 5.0 < d < 12.0
Pd3Rh/C 14.0 0.3896 5.0 < d < 10.0

alladium ratio increases (Pd3Rh/C) [46]. Moreover as the palla-
ium ratio increases the Pd (1 1 1) peak position slightly shifts to
ore positive angles (Pd/Rh/C: 38.826o, Pd2Rh/C: 38.96o, Pd3Rh/C:

8.81o) indicating that part of the Rh has been alloyed with Pd [47].
In Table 1, the crystallite size and the corresponding

attice parameters calculated from the Pd (2 2 0) diffraction
Fig. 1 inset) line using the Scherrer formula and Bragg
quations are summarized [48,49]. It can be clearly seen
hat the lattice parameter decreases in the following order:
d3Rh/C > Pd2Rh/C > Pd/C > PdRh/C.

The surface morphology of the prepared PdxRh/C electrocat-
lysts was examined by TEM. TEM images in Fig. 2 (A–D) show

 successful loading dispersion of PdRh/C and Pd3Rh/C, Pd/C
anoparticles onto the surface of carbon substrate.

However, many agglomerates and a relatively poor dispersion
re observed for the Pd2Rh/C electrocatalyst. However, it is believed
hat this factor cannot be the main reason for its lower electrocat-
lytic activity as discussed below, according to the electrochemical
valuation, since Pd3Rh/C which presents the lowest activity does
ot form so many agglomerates.

.2. Electrochemical characterization

.2.1. Glucose electrooxidation
In Fig. 3 (A and B) the voltammetric curves of Pd/C, PdRh/C,
d2Rh/C and Pd3Rh/C electrocatalysts in 0.5 mol  L−1 KOH (Fig. 3
A)) and in 0.5 mol  L−1 KOH + 0.5 mol  L−1 glucose (Fig. 3 (B)) are
epicted. In the case of Pd-based electrocatalysts the electrochem-

cal active surface area (SESA) is calculated by determining the

able 2
lectrocatalytic kinetic parameters at different electrodes in 0.5 mol L−1 KOH, at room tem

Catalysts (20 wt%) Pd loading
(�g cm−2)

EASA
(m2 g−1)

Onset potential
(V vs. Hg/HgO)

Pd/C 72.0 10.3 −0.19 

PdRh/C 36.0 26.0 −0.55 

Pd2Rh/C 48.2 14.8 −0.34 

Pd3Rh/C 54.0 12.8 −0.34 
vironmental 147 (2014) 481– 489 483

coulombic charge (Q) for the reduction of palladium oxide (peak IV
in Fig. 3 (A)) [50]. The SESA values, reported in Table 2, are estimated
using the following equation:

SESA [m2
pd/gpd

] = charge [�C cm−2]

{405 [�C cm−2
pd ] × Pdloading [mg  cm−2]}

× 10

(4)

A charge value of 405 �C cm−2 is assumed for the reduction of
PdO monolayer [51]. The calculated electrochemical active surface
areas have the following order of PdRh/C > Pd2Rh/C > Pd3Rh/C >
Pd/C.

In Fig. 3 (A) during the positive-going sweep, three oxidation
peaks can be observed, which correspond to different electrochem-
ical processes occurring at the surface of the Pd electrode [52]. Peak
I in the potential range between −0.6 and −0.4 V is due to the oxi-
dation of the absorbed hydrogen [53–55]. Peak III, which emerges
above −0.25 V, could be attributed to the formation of palladium
(II) oxide layer at the surface of the catalyst. Although the mecha-
nism of this oxidation process remains unclear, it has been widely
accepted that OH− ions are firstly chemisorbed in the initial stage
of the oxide formation, and then at higher potentials they are trans-
formed into higher valence oxides, as described in the literatures
[55–57]. The adsorption of OH− starts at the far negative potential
from the onset potential of the Pd oxidation (peak II). As it can be
observed peak II is more intense for the Pd/C sample. Finally, peak
IV can be attributed to the reduction of the Pd(II) oxide during the
cathodic sweep [55,56].

Fig. 3 (B) shows the cyclic voltammograms of the PdxRh/C
and Pd/C electrocatalysts in 0.5 mol  L−1 solution containing
0.5 mol  L−1 glucose. As it can be seen, the electrocatalytic activ-
ity towards glucose electrooxidation has the following order:
PdRh/C > Pd/C > Pd2Rh/C > Pd3Rh/C. In the case of lower Rh con-
tent, its effect on Pd’s activity towards glucose electrooxidation is
decreased. Moreover the onset potential for PdRh/C is much lower
than that of the other electrocatalysts. As far as Pd/C electrocatalyst
is concerned, despite the fact that it presents high activity, the onset
potential of glucose oxidation shifts to higher potential (more pos-
itive) values and the peak potential also occurs at higher potential
value.

During the forward scan one peak is formed for all the examined
electrocatalysts, which can be attributed to the formation of palla-
dium oxides [58] and glucose electrosorption of glucose to form
an adsorbed intermediate. The decrease in current at potentials
more positive with respect to the peak potential could be due to
the formation of thick palladium oxide which competes for surface
adsorption sites with glucose and in turn inhibits the electrooxi-
dation of glucose as well [59]. During the reverse scan, oxidation
of glucose happens, in the potential region in which the surface
oxides are reduced. The reduction of the surface palladium oxides
occur at potential values more negative than −0.1 V and enough
surface active sites are available for the direct oxidation of glucose.

Therefore, there is a sharp increase in anodic current with the peak
at −0.10 V for the Pd/C and at −0.16 V for the rest electrocatalysts.
By shifting the potential to more negative values, the electrosorp-
tion of glucose on the catalyst surface starts again, resulting in the

perature, 20 mV s−1.

Peak potential
(V vs. Hg/HgO)

If (peak current
density, mA cm−2)

Ib (peak current
density, mA cm−2)

0.11 2.7 1.6
0.051 3.5 0.9
0.048 1.9 0.6
0.043 1.7 0.2
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Fig. 2. TEM images of (A) PdRh/C

ccumulation of intermediates at the electrocatalyst surface lead-
ng again to the decrease of the anodic current as it is shown in
ig. 3 (B).

.2.2. Effect of concentration of electrolyte and glucose
The effect of different: (i) KOH concentrations of 0.1, 0.3, 0.5,

 and 2.0 mol  L−1 and (ii) glucose concentrations of 0.02, 0.05, 0.2
nd 0.5 mol  L−1, for the reaction of glucose electrooxidation, are
nvestigated at PdRh/C electrocatalyst, which present the highest

atalytic activity to glucose electrooxidation (Fig. 3 (B)). The results
re presented in Fig. 4.

The oxidation current increases almost linearly as the KOH
oncentration increases from 0.1 to 1.0 mol  L−1. However, further

ig. 3. Cyclic voltammograms of the PdxRh/C electrocatalysts in: (A) 0.5 mol  L−1 KOH sol
oom  temperature).
2Rh/C, (C) Pd3Rh/C and (D) Pd/C.

increase in the concentration of KOH (>1 M KOH) leads to a
decrease of the peak current density. The same behaviour was
observed by Liang et al. [52]. From this behaviour one might
deduce that glucose oxidation can be accelerated by the pres-
ence of OH− anions, leading to an increase in the anodic peak.
However, at concentrations higher than 1.0 M KOH the adsorp-
tion of the OH− anions at Pd prevents the adsorption of glucose
at it [52]. Furthermore, the peak potential shifts to more nega-
tive values with the increase of KOH’s concentration, while at all

the examined electrolyte’s concentration values, the peak poten-
tial shifts to more positive values with the increase of glucose’s
concentration. The maximum current density reaches 5.2 mA  cm−2

for 1.0 mol  L−1 KOH containing 0.5 mol  L−1 glucose. In Fig. 4 (F), the

ution and (B) 0.5 mol  L−1 KOH containing 0.5 mol  L−1 glucose (scan rate: 20 mV s−1,
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Fig. 4. Cyclic voltammograms of the PdRh/C electrocatalyst in: (A) 0.1, (B) 0.3, (C) 0.5 (D) 1 and (E) 2 mol  L−1 KOH containing y (=0.02, 0.05, 0.2, and 0.5 mol  L−1) glucose (scan
r  gluco

d
p

c

l

w
a
b
u

ate:  20 mV s−1, room temperature). Fig. 4 (F): Peak current density dependence on

ependence of peak current density on glucose concentration is
lotted.

Tafel plots are obtained from the onset region of the polarization
urves [60] from the limiting form of the Butler–Volmer:

og i = log io +
(

˛anF

2.303RT

)
� (5)
here � is the overpotential, io is the exchange current density
nd ˛a is the anodic transfer coefficient, n is the electron num-
er involved in the reaction, F is the Faraday’s constant, R is the
niversal gas constant and T the temperature.
se concentration for 0.1, 0.3, 0.5, 1.0 and 2.0 M KOH.

In Fig. 5 (A) the voltammetric curves for glucose electrooxida-
tion taken for 5 mV  s−1 scan rate are depicted. In order to reduce
the mass transfer effect as much as possible and to derive kinetic
parameters the scan rate was  low. Fig. 5 (B) derives from Fig. 5
(A) and the exchange current density is calculated according to
Ref. [60]. From Fig. 5 (B) the exchange current density values (io)
are calculated: 0.02, 0.09, 0.12 and 0.17 mA cm−2, for 0.02, 0.05,
0.2 and 0.5 mol  L−1 glucose, respectively. The calculated values

of the exchange current densities according to literature [61] are
reasonable. However, due to lack of literature concerning electro-
kinetic data for glucose the results cannot be compared with the
others. From the low values of the exchange current density it is
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reaction.
ig. 5. (A) Cyclic voltammograms of PdRh/C electrocatalyst in 0.5 mol  L−1 KOH
ontaining (=0.02, 0.05, 0.2, and 0.5 mol  L−1) glucose (scan rate: 5 mV s−1, room
emperature), (B) Tafel plots derived from Fig. 5 (A).

bvious that further research is necessary in order to obtain higher
ctivity.

.2.3. Effect of varying potential sweep rate
The effect of scan rate on the peak current density at PdRh/C

n 0.5 mol  L−1 KOH + 0.5 mol  L−1 glucose is shown in Fig. 6 (A). It is
bserved that the peak current density increases rapidly by increas-
ng the potential scan rate from 5 to 200 mV  s−1. Moreover, the shift
f the peak potential to higher values is possibly due to the IR drop
enerated at high current density values [62].

The linear relationship between the square root of the scan rate
nd the peak current density (Fig. 6 (B)), proves that the control
f the overall glucose oxidation reaction is controlled by the mass
ransport of the glucose from the bulk solution to the electrode
urface [63]. As it is observed the line does not cross through the
rigin which can be ascribed to the fact that the rate-determining
tep of glucose oxidation involves adsorption and diffusion. Similar
esults have been also reported from Hu et al. [64].

In general, for an electrochemical oxidation reaction, the lin-
ar relationship between Ep and ln(v) can be represented by the

ollowing equation [65–67]:

p = A +
(

RT

(1 − a)nF

)
ln v (6)
vironmental 147 (2014) 481– 489

From Fig. 6 (C) it can also be seen that the Ep (positive scan) rises
with the increase of � and shows the linear relationship between Ep

and ln(v), indicating that the oxidation of glucose is an irreversible
charge transfer process. The irreversibility of the reaction is also
obvious from the cyclic voltammogram curves, since the reduc-
tion curve continues at positive current density values. In case of
reversibility the reduction curve should be the mirror (negative
current densities) of the first oxidation peak.

From the slope of Ep − ln v the transfer coefficient was calcu-
lated (giving n = 2). In fact, two electrons are involved, since glucose
electrooxidation at present investigated conditions follows the fol-
lowing process:

C6H12O6 + 2OH− → C6H12O7 + H2O + 2e− (7)

The  ̨ value was calculated 0.69 > 0.5, indicating according to
the theory of analytical electrochemistry [68,69] an irreversible dif-
fusion control process. Comparing the result with other works in
literature the calculated value is reasonable. Becerik [70] studied
glucose electrooxidation at platinum-palladium electrodes calcu-
lating  ̨ = 0.4, while Hu et al. [64] studying the electrooxidation
of glucose at palladium predicted  ̨ = 0.5. According to the above-
results the glucose oxidation process has been described also as
nearly-irreversible.

3.3. Effect of temperature

The effect of temperature (T = 25–60 ◦C) on the electrooxidation
of glucose is also investigated. Fig. 7 (A) shows the CVs at the PdRh/C
electrode for glucose oxidation at different temperature values. The
increase in temperature causes an evident increase in the anodic
peak current density until 36.5 ◦C. This behaviour is justified since
it agrees with the results reported by Yei et al. [71]. According
to them glucose degraded rapidly above 40 ◦C as evidenced by a
rapid change of colour to yellow-brown and caramel like smell.
The same degradation phenomena were also observed during our
experiments. As it is observed, in Fig. 7 (A), increasing the tem-
perature the baseline of the cyclic voltammograms curves shifts
up to higher current densities. However, the net current density
decreases for T > 36.5 ◦C. The same behaviour was observed for the
rest electrocatalysts.

The activation energy Ea can be obtained from the currents mea-
sured at different temperatures using the following equation:

Ea = R
(

d(ln I)
d(1/T)

)
(8)

The activation energy Ea was  calculated at specific poten-
tial value (at 0.06, 0.24, 0.24 and 0.097 V, for PdRh/C, Pd2Rh/C
Pd3Rh/C and Pd/C, respectively) from the cyclic voltammograms
in 0.5 mol  L−1 KOH containing 0.5 mol  L−1 glucose at 5 mV  s−1 [72].
The activation energy Ea was calculated to be 25.0, 24.3, 31.0
and 43.0 kJ mol−1 for the PdRh/C, Pd/C, Pd2Rh/C and Pd3Rh/C,
respectively. Low activation energy means high intrinsic activity
and consequently faster charge-transfer process [73]. Obviously,
PdRh/C electrocatalyst exhibits the highest activity to glucose
electrooxidation among the investigated samples. The estimated
activation energy values almost coincide with those estimated by
Hu et al. [64], implying that the formed PdOHads exhibits a cat-
alytic property for glucose electrooxidation similar to a radical
3.3.1. Chronoamperometric measurements
Chronoamperometric experiments were carried out to observe

the stability and possible poisoning of the catalysts under short
time continuous operation. Fig. 8 depicts the evaluation of activity
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ig. 6. (A) Cyclic voltammograms of the PdRh/C electrocatalyst in 0.5 mol  L−1 KOH
eak  current density vs. square root of scan rate, extracted from Fig. 6 (A), (C) Peak 

f PdRh/C, Pd2Rh/C, Pd3Rh/C and Pd/C electrodes along with time
t a constant applied potential of −0.13 V for 1300 s.

The long-term poisoning rate (d) is calculated by measuring the
inear decay of the current for a period of more than 500 s from

ig. 7 by using the following equation [74].

 = (100/Io)(dI/dt), t > 500 s (9)

ig. 7. (A) Cyclic voltammograms of PdRh/C at different temperature values (T = 25, 36
rrhenius plots for the PdxRh/C and Pd/C electrocatalysts derived from cyclic voltammog
aining 0.5 mol  L−1 glucose at different scan rates at room temperature, (B) Anodic
tial vs. ln(v) extracted from Fig. 6 (A).

where (dI/dt),  t > 500 s, is the slope of the linear portion of current
decay and Io is the current at the start of polarization back extrap-
olated from the linear current decay. The poisoning rate is found
to be 0.01, 0.0056, 0.018 and 0.0019% s−1 for the PdRh/C, Pd2Rh/C,

Pd3Rh/C and Pd/C, respectively. From the values, obviously, the poi-
son rate at PdRh/C is the highest one, which means that it is more
easily poisoned.

.5, 48 and 60 ◦C), in 0.5 mol L−1 KOH containing 0.5 mol  L−1 glucose, 5 mV s−1, (B)
rams at 5 mV s−1.
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ig. 8. Chronoamperometric curves at −0.13 V (vs. Hg/HgO) for 1300 (s), in a
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. Conclusions

In the present investigation, novel PdxRh/C electrocatalysts for
lucose electrooxidation were synthesized by a pulse microwave
ssisted polyol technique and characterized by the XRD, TEM, CV
nd CA techniques. From TEM characterizations the nanoparticles
ize was estimated at ∼10 nm.  Furthermore, according to the elec-
rochemical results the addition of Rh can increase the activity of Pd
owards glucose oxidation in alkaline medium. However, PdRh/C is
oisoned easier than the other electrocatalysts. The study of the
ffect of glucose and electrolyte’s concentration shows that for

 mol  L−1 KOH containing 0.5 mol  L−1 glucose the highest catalytic
ctivity can be exhibited. For electrolyte’s concentration higher
han 1 mol  L−1 KOH the electrocatalytic activity decreases due to
he great number of hydroxide ions which may  block the glucose’s
dsorption on the electrode’s surface. Finally, it has been found
hat the increase of temperature until 36.5 ◦C enhances the elec-
rocatalytic activity, while at higher temperature values the rapid
egradation of glucose solution suppresses electrocatalysts’ cat-
lytic activity. Consequently, PdRh/C is a good candidate for glucose
lectrooxidation reaction and further investigation in a direct glu-
ose fuel cell or sensor would be very promising.
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