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An activated carbon supported PdRu bimetallic nanocatalyst (PdRu/C) was prepared by microwave
heating reduction method. TEM results showed that, when Ru was added, the catalyst can get better
dispersion and smaller particle radius, the PARu/C catalysts possess smaller mean grain size. XRD data
indicate that the Pd-Ru is supported on the activated carbon as an alloy. The catalytic property was
determined by analyzing the oxidation and reduction peaks of methanol and ethanol at different molar
ratios of PdRu. The PdRu/C catalyst exhibits a good CO-tolerence. In addition, all the catalysts revealed
better electrocatalytic performance towards ethanol oxidation than methanol oxidation under alkaline
conditions. The current intensity of the PdRu(1:1)/C catalysts for the ethanol electrooxidation reached
about 991 mA mg™!' Pd; while the methanol was only 375 mA mg™' Pd. Besides, the catalytic property of
the PdRu(1:1)/C for the electrooxidation of alcohol was 1.1 times than the Pd/C catalyst synthesized in
the same way. The PdRu(1:1)/C has slightly higher current intensity than the Pd/C, and exhibits excellent
durability after a long time test to ethanol oxidation. It also has a very fast charge transfer rate as shown
in EIS test.

Keywords: PdRu Nano-catalysts, Microwave assisted polyol method, electrocatalytic properties,
Methanol Electro-oxidation, Ethanol Electro-oxidation

1. INTRODUCTION

Direct alcohol fuel cell has good application value in electric cars and portable equipment due to
its advantages in many aspects such as high energy efficiency, environmental benignity, easy
transportation and storage of the fuel and other features [1,2].

However, it is still far from a wide range of practical applications. An important factor is the high
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price of Pt-based catalysts [3]. Platinum has always been the optimum material for the electrochemical
oxidation of alcohols. However, such catalysts can easily be adsorbed by certain reaction intermediates,
COads, produced during the methanol electro-oxidation reaction, decreasing its catalytic performance
[4,5]. Therefore, it is very valuable to find a more valid, cheaper and non-platinum based anode catalyst
material for DAFCs.

Pd plays a significant role in the alternative materials [6-8] for its higher availability in alcohol
oxidation under alkaline conditions.For example, according to reports in the literature, under alkaline
solution, the Pd/C catalyst has a preferable electro-oxidation activity than Pt/C in ethanol solution, which
is attributable to the cleavage of the C-C bond promotes the oxidation of ethanol and further oxidizes
the products CO to COa. In addition, the stability and toxicity resistance of Pd/C catalyst are better than
those of Pt/C catalyst at low temperature [9]. At the same time, Pd has a similar atomic radius and lattice
structure as Pt [10]. Pd adsorbs OH™ more easily in alkaline solutions, which enhances the oxidation
kinetics of alcohols [11,12]. Furthermore, the presence of Ru in the PdRu bimetallic catalystcan not only
weaken the interaction between Pd and CO [13], but also can decompose H2O to produce oxygen species,
such as -OHags, at a lower potential, which can oxidize intermediate products, such as CO which can be
oxidized to CO; [14]. Therefore, the catalyst contained Ru has high electrocatalytic activity and
methanol-tolerant ability [15].

In addition, the influence of the preparation method on the activity of the electrocatalyst cannot
be ignored. Impregnation method and colloid method are two conventional methodspreparing
nanoparticles, yet withmany disadvantages. For example, impregnation method is difficult to control the
particle size andcolloid method is cumbersome to operate and not suitable for large-scale preparation of
electrocatalysts in the future [16-19]. Electrodeposition method is difficult to achieve uniform deposition
on large area electrodes [20,21].Also, the surfactants used in the microemulsion method are expensive
and cumbersome to clean andnot suitable for large-scale production [22,23]. In contrast, physical
assistance methods such as microwave assisted ethylene glycol reduction and ultrasonic assisted
methods are the latest methods for the preparation of nanocatalysts. They have caused widespread
concern for the fast preparation speed, small nanoparticle size, and good dispersion properties [24,25].

Here, the PdARu/C and Pd/C nanocatalysts are synthesized using a microwave heating reduction
method aiming at developing a novel anode catalyst for DAFCs. In the investigation of the PARu/C
bimetallic catalysts, the effect of the molar ratio between Pd and Ru, the mean size and distribution of
the nanoparticles on the catalytic activity were fully discussed.

2. EXPERIMENTAL

2.1 Fabrication of nanocatalysts

24 mg Vulcan XC-72 were firstly impregnated with 1 ml of 0.0564 mol/L PdClI, and 1.17 ml of
0.0482 mol/L RuCls in 20 ml ethylene glycol, and ultrasonically disperse for 30 min (Maintain a molar
ratio of Pd to Ru of about 1:1). Then, 3.8 mL 0.1 mol/L KOH was instilled in the above solution under
ultrasonic treatment using about 2 min. After that, the small beaker added another 20ml of ethylene
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glycol was placed in a household microwave oven and heated about 1 minute. After cooling, the mixture
was carefully filtered and rinsed using distilled water adequately. Then dried at 80 °C for 6 hours, it was
grinded using an agate mortar, and kept in a plastic centrifuge tube. Thus, a PdRu (1:1)/C catalyst was
obtained. The Pd/C, PdRu(2:1)/C, PdRu(1:2)/C and PdRu(1:3)/C composite catalysts were prepared in
the same manner for comparison.

2.2 Electrochemical measurements

The working electrode is manufactured by the method reported in literatures [26,27]. In brief, 1
ml Nafion solution (0.2 wt%) containing 2.0 mg catalysts were fused together by ultrasonic treatment
for 30 minutes. Afterwards, 5 pl suspension was transfered using a micro sampler and dropped on the
surface of a glassy carbon electrode (d =5 mm). Thereafter the sample was dried at room tempreture for
about 20 min, this working electrode is critical to the electrochemical activity of the test catalyst. The
reference electrode is a saturated Ag|AgCl electrode (Ag|AgCl), and the counter electrode is a graphite
electrode (4 cm?). The testing electrolytes are 0.5 mol/L H2SO4 and 0.1 mol/L KOH mixed liquor
respectively as the acidic electrolyte solution and alkaline electrolyte solution. The electrochemical data
are recorded by the computer connected to the CHI760E electrochemical workstation (Shanghai, China).
All the electrochemical experiments are performed at 25 °C. The scan rate for the test of cyclic
voltammetry (CV) is 50 mV s. Dissolved oxygen was expelled by N2 before each electrochemical test.
Chronoamperometric tests were performed at 0.1 V at room temperature for 3600 s. Electrochemical
impedance spectra (EIS) was carried out at an AC frequency of 1000 k Hz ~ 0.005Hz.

2.3 Characterization of electro-catalysts

The morphology of the PdRu/C catalysts were detected by transmission electron microscope
(TEM, JEM-1200EX). X-ray diffraction (XRD) patterns was carried out on a BRUCKER D8 wide-angle
goniometer employing a Cu target, Karadiation with a scanning range (2 theta) from 10 to 90° at 6 °/min,
Scan step length is 0.02. X-ray photoelectron spectroscopy (XPS) was investigated by Thermo Scientific
Escalab 250Xi. The metal content of the nanocatalyst was obtained by applying Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES).

3. RESULTS AND DISCUSSION

3.1 Characterization of electro-catalysts

Analyzing ICP-OES determines the actual metal loading of catalysts, and Table 1 lists the
corresponding conclusion. The measured total metal load is lower than the theoretical total metal load.
It can be seen intuitively that the reduction effect of Ru is relatively poor, but with the addition of Ru,
the reduction amount of ruthenium is also increasing [28].
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Table 1. Metal element loading of the prepared catalyst

1273

Actual total metal Theoretical total
Entry Catalyst Pd (wWt%) Ru (wt%) metal content
content (wt%)
(Wt%)

1 Pd/C 39.7 NA 39.7 40

2 PdRu(2:1)/C 22.7 1.47 24.17 42.4
3 PdRu(1:1)/C 20.5 2.45 22.95 32.7
4 PdRu(1:2)/C 20.8 4.45 25.25 42.1
5 PdRu(1:3)/C 19.3 4.36 23.66 49.0

Frequency / %
v @

Figure 1. TEM pictures of the Pd/C (a), PdRu(2:1)/C (b), PdRu(1:1)/C (c), PdRu(1:2)/C (d) and

PdRu(1:3)/C (e) catalysts

The representative TEM images and nanoparticle morphologies of the Pd/C, PdRu(2:1)/C,
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PdRu(1:1)/C, PdRu(1:2)/C and PdRu(1:3)/C catalysts are displayed in Fig. 1. The dark particles in the
figure are activated carbon, and the small black dots are Pd or PdRu nanoparticles. This illustrates the
successful combination of activated carbon and metal nanoparticles in these catalysts prepared by the
microwave method. It can be clearly seen that the PdRu(1:3)/C particles are the smallest and are very
uniformly distributed on the support, while the Pd/C catalyst has a large agglomerated particles. In
bimetallic catalysts, particle size tends to decrease as the molar ratio of Ru increases. At the same time,
studies have found that the introduction of Ru will promote the dispersion of Pd [29].

The histogram of the particle size distribution of all nanocatalysts was obtained by randomly
selecting 200 nanoparticles in the TEM image. From the illustration, the average particle diameter of the
Pd/C catalyst is 5.26 nm. The PdRu(2:1)/C, PdRu(1:1)/C, PdRu(1:2)/C and PdRu(1:3)/C catalysts were
3.23 nm, 2.85 nm, 2.85 nm and 2.84 nm in diameter, respectively. High resolution graphics show that
the distribution of the PdRu/C catalyst is more dispersed, wherein the mean diameter of the PdRu(1:3)/C
catalyst is about half of the Pd/C. The rate of reduction of precious metals has a profound influence on
the size and dispersion of nanoparticles during the preparation process.
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Figure 2. XRD spectra of Pd/C (a), PdRu(2:1)/C (b), PdRu(1:1)/C (c), PdRu(1:2)/C (d) and PdRu(1:3)/C
(e)

Under the same conditions, XRD has become an effective method for studying the composition
and crystal structure of materials. In Figure 2, all the catalysts display a large angle diffraction peak
corresponding the C (002) crystal plane at 26 = 23.2°, which is attributed to the carbon carrier in the
catalyst. Referring to the XRD standard spectra of the contained metal, the spectrum line around 40.1°,
46.6°, 68.1° and 82.0° correspond to the diffraction peaks of the Pd (111), Pd (200), Pd (220) and Pd
(311), respectively [30]. However, the characteristic peaks of Ru crystal grains were undetected. In
addition, the intensity of the Pd peak also decreased, possibly because of an increase in ruthenium
element in the sediment.

The energy state distribution and element valence composition of the PdRu(1:1)/C surface of the
catalyst identificated using the XPS are shown in Fig. 3.
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Figure 3. (a) Wide-scan survey of PdRu(1:1)/C. (b-d) Accurate scan results of Ru 3p, Pd 3d and Ru 3d
in PdRu(1:1)/C.

The XPS test is used to illustrate the presence and valence of metals in composite materials. The
PdRu(1:1)/C is used for analysis and elaboration. Four more obvious peaks appeared in the 250-600ev
range of this score. After comparison with the database, the peak positions of C 1s, Ru 3p, Pd 3d and O
Is were 285.0, 463.3, 335.1 and 532.8 eV, respectively. [31]. In Fig. 3(b—d), the precise scan spectrum
was fitted to the analysis by software XPSPEAK41. In Fig. 3(c), the peaks at the 340.7 and 335.4 eV
bond strengths are Pd 3ds» and Pd 3ds/2, respectively. To explore the oxidation state of Pd, the total
curves were divided into three groups of peaks with corresponding bond energy values of 340.5 and
335.4 eV, 341.3 and 336.0 eV, and 342.5 and 336.9 eV, respectively. These three groups of peaks
represent different Pd elements. In the oxidation state, the first group is metal Pd, the second group is
PdOx/Pd or PdO, and the third group is usually PdO [32,33]. Obviously, metal Pd is the main form of
the catalyst. There are other forms of the catalyst exists such as a small quantity of Pd** ,confirmed by
the high-resolution Pd 3d spectrum peak-differentiating and imitating [34].. As shown in Fig. 3(b), Ru
3ps2 is divided into two peaks, which are located at 463.6 and 466.5 eV, respectively, indicating mainly
RuCl; and K2[RuCls(H20)] [35]. Since the Ru 3p peak in Fig. 3(b) is weak, it is not sufficient to explain
the state of Ru. Therefore, the spectrum of Ru 3d was taken as a research object. As shown in Fig. 3(d),
Ru 3ds; is separated into two parts at 284.5 and 285.4 eV, respectively, which mainly indicate Ru/RuOx

and RuCls.
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3.2 Electrochemical analysis of PdRu/C and Pd/C nanocatalysts
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Figure 4. (a) CVs of Pd/C, PdRu(2:1)/C, PdRu(1:1)/C, PdRu(1:2)/C and PdRu(1:3)/C catalysts in 0.1
mol/L KOH + 1 mol/L CH3OH at 50 mV/s. (b) These catalysts in 0.5 mol/L H2SO4 at 50 mV/s.
(The 30th cycle)

As shown in Fig. 4(a), these catalysts were measured to evaluate the catalytic activity. All
catalysts exhibit typical characteristics of methanol oxidation. That is to say, there are significant
oxidation peaks in the scanning experiments. The positive scan is direct oxidation peak on the catalyst
surface. The formation of reverse scan peaks is mainly for the oxidation of the intermediate product
during the incomplete oxidation of methanol [36]. It can be found that the bimetallic catalyst
PdRu(1:1)/C exhibited the optimum catalytic properties in oxidizing methanol. The forward peak current
density of the PdRu(1:1)/C (375.06 mA mg™!) is greater than Pd/C (353.35 mA mg!) at the 30th cycle.
The CV curves indicate that the elemental palladium catalyst has a higher current density than the
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PdRu(1:2)/C and PdRu(1:3)/C electrocatalysts.

The multiples of positive anode peak current density (Ir) and reverse anode peak current density
(Ip) reflect the oxidation rate of the material and its tolerance to accumulated intermediate carbon product
poisoning [37]. The higher the multiple, the stronger the tolerance to toxic substances on the catalyst
surface. After calculation, PdARu(1:1)/C is 2.2, which is higher than Pd/C (I¢ly = 1.3). This phenomenon
shows that the presence of an appropriate amount of Ru can weaken the occupation of active sites by
carbon-containing intermediates such as CO, so that accelerating the oxidation of intermediates such as
CO to CO» or other substances. It is beneficial to release more active sites and improve electro-catalytic
stability.

Among these catalysts, the peak potential of PdARu(1:1)/C moves from 0.07 to -0.02V contrasted
with Pd/C, and the peak current also increases. This phenomenon is due to the lattice strain effect leading
to changes in the band structure, thereby increasing the mobility of carriers [38,39]. Consequently, more
active sites promote the adsorption oxidation of CH3OH, and the negative move of the peak potential
refers to the electron mobility, which makes the catalyst have higher catalytic activity.

For the purpose of confirming the performance of the catalyst, the ECSAs can be obtained from
the CV curve in the sulfuric acid system [40]. Fig. 1(b) displays CV curves of Pd/C, PdRu(2:1)/C,
PdRu(1:1)/C, PdRu(1:2)/C and PdRu(1:3)/C catalysts at 50 mV/s scan in 0.5 mol/L H2SO4 liquor. The
ECSAs increases with the decreasing addition of PdCl, and then decreaseing with the addition of RuCls.
The PdRu(1:1)/C has the smallest particles size and highest specific area comparing with Pd/C [41].
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Figure 5. CVs of Pd/C, PdRu(2:1)/C, PdRu(1:1)/C, PdRu(1:2)/C and PdRu(1:3)/C catalysts in 0.1 mol/L
KOH + 1 mol/L ethanol at 50 mV/s. (The 30th circle)

Fig. 5 displays the CVs on the PdRu/C and Pd/C catalysts in 0.1 mol/L KOH + 1 mol/L ethanol.
When the Pd-Ru proportion is 1:1, the peak current of ethanol oxidation is the largest, about 991.57 mA
mg* at 0.036 V, and the peak current of Pd/C prepared under the same conditions is 884.10 mA mg™ at
0.02V, that is to say, PdRu(1:1)/C has the strongest electrocatalytic performance for ethanol oxidation.
After all of the catalysts were reduced in the time of the forward scan, there was a peak at about -0.10 V
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to -0.40 V during the negative scan, which may be a reaction to the intermediate product. Beyond that,
PdRu/C has an initial potential of -0.60 V earlier than Pd/C (-0.50 V) reflecting the advantages of PdARu/C
catalyst in the oxidation kinetics of ethanol.
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Figure 6. (a) Chronoamperometric curves at 0.1V of Pd/C, PdRu(2:1)/C, PdRu(1:1)/C, PdRu(1:2)/C and
PdRu(1:2)/C catalysts in a mix solution of 0.1 mol/L KOH + 1 mol/L CH30H at room
temperature. (b) These catalysts in 0.1 mol/L KOH + 1 mol/L ethanol at 25 °C.

Chronoamperometry is an important approach to obtain the stability of the catalysts. The current
density sharply decays at the initial stage and gradually stabilizes at the later stage. The initial higher
current density value is mainly becauses of the existence of the double layer and sufficient active sites
to catalyze the alcohol oxidation reaction. The rapid decline of the current density is partly because the
methanol in the solution is continuously oxidized on catalyst surface, and the intermediate product
continuously accumulates, thus occupying the active site and leading to a decrease in catalytic
performance [42].
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Figure 7. Electrochemical impedance spectra for alcohol oxidation on Pd/C, PdRu(2:1)/C, PdRu(1:1)/C
and PdRu(1:2)/C catalysts in (a) 0.1 mol/L KOH + 1 mol/L CH3OH , (b) 0.1 mol/L KOH + 1
mol/L ethanol solutions at a fixed potential of 0.1 V. The illustration is an equivalent circuit by
fitting the impedance spectrum.

Fig. 6(a) depicts the chronoamperometry of Pd/C and PdRu/C for electrocatalytic oxidation of
methanol in 0.1 mol/L KOH + 1 mol/L CH3OH at 0.1 V. It can be seen from the figure that PdRu (1:1)/C
has the highest current density after 3600s, showing the best electrocatalytic stability. Its current density
value is stable at 1.9 mA/mg. In other three groups of curves, the initial value of the current density of
the Pd/C is relatively high but the decay process is relatively slow. The highest among others shows the
best catalytic methanol oxidation stability and resistance to poisoning.

Furthermore, with the addition of Ru in 0.1 mol/L KOH + 1 mol/L ethanol and a long period of
testing, the current density of PdRu(1:1)/C is also the highest and exhibits excellent durability to ethanol
oxidation under alkaline conditions in Fig. 6(b).
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Table 2. The EIS Parameters of Pd/C, PdRu(2:1)/C, PdRu(1:1)/C and PdRu(1:2)/C electrodes

0.1 M KOH + 1 M CH30H 0.1 M KOH + 1 M ethanol
Electrode R CPE Ret CPE.qs Rads W R CPE. Rt W
(ohm) (uF) (ohm) (uF) (ohm) (ohm) (uF) | (ohm)
Pd/C 45.1 189.7 258.6 147.5 6321 2.6x1073 47.4 194.1 2842 | 5.2x1073

PdRu(2:1)/C 44.2 190.7 355.2 130.8 7185 1.7x10* | 40.5 140.9 | 3134 | 2.5x10°
PdRu(1:1)/C 345 196.8 244.9 248.5 3034 | 3.2x10° 49.4 327.6 | 2315 | 9.6x107
PdRu(1:2)/C 39.2 106.4 353.4 72.7 7834 | 1.3x10* | 40.5 179.2 | 4672 | 3.6x107

As shown in Figures 7(a) and 7(b), the electrocatalytic reaction of each electrode in different
alcohol solutions was analyzed by electrochemical impedance spectroscopy (EIS). Nyquist Impedance
map of each catalyst from 1000 kHz to 0.005 Hz was recorded. The relevant equivalent circuit is attached
to the corresponding diagram, where Rs represents the solution resistance, CPEctand CPEags correspond
to the constant phase element of the electrocatalytic oxidation of the alcohol, respectively, Rt, Radgs and
W reflect the impedance of charge transfer and the Warburg’s diffusion element, respectively [43]. The
relevant parameters are summarized in Table 2. In Figure 7(a), the radius of the arc reflects the charge
transfer resistance (Rct) between the surface of the electrode and the electrolyte when methanol is
oxidized on the surface of the electrode. The smaller the radius of the impedance arc are, the smaller the
obstacle to electron transfer and the higher the catalytic performance is [44]. Obviously, the
corresponding Rctof PARu(1:1)/C is smaller than that of other catalysts. However, in the electro-catalytic
oxidation impedance diagram of ethanol in Fig. 7(b), PdRu(1:1)/C corresponds to the smallest R,
showing the best performance.

4. CONCLUSIONS

The Pd/C and PdRu/C catalysts were prepared by microwave heating reduction method. The
PdRu/C catalyst has excellent CO-tolerence, smaller particle radius and uniform dispersion. The PdRu
nanoparticles exist on the activated carbon supported in an alloy form, which reveals better
electrocatalytic performance towards ethanol oxidation than methanol oxidation in alkaline solutions,
especially the PdRu(1:1)/C shows excellent activity for the ethanol oxidation. The mass activity reaches
991 mA mg? Pd, which is slightly higher than that of the Pd/C. In the long-term methanol and ethanol
oxidation test, the current density, durability and charge transfer rate of the PdRu(1:1)/C are slightly
better than the Pd/C catalyst, as shown in both the chronoamperometry and EIS tests. The encouraging
performance suggests that the PdRu/C catalysts can be promising catalysts for alcohol electrooxidation.
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