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Palladium (Pd) based catalysts are being considered as one of the most attractive area of research
among researchers in recent years. These catalysts are used in the alcohol oxidation in fuel cells,
despite it results in not enough higher oxidation efficiency. Following this to improve the efficiency
changes in the structure of the catalyst and improving the loaded metal seem to be a reasonable
approach. In this investigation, design and synthesis of a three-dimensional nitrogen-doped graphene
(3D-NG)-loaded with palladium, ruthenium and bismuth have been proposed. The resultant three-
dimensional structure provides a larger surface area, meanwhile, the synergistic effect of RuPdBI/NG
tri-metal catalyst promotes the electro-oxidation rate of ethylene glycol. The catalytic activity of
palladium layer in the catalyst was enhanced owing to the surface modification and electronic effect.
The cyclic voltammetry and chronoamperometry techniques showed that 3D RuPdBi/NG has a higher
catalytic activity and durability than the commercial Pd/C, 3D Pd/NG and 3D RuPd/NG.

Keywords: SiO, temple; Nitrogen-doped graphene; tri-metallic catalyst; ethylene glycol electro-
oxidation; application possibility.

1. INTRODUCTION

In the recent decades, investigations are directed toward one of the most promising energy
conversion technologies of direct alcohol fuel cell (DAFC) for the oxidation of smaller organic
molecules. Due to their high energy conversion efficiency, environment friendly nature and easy to use
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[1], DAFC are mainly based on platinum polymetallic anode catalysts in an acidic media. But these Pt-
based catalysts still do not meet the requirements of commercialization due to their low catalytic
performance, poor storage, and high price [2-4]. a new anode is needed [5]. The Pd-loaded catalysts
are being applied to DAFC which has come to our field of vision. The Pd-loaded anode catalyst is a
highly attractive candidate as it has higher electrocatalytic activity and resistance to poisoning
compared to Pt in an alkaline medium [6-19]. In addition, Pd is cheaper and has more storage on earth
than Pt [20]. Moreover, the palladium-based catalyst has made great progress in catalysis mainly due
to its stability making it practically feasible for a diverse technological applications.

In recent studies, intense efforts have been devoted to improving the activity of Pd catalysts, by
introducing some metallic and nonmetallic elements such as Cu, B, P and Bi to graphene to optimize
the catalytic performance [3,21,22]. For instance, it was reported the ways of sputtering Au and Pd into
room temperature ionic liquids to promote catalytic properties of the thermometal mechanism [23].
RuPd doped Bi core-shell catalyst was also used to enhance the electro-oxidation ability of ethylene
glycol via the core-shell mechanism of modification [24]. Furthermore, besides graphene, a range of
carbon materials such as nanotubes and nanofibers are the most commonly used catalytic materials.
However, they are less conductive and less durable than graphene [25]. The limiting case is that high
graphite materials always have low surface area [26-30]. It has been reported that SiO2-modified
graphene could increase the surface area [31]. It is an effective way to improve the catalytic
performance by promoting the loaded metal activity and changing the structure. However, the
understanding of the synergistic effect of metallization and structural transformation is still very
limited. To the best of our knowledge, there are only a few investigations reported on the study of
feasibility of a three-metal or multi-metal nanoparticles with a synergistic effect to improve the activity
of the catalyst. In this work, a new 3D RuPdBi nitrogen-doped graphene (NG) nano-catalyst has been
synthesized based on a deposition technique via two-steps. Due to the high energy density, low toxicity
and ethylene glycol permeability of the membrane, the catalytic performance of RuPdBi/NG catalyst
on ethylene glycol was studied in detail. Moreover, the catalytic performance of Pd/C, 3D Pd/NG and
3D RuPd/NG have been compared.

2. EXPERIMENTAL SECTION

2.1 Sample preparation

The RuPdBI/NG catalyst was synthesized via the following steps: (i) the modified Hummers
method was used to synthesise graphite oxide [32, 33], (ii) the preparation of N-doped graphene:
Graphene oxide (GO) (40 mg) was ultrasonicated in deionized water (30 mL), then urea (1.2 g) was
added to the above dispersion and was stirred vigorously for 30 min. and then placed in a sealed
Teflon-lined autoclave (50 ml). This was then kept in an oven at 165 °C for 3h. Following this, the
Teflon-lined autoclave was cooled to room temperature, and the mixture was filtered through a type if
filter membrane and washed several times with absolute ethyl alcohol and then distilled water. Finally,
the obtained products were dried in vacuum oven at 80 °C for overnight [34]. (iii) the preparation of 3D
N-doped graphene: 20 mg of nano silica template (99.5%, 50+5nm) was infused into the mixture of
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water and 10 mg of exfoliated GO (SiO2: GO in 2:1 by weight), then was subjected to stirring for 2h,
and then dried at 60 °Cin a vacuum oven for overnight [34, 35].

In order to synthesize specific 3D RuPdBi/NG (2:1:0.1), 20 mg 3D NG and 18 mL of 10.0 mM
RuCls were dispersed in 50 mL ethylene glycol under ultrasonic stirring for 1 h. Then 95 mg of NaBH4
was dissolved into 50 mL deionized water. NaBH, solution was then added dropwise to reduce Ru®*
ions. The reduction reaction was allowed to continue for 2 h under constant and vigorous stirring, after
that the final suspension was filtered and washed with deionized water and removed the residue from
50 ml ethylene glycol in the flask. Then, 2.25 mL of 40 mM PdCl, was added into the flask and heated
to 120 °C under constant stirring for 1 h in an oil bath. After cooling to room temperature, 0.48 mL of
18.9 mM Bi(NO)s was then added dropwise into the above suspension and the alcohol reduction was
continued for 2 h. Finally, the resultant suspension was filtered, washed with deionized water and dried
in a vacuum oven at 60 °C for about 6 h to obtain 3D RuPdBIi/NG catalyst. Meanwhile, the optimal
atomic ratio of ruthenium to palladium and bismuth is 2:1:0.1 and to obtain this catalyst, reactions with
different atomic ratios of metals to obtain a series of catalysts were synthesized following the same
steps as described previously. In addition, 3D Pd/NG and 3D RuPd/NG were produced following the
same steps as mentioned above for the purpose of comparison.

2.2. Characterization

The powder X-ray diffraction (XRD) measurements were conducted using Rigaku D/max-3C
X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with CuKo as a source of radiation
(A=0.15406 nm) in the 26 angle range between 10 and 90° at a scan rate of 5°/min with a step size of of
0.02°. The transmission electron microscopy (TEM) was used for the analysis of the morphology and
size distribution of the synthesized catalystsand was conducted by JEOL JEM-1010 (200 kV). The
electronic states of Ru, Pd and Bi in 3D RuPd/NG (2:1) and 3D RuPdBIi/NG (2:1:0.1) samples were
investigated by an X-ray photoelectron spectroscopy (XPS; Thermo ESCALAB 250Xi, Thermo Fisher
Scientific, Shanghai, China) with an AlKa X-ray source of 1487 eV and the working power was 12.5
KV. In this the chamber pressure was kept below 3x1071% mbar and specific correction was conducted
by using a C 1s binding energy of 285 eV. In the catalyst, the exact amounts of Ru, Pd and Bi
measured using an IRIS Intrepid II XSP inductively coupled plasma atomic emission spectrometer
(ICP-AES).

2.3 Electrochemical measurements

All the electrochemical tests were performed by using a CHI660C electrochemical working
station (CH Instrument Inc., Bee Cave, Texas). Glassy carbon electrode (12.56 mm2) modified with
catalyst was used as the working electrode. A mercury electrode (Hg/HgO/1 M KOH, 0.098V versus
SHE) [36] was used as the reference electrode, and a platinum electrode was used as the counter
electrode. For the catalytic electrode preparation, 5 mg catalyst was dispersed in a mixture of isopropyl
alcohol (910 pL) and 5 wt.% Nafion (90 uL) solution (Hesen, China) under ultrasonic stirring for 30
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min. Then 3 pL of catalyst containing dispersion was drop casted on the working electrode surface
uniformly. The working electrode was polished with Al.Oz powder and rinsed by double-distilled
water 10 minutes before using. The working electrode was dried at room temperature for 20 min.
Before the electrochemical measurements, the electrolyte (1 M KOH or 1 M KOH +0.5 M C,H¢0>)
was deaerated with pure nitrogen for about 25 min. All the electrochemical measurements were

conducted at the room temperature of 25 °C.

3. RESULTS AND DISCUSSION

The chemical composition of 3D RuPdBIi/NG catalyst is obtained by using ICP-AES, which
suggests that the actual loading of Ru, Pd and Bi in the final catalyst was 5.7%, 3.37% and 0.83%,
respectively. The ratio of atoms in 3D RuPdBi/NG is about 2:1:0.1 which has the best catalytic
efficiency which confirms the formation of 3D catalyst. However, the measured content is lower than
the amount that was added initially. It may be due to that both ruthenium and palladium were not
reduced entirely by NaBH4 and C2HeOz. In addition, the content of Bi is so small that it is difficult to

obtain a very accurate data.
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Scheme 1. Synthesis process of RuPdBi/NG nanoparticles
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Figure 1. (A) X-ray diffractograms patterns of 3D Pd/NG, 3D RuPd/NG, 3D RuPdBIi/NG; (B) X-ray
diffractograms patterns of 3D Pd/NG ,3DRuPdBIi/NG at 2 Theta 35.0 to 50.0.
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Figure 2. (A)TEM micrographs of 3D RuPdBI/NG; (B) particle size distribution histograms;
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Figure 3. (A) EDX element distribution of Ru, Pd and Bi; (B) Statistics of EDX element distribution.

Fig. 1A shows the XRD patterns of 3D RuPdBi/NG. As can be seen, the peak of about 25.7°
indicates (0 0 2) plane of NG hexagonal structure. The 26 peaks at about 39.8°, 46.1°, 67.6° and 81.2°
are corresponding to the (11 1), (200), (22 0) and (3 1 1) reflections of palladium’s face-centered
cubic crystal. Besides, diffraction peaks of Ru or Bi could not be seen neither in the XRD patterns of
3D RuUPdBIi/NG nor in the 3D RuPdBI/NG. Such a result implies that Ru and Bi exist in the form of
amorphous phase or the deposited bismuth is so small that it cannot be observed on the Pd surface
using XRD analysis [37]. In addition, the Pd (2 0 0) peak of 3D RuPdBi/NG presents a significant
negative shift from the standard Pd peak of (2 0 0). The ymet Of Pd, Ru and Bi are at 137 pm, 134 pm
and at 160 pm, respectively. The reason behind the shift could be due to the coalescence of Ru lattice
with Pd lattice which makes the average ymet Shorter as shown in Fig. 1B [38].

Fig. 2A shows the morphology of 3D RuPdBIi/NG catalyst using TEM. The nitrogen-doped
graphene scaffolds show a three-dimensional network of self-assembled nitrogen-doped graphene
spheres. The uniform coating of NG sheets onto SiO2 templates in the SiO2@NG network. As
observed in Fig. 2A, most of the metal nanoparticles are dispersed in an orderly manner onto NG's
surface, with less agglomeration.

The scanning electron Microscopy (SEM) was employed to observe the structure of 3D
RuPdBIi/NG. The wrinkles and folds that could be observed on the surface of SiO. spheres are
characteristic of NG sheets. Besides, the NG-wrapped SiO> spheres could easily be bridged by NG
sheets attributing to their relatively larger lateral sizes, yielding a 3D interconnected hybrid network.
The truncated surface of NG in Fig. 3A illustrates this phenomenon. EDX elemental distribution maps
in Fig. 3A show that Ru, Pd and Bi particles are uniformly dispersed onto NG surface. The particle
size distribution is based on the measurement of 100 non-agglomerated nanoparticles in any selected
region of the SEM image; the diameter of major tri-metal nanoparticles is in the range from 2 -5 nm as
observed in Fig. 2B. Such a highly uniform dispersion plays an important role to improve the
performance of the catalyst. The elemental distribution using EDX is shown in Fig. 3B, which is
consistent with the ICP results.
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Figure 4. (A) The XPS results of 3D RuPdBIi/NG. (B) 3D RuPdBIi/NG in Pd 3d; (C) 3D RuPdBi/NG
in Ru 3p; (D)RuUPABI/NG in Bi 4f.

X-ray photoelectron spectroscopy (XPS) was used to analyze the metallic states in 3D
RuPdBI/NG catalysts. A typical XPS spectra of the as-prepared 3D RuPdBIi/NG catalyst is shown in
Fig. 4A, which includes Ru, Pd, and Bi peaks. As observed in Fig. 4B, the 3d spectra of Pd split into
two asymmetric peaks, which relegated to 3ds2 and 3ds2. The 3ds2 (335.28 and 336.68 eV) has lower
binding energies than 3ds;» (340.58 and 342.08 eV) about 5.3 eV in each corresponding peak. The
weak doublet peak corresponds to Pd (II) while the strong doublet peak is attributed to Pd (0) species
such as PdO and Pd(OH)2 [39, 40]. In Fig. 4C, the doublet peaks at 461.78 eV (Ru 3ps/2) and at 483.78
eV (Ru 3pap) belong to pure Ru in the final catalyst [41, 42]. In Fig. 4D, in the Bi 4f region, the peaks
of Bi 4f7p and 4fs at 158.78 and at 163.88 eV are the representation of Bi (II). Having the same
pattern, the peaks at 157.38 and 163.88 eV belong to Bi (0) [43]. The existence of Bi (0) states clearly
indicate that in the process of adsorption and desorption a number of Bi®* ions were reduced, even
some were reduced by Pb (0) species. The analysis of XPS shows that Ru and Bi are strongly linked to
catalytic Pd and interact with each other, which could affect the catalytic activity of the catalysts.

Fig. 5A shows the cyclic voltammograms (CVs) obtained in 1 M KOH for the 3D RuPdBIi/NG
catalyst under nitrogen saturated condition. The potential window was chosen from -0.9 V to +0.4 V at
a scan rate of 50 mVs™. Also, the 3D Pd/NG and 3D RuPd/NG were also demonstrated or comparison.
As shown in Fig. 5A, a wide peak from -0.9V to -0.6V can be observed in the negative potential
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window, which can be attributed to the hydrogen desorption peak, probably due to Bi which is not
completely deposited on the surface of Pd [44].
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Figure 5. 3D Pd/NG, 3D RuPd/NG and 3D RuPdBIi/NG of Cyclic voltammograms test result in (A) 1
M KOH; (B) 1 M KOH +0.5 M C;Hs0: at Scan rate 50 mVs-1; (C) Corresponding current time
curves carry out at -0.15V.

Table 1. Electrocatalysts for ethylene glycol oxidation

Number  Support material Loaded material Amount Catalytic  Ref.

of loaded efficiency

material
1 3D nitrogen-doped graphene Ru, Pd and Bi Extremely Relatively This
low high study

2 XC-72R carbon black Pd, Ir Normal Relatively 52
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low
3 Sulfonated multi-walled carbon PdSnand PdNi  Normal High 53
nanotubes
4 MexQy promoted XC-72 carbon Au Normal High 54
5 Composite of nanosized carbides and Pd Normal High 55
carbon aerogel
6 None Bimetallic PdPt High High 56
nanowire
networks
7 Phenanthroline modified carbon (PMC) Pd Normal Normal 57
8 XC-72R carbon black Heterostructured Normal High 58
Pd-Ag
9 None NiPt truncated High High 59
octahedral
nanoparticles
10 XC-72R carbon black Pd,Mo Normal High 60

nanocubes

In all the catalysts, the characteristic peaks appear in the potential region of -0.2 V to +0.2 V
owing to the presence of O evolution [45]. The occurrence of these characteristic peaks could be
attributed to the slow conversion from Pd metal to Pd ( II) oxide. At the potential of about +0.01 V, a
prominent peak appears which is due to the surface oxidation of Bi adsorbed on the surface of Pd
particles. In addition, during the electrochemical measurements, some of the oxygenated species could
be generated and located on the Pd particles’ surface which is critical to the electro-oxidation of
smaller organic molecules. By means of bifunctional mechanism and ligand effect, the intermediate
products adsorbed on the catalyst surface are removed [46, 47]. In the negative potential sweep during
CV, an intense reduction peak in the range of -0.20 V to 0.28 V could be observed, which is due to Pd
(1) oxidation to the element Pd (0) [48]. Especially, the 3D RuPdBI/NG catalyst appears as a single
peak which is significantly stronger than other catalysts.
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Fig. 5B shows the electrocatalytic activity measurement which was conducted under No-
saturated condition. CVs were run in 1 M KOH + 0.5 M C2HsO; solution at a scan rate of 50 mV s, In
the positive scan, the ethylene glycol oxidation current rises gradually with the potential sweep,
reaching its maximum oxidation current then starts falling rapidly. The asymmetric peak of 3D
RuPdBI/NG catalyst indicates that the diffusion limits the rate of oxidation reaction at a high potential.
The CV measurements of RuPdBi reveal the best electrocatalytic activity and the most negative onset
potential of ethylene glycol oxidation. The oxidation current peaks of 3D Pd/NG, RuPd/NG,
RuPdBIi/NG are at 5.55 mA cm?, 30.8 mA cm™, and 52.4 mA cm, respectively. The 3D RuPdBi/NG
(52.4 mA cm?) catalyst is about 1.5 times of commercial Pd/C (37.0 mA cm™) catalyst. External
bismuth can promote the electrocatalytic oxidation of ethylene glycol in the catalyst by removing the
toxic species and exposing the active sites of Pd which leads to the best performance of the 3D RuPdBi
catalyst. [49-51]

The long-term activities of these Pd-based catalysts were evaluated in 1 M KOH + 0.5 M
C2H6O2 at E = -0.15V as shown in Fig. 5C. The current densities of all catalysts descend fast at the
beginning stage which demonstrates that the active site of Pd is adsorbed by the toxic species
generated in the process of electro-oxidation rapidly and steadily. Besides, the toxic species can hinder
further adsorption and oxidation of ethylene glycol. After the initial stage, the current densities decline
very slowly and reached a relatively stable period for the relative balance between adsorption of
oxygenated and adsorption of toxic species in a redox reaction. The stable current densities of catalysts
are as follow: 3D RuPdBi (5.81 mA cm™) > 3D Pd (5.61 mA cm?) > 3D RuPd (1.43 mA cm™?). The
commercial Pd/C catalyst shows a current density of 1.25 mA cm™. Which show that 3D RuPdBi/NG
catalyst can induce the formation of oxygen species on the catalyst surface, thereby can promote the
oxidative removal of the absorbed toxic species from the surface, providing a reaction site for the
continuous oxidation of ethylene glycol. Therefore, these catalysts present the best catalytic activity
and the results are consistent with the measurements of ethylene glycol oxidation.

A comparison mainly about the ethylene glycol oxidation electrocatalysts’ materials has been
shown in Table 1. From the comparison, it shows that this kind of 3D electrocatalyst has its application
prospect. [52-60]

4. CONCLUSION

In this work, we proposed a new type of 3D RuPdBI/NG catalyst which showed high catalytic
activity (52.4 mA cm) for ethylene glycol oxidation, which is about 1.5 times higher than commercial
Pd/C catalyst. However, the mass of loaded Pd was only 3.37% in this catalyst. As for comparison, the
commercial catalyst accounts 20% or more (by mass) of the loaded metals. Whereas, the mass did not
exceed 9.9% for the new catalyst. More than a half in the loaded metal was Ru, which is much cheaper
and has relatively large storage capacity and moreover, it has better sustainability against toxicity.
These results make the newly synthesized catalyst potential to exploit for further commercialization.
Especially the synthetic effects of ruthenium and external bismuth induce the formation of oxygen
species on the catalytic surface of 3D RuPdBi catalyst to oxidize the toxic species adsorbed on the
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surface are responsible for the high electrocatalytic activity of 3D RuPdBi catalyst. Overall, the current
research investigation provides a new catalyst structure and a new concept to study the advanced
palladium-based catalysts.
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