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Abstract

Rhodium nanoparticle-loaded carbon black (Rh/CB) was prepared by a wet method, and its activ-
ity and durability for glycerol oxidation reaction (GOR) in alkaline medium were compared with
Pt, Pd and Au nanoparticle-loaded CB (Pt/CB, Pd/CB and Au/CB). In the cyclic voltammogram of
the Rh/CB electrode, the redox waves due to hydrogen adsorption/desorption and the surface OH
monolayer formation/reduction were observed at more negative potentials than the Pt/CB and
Pd/CB electrodes. The onset and peak potentials of the GOR current densities for the Rh/CB elec-
trode were ca. -0.55 and -0.30 V vs. Hg/HgO, respectively, which were 0.10 and 0.20 V more nega-
tive than the Pt/CB electrode whose GOR activity was the best, indicating that Rh was a fascinating
metal for reducing the overpotential for GOR. In the electrostatic electrolysis with the Rh/CB and
Pt/CB electrodes, the decrease in the GOR current density in the former with time was suppressed
compared to that in the latter, suggesting that the tolerance to poisoning for the Rh/CB electrode
was superior to that for the Pt/CB electrode.
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1. Introduction

Biodiesel fuel (BDF) attracts attention as a carbon-neutral fuel as well as bioethanol. As the production of BDF
increases, the production of the glycerol byproduct is also increasing. Glycerol is used for pharmaceuticals,
cosmetics, food additives, synthetic raw materials, and antifreeze. However, it is important to develop new uses
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for glycerol to cope with the mass production of BDF. Direct alcohol fuel cells (DAFCs), in which methanol and
ethanol are used as fuels, have attracted considerable interest because they have a high energy density and ad-
vantages of easy handling, storage, and transportation compared with pure hydrogen [1]-[4]. The use of glycerol
as a fuel for DAFCs is promising, because direct glycerol fuel cells are expected to produce electricity with a
low environmental load and to be energy-efficient.

So far, pure metal electrocatalysts such as Pt, Au and Pd [5]-[11] have been applied for GOR. In general, ac-
tive catalysts have the more negative onset potential (Eonser) and peak potential (E,) of the GOR current, and the
higher peak GOR current density per unit electrochemical surface area (ECSA) (j,). Pt has the most negative
Eqnset among pure metal electrocatalysts reported previously, whereas Au has the highest j,. However, Pt is in-
sufficient for the E, and j,, whereas Au is inferior to Pt in the Egnse and E,,.

Ethanol, ethylene glycol and glycerol have one or more C-C bonds. For completely oxidizing the alcohol mo-
lecules to CO,, the C-C bonds need to be broken in addition to the oxidation of hydroxy group. So active cata-
lysts to rapidly break the C-C bonds are required. Rhodium has been reported to break the C-C bond of an etha-
nol molecule to enhance the selective production of CO, [12], and Pt-Rh-Sn ternary catalysts succeeded in faci-
litating the C-C bond cleavage [13] [14]. In this way Rh is a promising metal to catalyze the C-C bond cleavage
of a glycerol molecule and facilitate GOR. However, to our knowledge, the catalysis of pure Rh and Rh-based
alloys for GOR has scarcely been investigated. There are many synthetic approaches of metal nanoparticle cata-
lysts such as the hydrothermal method, sol-gel process, templating method, and polyol synthesis [15]. In these
wet methods, stabilizers are often required to suppress the aggregation of nanoparticles and control the particle
size distribution; however, they must be removed by heat treatment and anodic oxidation [16] [17] to enhance
the utilization of the catalyst. It is desirable to avoid the additional purification process to reduce costs and
energy use. We also have developed a wet method to prepare metal nanoparticle-loaded carbon black (CB), in
which rhodium chloride was reduced by KBH, in presence of tetraoctylammonium bromide (N(Oct),Br) as sta-
bilizer [18]. It is noteworthy that the stabilizer was easily removed by washing [18], which can overcome the
above-mentioned problem. Therefore, in this study, pure Rh nanoparticle-loaded carbon black (Rh/CB) catalyst
was prepared by our wet method at room temperature, and in order to investigate the intrinsic catalysis of Rh
nanoparticle catalyst for GOR in an alkaline medium. Its catalytic activity and stability for GOR were evaluated,
and compared with the other metal catalysts.

2. Experimental
2.1. Reagents

Rhodium chloride trihydrate (RhCls-3H,0O-Wako, Japan), platinum chloride (PtCl,-Wako, Japan), potassium
chloroaurate (KAuUCI,-Sigma-Aldrich, USA) and palladium acetate (Pd (CH;COO),-Wako, Japan) as precursors
to prepare Rh, Pt, Au and Pd nanoparticles, respectively, were used as received. N(Oct),Br (Wako, Japan) as
stabilizer, potassium tetrahydroborate (KBH,-Sigma-Aldrich, USA) as reducing agent, Ketjenblack (Lion, Japan)
as carbon black (CB) were used as received. All other reagents were purchased from Wako, Japan, and used as
received.

2.2. Preparation and Characterization of Nanoparticle-Loaded Carbon Black

The Rh/CB was prepared according to ref. [18]. Briefly, a solution of KBH, (4 mmol) in H,O (1.5 mL) was
slowly added dropwise to a vigorously stirred solution containing RhCl3-3H,0 (1 mmol) and N(Oct),Br (4 mmol)
in tetrahydrofuran (THF, 150 mL) at 30°C in an Ar atmosphere. The reaction mixture was stirred for 30 min,
resulting in a blackcolloidal suspension. The suspended solid was isolated by suction filtration in air and washed
with excess H,O, acetone, and ethanol at room temperature, yielding a black waxy solid. The black solid was
redispersed in ethanol. Ketjen black (67 mg) was added in the dispersion and sonicated for 10 min. After suction
filtration, the residue was redispersed in aqueous 0.1 M HCIO,4 (300 mL) and then sonicated for 10 min. After
suction filtration, the residue was washed with excess H,O, acetone, and ethanol at room temperature. The
Pt/CB, Au/CB and Pd/CB for comparison were also prepared in the same procedure as the Rh/CB by using 1
mmol of PtCl,, KAuCl, and Pd (CH;COO),, respectively.

Thermogravimetry (TG) was performed in air (Thermo plus TG8120, Rigaku) by heating from room temper-
ature to 800°C at a rate of 1 Kmin*. From TG, the loading in each catalyst was evaluated as 52 wt% for Rh/CB,
50 wt% for Pt/CB, 58 wt% for Pd/CB and 58 wt% for Au/CB. The structure and average size of Rh, Pt, Au and
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Pd nanoparticles for the Rh/CB, Pt/CB, Au/CB and Pd/CB were determined by X-ray diffractometry (XRD,
XRD-6100, Shimadzu) equipped with a CuKa source (4 = 0.1541 nm, 40 kV, 30 mA, 1 Kmin ™) and by electron
dispersive X-ray (EDX) spectroscopy, respectively. The chemical state of Rh, Pt, Au or Pd was measured by
X-ray photoelectron spectroscopy (XPS, ESCA-3200, Shimadzu). The X-ray source was MgKa with 1253.6 eV
operating at 10 kV and 20 mA. The base pressure of the system was 1.3 x 10 ' Pa.

2.3. Preparation and Electrochemical Characterization of Nanoparticle-Loaded Carbon
Black Electrodes

The modification of each catalyst on a glassy carbon (GC) substrate (5Smm¢g) was performed according to our
previous paper [16]. The catalyst loading per unit geometric surface area of GC was adjusted to wcg = 4.9
ng-cm 2 (Wes: amount of CB loaded on GC), whereas the amount of each catalyst loaded on the GC was 12.8
pgem 2 A 0.05 wt% Nafion solution (Aldrich) in ethanol (10 pL) was cast on the dried catalyst layer, and then
dried in air at 120°C for 1 h, resulting in a catalyst electrode thinly coated with 0.1-um-thick Nafion film. A Pt
plate and an Hg/HgO/KOH electrode were used as the counter and reference electrodes, respectively. The GOR
activity and stability of each electrode were evaluated in 1 M KOH solution containing 0.5 M glycerol at room
temperature by cyclic voltammetry (ALS730C, BAS) and potentiostatic electrolysis (ALS730C, BAS).

To evaluate the ECSA of each metal nanoparticle, cyclic voltammogram (CV) was measured in 1 M KOH
solution at a sweep rate of 20 mV-s™'. The ECSA of Pt and Rh nanoparticles loaded on CB was evaluated as
0.36 and 0.79 cm? from the electric charge for the desorption of adsorbed hydrogen, assuming a charge density
of 210 and 221 pC-cm ? for polycrystalline Pt [19] and Rh [20], respectively. The ECSA of Pd and Au was eva-
luated as 0.36 and 0.072 cm? from the electric charge for the reduction of the PdO and AuO monolayers, as-
suming a charge density of 424 and 493 uC-cm 2 for polycrystalline Pd and Au, respectively [21].

3. Results and Discussion

3.1. Rhodium, Platinum, Palladium and Gold Nanoparticles-Loaded Carbon Black Catalyst
Structure

Figure 1(a) shows XRD patterns for Rh/CB, Pt/CB, Pd/CB, and Au/CB. Each XRD pattern contained a small
broad diffraction peak at 26 = 20° - 25°, which was assigned to the (002) plane of CB with a hexagonal structure
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Figure 1. (a) X-ray diffraction patterns and (b) Rh3d, Pt4f,
Pd3d and Au4f core level spectra for Rh/CB, Pt/CB, Pd/CB

and Au/CB.
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[16]. Each catalyst had the largest diffraction peak around 38° - 41° for the (111) plane of the face-centered cu-
bic (fcc) structure [22]. For Pt/CB, Pd/CB and Au/CB, the (200), (220) and (311) peaks, which were also cha-
racteristic of the fcc structure [10] [23], were observed in Figure 1(a), whereas for Rh/CB the diffraction peaks
were not distinctly observed. The crystallite size of each metal nanoparticle loaded on CB was estimated by in-
serting the full width at half maximum of the (111) peak in each XRD pattern of Figure 1(a) into Scherrer’s eg-
uation. The average crystallite size was 1.6 nm for Rh/CB, 3.8 nm for Pt/CB, 3.6 nm for Pd/CB and 21 nm for
Au/CB.

XPS analyses for all catalysts did not show any peaks in N1s, and Br3d core level, suggesting that in all cases
the N(Oct),Br stabilizer was completely removed by thoroughly washing with H,O, ethanol and acetone and
HCIQ, solution. The Rh3d, Pt4f, Pd3d and Au4f core level spectra for Rh/CB, Pt/CB, Pd/CB and Au/CB are
shown in Figure 1(b), respectively. For Rh/CB, the Rh3d spectrum contained doublets assigned to the 3ds,, and
3d, peaks of metallic Rh and small shoulders assigned to Rh,O; at higher binding energies [24]. For the other
catalysts, each core level spectrum contained doublets assigned to metallic Pt, Pd or Au. For Pd/CB, weak
doublets assigned to PdO [25] were also detected.

3.2. Electrochemical Properties and Glycerol Oxidation Reaction Activity for Rhodium,
Platinum, Palladium and Gold Nanoparticles-Loaded Carbon Black Catalyst

Figure 2(a) shows the CVs of Nafion-coated Rh/CB, Pt/CB, Pd/CB and Au/CB electrodes in an Ar-saturated 1
M KOH solution. The CVs of the Pt/CB, Pd/CB and Au/CB electrodes were consistent with the previous result
[10]. For the Pt/CB electrode, two couples of redox waves due to hydrogen adsorption/desorption were observed
in the potential range between —0.75 and —0.5 V vs. Hg/HgO [10], whereas the oxidation current due to the ad-
sorbed OH (Pt-OH,q) formation began to flow around —0.45 V in the forward sweep and its reduction current
began to flow around 0 V in the backward sweep. In the CV of the Pd/CB electrode, the redox waves owing to
hydrogen adsorption (absorption)/desorption were observed in the potential range below —0.4 V, whereas the
oxidation current caused by the surface Pd-OH,4 formation [8] [26] began to flow around —0.15 V in the forward
sweep and its reduction current had a peak around —0.18 V in the backward sweep. In the CV of the Au/CB
electrode, the gold oxide reduction peak was observed at ca. 0.13 V in Au/CB [11]. On the other hand, in the CV
of the Rh/CB electrode, the redox waves due to hydrogen adsorption/desorption were observed in the potential
range less than —0.6 V vs. Hg/HgO. And the oxidation current due to the surface Rh-OH,4 formation began to
flow around —0.55V in the forward sweep and its reduction current had a peak around —0.47 V in the backward
sweep, indicating that the formation and reduction of Rh-OH,4 occurred at more negative potential than those of
Pt-OHgg.
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Figure 2. CVs in an Ar-saturated 1 M KOH solution (a) without and (b) with
0.5 M glycerol for Nafion-coated Rh/CB, Pt/CB, Pd/CB and Au/CB electrodes.
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Figure 2(b) shows CVs of Nafion-coated Rh/CB, Pt/CB, Pd/CB and Au/CB electrodes in an Ar-saturated 1
M KOH solution containing 0.5 M glycerol. All current densities in each voltammogram are represented as cur-
rent per unit ECSA of each metal. Among the Pt/CB, Pd/CB and Au/CB electrodes, the onset and peak poten-
tials of GOR at the Pt/CB electrode (ca. —0.45 V and —0.1 V) were more negative than those at the Pd/CB elec-
trode (ca. —0.3 V and —0.05 V) and the Au/CB electrode (ca. —0.25 V and 0.3 V). In terms of the GOR current
density, the Au/CB electrode was greater than the Pt/CB and Pd/CB electrodes. These trends were in agreement
with the previous literatures [8]-[10]. On the other hand, the onset and peak potentials of the GOR current densi-
ties for the Rh/CB electrode were ca. —0.55 and —0.30 V, respectively, which were 0.10 and 0.20 V more nega-
tive than the Pt/CB electrode. From the comparison in the onset potential between the Rh/CB and Pt/CB elec-
trodes, the Rh/CB electrode was 0.10 V smaller in overpotential for GOR than the Pt/CB electrode whose GOR
activity was the best, indicating that GOR occurred more easily on the Rh surface. The onset potential of GOR
at the Rh/CB electrode was close to that of oxide formation as well as the Pt/CB and Pd/CB electrodes, suggest-
ing that the GOR on the Rh surface followed bi-functional mechanism [27] [28]. However, the GOR current
density at the Rh electrode was much smaller than that at the Pt electrode. In the ethanol oxidation reaction, Rh
was not catalytically active, but PtRh binary electrocatalyst was more active than Pt because Rh facilitated the
breaking of the C-C bond to improve the catalytic activity of Pt [29]. Therefore, the GOR current density will be
improved by the alloying of Rh with the second elements such as Pt, Ag and Ni.

The oxidation current in the backward sweep would scarcely appear if the poisoning carbonaceous interme-
diates were completely removed in the forward sweep, so the ratio of peak current densities in the forward
sweep (if) and backward sweep (ip) is a measure of how clean the catalyst surface is or how high the tolerance to
poisoning species is [30]. The iy/is ratios for the Rh/CB, Pt/CB, Pd/CB and Au/CB electrodes were evaluated to
be 0.30, 0.42, 0.32 and 0.90, respectively. The iy/is ratio for the Rh/CB electrode was smaller than the Pt/CB and
AU/CB electrodes and comparable to the Pd/CB electrode, suggesting that Rh/CB as well as Pd/CB was tolerant
to poisoning species.

Figure 3 shows time courses of oxidation current density at various potentials in an Ar-saturated 1.0 M KOH
solution containing 0.5 M glycerol for the Rh/CB, Pt/CB, Pd/CB and Au/CB electrodes. For the Rh/CB elec-
trode, the GOR current density at —0.35 V, which was more negative than the peak potential of GOR (-0.30 V),
was larger than that at —0.25 V, which was more positive than the peak potential, even after 60 min. In contrast,
for the Pt/CB electrode the oxidation current densities at —0.1 and 0 V, which were much more positive poten-
tials than those for the Rh/CB electrode, significantly decreased with time. The decrease in the oxidation current
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density is closely related to the deterioration of catalyst, so the ratio of oxidation current density at 60 and 5 min
(igofis) can be evaluated as an indicator of the catalyst deterioration. The igo/is values at —0.35 V for the Rh/CB
electrode and at —0.1 V for the Pt electrode were 0.50 and 0.29, respectively, indicating that the deterioration of
Rh/CB was suppressed more effectively. It is concluded that Rh/CB was more tolerant to poisoning species than
Pt/CB.

4. Conclusion

Rh/CB was prepared by a wet method at room temperature. The N(Oct),Br stabilizer was easily removed by
thorough washing. In the CV of the Rh/CB electrode, the redox waves due to hydrogen adsorption/desorption
and the surface OH monolayer formation/reduction were observed at more negative potentials than the Pt/CB
and Pd/CB electrodes. The onset and peak potentials of GOR current densities for the Rh/CB electrode were ca.
—0.55 and —0.30 V vs. Hg/HgO, respectively, which were 0.10 and 0.20 V more negative than the Pt/CB elec-
trode whose GOR activity was the best, indicating that the Rh electrode was fascinating metal for reducing the
overpotential for GOR. The GOR current density at —0.35 V was larger than that at —0.25 V even after 60 min,
whereas the Pt/CB electrode exhibited a rapid decrease in oxidation current density at —0.1 and 0 V, suggesting
that Rh/CB had a higher tolerance to poisoning species than Pt/CB. The GOR current density for the Rh elec-
trode was smaller than that for the Pt electrode, but it will be improved by the alloying of Rh with the second
elements such as Pt, Ag and Ni.
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