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ABSTRACT

Direct methanol fuel cells (DMFCs) have received tremendous research interests because of the facile storage of liquid methanol vs. hydrogen.
However, the DMFC today is severely plagued by the poor kinetics and rather high overpotential in methanol oxidation reaction (MOR). Here
we report the investigation of the ultrathin Rh wavy nanowires as a highly effective MOR electrocatalyst. We show that ultrathin wavy Rh
nanowires can be robustly synthesized with 2-3 nm diameters. Electrochemical studies show a current peak at the potential of 0.61 V vs.
reversible hydrogen electrode (RHE), considerably lower than that of Pt based catalysts (~ 0.8-0.9 V vs. RHE). Importantly, with ultrathin
diameters and favorable charge transport, the Rh nanowires catalysts exhibit an ultrahigh electrochemically active surface area determined
from CO-stripping (ECSAco) of 144.2 m?/g, far exceeding that of the commercial Rh black samples (20 m?/g). Together, the Rh nanowire
catalysts deliver a mass activity of 722 mA/mg at 0.61 V, considerably higher than many previously reported electrocatalysts at the same
potential. The chronoamperometry studies also demonstrate good stability and CO-tolerance compared with the Rh black control sample,
making ultrathin Rh wavy nanowires an attractive electrocatalyst for MOR.
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1 Introduction

Compared with the industrialized hydrogen fuel cells, direct methanol
fuel cells (DMFCs) have received tremendous research interests because
the storage of methanol is much cheaper and safer compared with that
of hydrogen [1]. Additionally, methanol also has a higher volumetric
energy density than liquid hydrogen [1]. In particular, the alkaline
direct methanol fuel cell (ADMEC) is attracting increasing research
interests recently [2]. In alkaline environment, the kinetics of ORR
becomes more favorable, which enables the choice of cheaper ORR
electrocatalysts [2], such as AIN [3] and many carbon-based
nanomaterials [4]. The reversed direction of the electro-osmotic drag
also lowers the methanol crossover in the cell, leading to higher
efficiency [2]. Unlike the hydrogen fuel cells in which the anode
hydrogen oxidation reaction is highly kinetically favorable, the anode
methanol oxidation reaction (MOR) in DMFCs is much more
difficult and typically requires specific electrocatalysts. For example,
nanostructured platinum has been widely studied as anode
electrocatalysts for MOR in both alkaline and acidic environments
with high mass activity (MA) and specific activity (SA) at the current
peak (1,236 mA/mgp: and 1.93 mA/cm?® for Pt/Ni(OH)./graphene
(alkaline environment) [5], 2,260 mA/mge and 18.2 mA/cm’ for
PtCu nanoframework (alkaline environment) [6], 1,261.5 mA/mgp and
2.96 mA/cm?* for PtPdRuTe (acidic environment) [7], 2,252 mA/mgp
and 6.09 mA/cm? for PtCu nanotube (acidic environment) [8]).
However, these current peaks typically appear at very high overpotential
like ~ 0.8-0.9 V vs. reversible hydrogen electrode (RHE) [5-8], which

is undesirable for practical fuel cell applications since even the most
effective cathode ORR electrocatalysts requires ~ 0.9 V vs. RHE to
obtain a considerable reducing current for ORR [9]. Therefore,
beyond the peak current density; it is essential to develop a catalyst
system that can considerably reduce the overpotential.

Rhodium (Rh) as a noble metal, has received tremendous research
interests in the field of catalysis, such as hydrogenation [10],
hydroformylation [10], hydrodechlorination [11], ammonia-borane
hydrolysis [12], CO oxidation [13], NO, remediation [13, 14], etc.
It is also widely involved in electro catalysis of many reactions.
Specifically, for MOR, the rhodium is often involved as one component
of a binary or ternary electrocatalysts, such as PtRh [15], PdRh [16],
PtRhRu [17], PtSnRh [18], and other noble metals like Pt, Pd are
also involved because it is generally believed that the oxophilic nature
of Rh is helpful for ~-OH adsorption, which further helps with the
removal of the adsorbed CO [15]. However, it has been challenging
to significantly lower the over potential of MOR in order to achieve
a high oxidation current at lower potential [15-18].

Various Rh nanostructures, such as nanodendrites [19], mesoporous
nanoparticles [14] and nanosheets/RGO [20] have been recently
explored as electrocatalysts for MOR with respectable performances
in alkaline media. Compared with the CV curves of MOR carried out
on Pt, those Rh nanocatalysts can significantly lower the overpotential
of MOR in terms of the peak current potential (~ 0.6 V vs. RHE
compared with ~ 0.8-0.9 V for Pt), which is important for a higher
voltage operation to improve the power output in ADMFCs
[14, 19, 20]. However, the mass activity and the specific activity
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of these nanocatalysts are usually rather low (MA < 300 mA/mg)
[14, 19, 20] compared with those of Pt based nanomaterials [5-8]
(MA > 1,000 mA/mg), which negates their advantage of lower over-
potential for MOR because high mass activity is essential for reducing
the usage of noble metal catalysts and therefore minimizing the
costs for practical applications.

In general, the mass activity of an electrocatalyst is determined by
the specific activity and electrochemically active surface area (ECSA).
The Rh-based MOR electrocatalysts typically exhibit a rather low
ECSA (~ 43 m*/g for Rh nanodendrites, Rh ~ 49 m*/g for nanosheets/
RGO, and 50 m?*/g for Rh mesoporous nanoparticle) [14, 19, 20]
due to their relatively large size. Therefore, a straightforward way to
improve the mass activity is to increase the ECSA by using ultrafine
nanostructures. However, ultrafine nanoparticles (e.g., 2 nm) are
typically not stable under relatively aggressive electrochemical
conditions due to the physical movement/aggregation and Oswald
ripening processes. We have recently reported that ultrafine Pt
nanowires are highly stable under oxygen reduction conditions
and are exhibiting an extraordinary high ECSA up to 118 m*/g [9].
Previously, our group have synthesized ultrathin wavy Rh nanowires
that show excellent performances for the selective oxidation of benzyl
alcohol to benzaldehyde [21]. Here we report the exploration of
ultrafine wavy Rh nanowires as a highly effective MOR catalyst
with ultrahigh ECSA. We propose that the high specific surface area
and the rich surface defects [21] of the ultrathin wavy nanowires may
promise increased ECSA and thus higher MA in electrocatalysis.
Furthermore, the one-dimensional nanowire geometry is also
considered to have an intrinsic advantage in charge transport, which
is also beneficial to more efficient utilization of the noble metal
nanostructures for electrocatalysis. Herein we successfully synthesized
the ultrathin (2-3 nm) wavy Rh nanowires and demonstrated that
they can work as excellent MOR electrocatalysts in alkaline media.
Significantly, with ultrasmall diameter, the Rh NWs exhibit an
ultrahigh ECSAco of 144.2 m*/g and more than 2.5-fold higher
mass activity (722 mA/mg at 0.61 V vs. RHE) compared with the
previously reported Rh nanomaterials [14, 19, 20].

2 Experimental

2.1 Chemicals

Sodium hexachlororhodate(III) (NasRhCls, analytical grade),
potassium iodide (KI, ACS reagent, > 99.5%), polyvinylpyrrolidone
(PVP, Mw ~ 55,000), sodium ascorbate (NaAA, crystalline, > 98%),
ethanol, acetone, hexane and ethylene glycol (EG, anhydrous, 99.8%)
were all purchased from Sigma-Aldrich. The commercial Rh black
(> 99.9%) was purchased from Alfa Aesar. All the chemicals were
used as received without further purification.

2.2 Synthesis of ultrathin Rh nanowires

The synthesis was following the previous research [9]. Briefly, 10 mg
of Na;RhCls, 40 mg NaAA, 160 mg PVP and 85 mg KI were dissolved
in 1 mL DI water after ultra-sonication. Then 5 mL of EG was
added and mixed as a homogenous mixture. Then the vial was
heated at 170 °C for 2 h. After cooling under room temperature,
the products were collected via centrifugation after the addition of
acetone. The products were then washed via ultra-sonication/
centrifugation in the solvent combination of ethanol/acetone for
1 time and ethanol/hexane for 2 times. The final products were
dispersed in ethanol for further study after ultra-sonication.

2.3 Structural characterizations

The X-ray diffraction (XRD) was tested on a Panalytical X’ Pert
Pro X-ray Powder Diffractometer with Cu-Ka radiation after drop-
casting the ethanol dispersion of ultrathin Rh wavy nanowires onto
the glass substrate and drying under room temperature. X-ray
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photoelectron spectroscopy (XPS) tests were carried out with Kratos
AXIS Ultra DLD spectrometer after drying the ethanol dispersion
of the sample on the silicon substrate. Transmission electron
microscopy (TEM) images were obtained on an FEI T12 transmission
electron microscope operated at 120 kV. High resolution TEM
images (HRTEM) was taken on FEI TITAN transmission electron
microscope operated at 300 kV. The TEM samples were prepared
by dropping ethanol dispersion of the sample onto the carbon-coated
copper TEM grids. The loading of ultrathin Rh wavy nanowires on
the GCE was determined by the inductively coupled plasma-atomic
emission spectroscopy (ICP-AES).

2.4 Electrochemical measurements

All the electrochemical tests were carried out via a three-electrode
cell system. The working electrode was a glassy carbon electrode
(GCE) with a geometry area of 0.196 cm” and the counter electrode
was a Pt wire. The reference electrode was Hg/HgO (1 M KOH)
purchased from CHI152 and all the potential are converted against
RHE after the calibration of the reference electrode in H-saturated
1 M KOH aqueous solution. In order to fabricate the working
electrode, the Rh wavy nanowires were homogeneously dispersed
in EtOH after sonication and 10 pL of the ink was drop casted onto
the electrode surface. After drying under room temperature, 10 uL
Nafion (0.05 wt.%o0) was added and waited till dried under room
temperature again.

To activate the Rh electrocatalysts, cyclic voltammetry (CV) was
performed in Ar-saturated 1 M KOH electrolyte with a scan rate of
50 mV/s for 50 segments ranging from 0.05 to 1.1 V vs. RHE. The
electrochemically active surface area determined from hydrogen
under potential deposition (ECSAmupd) was calculated from integrating
hydrogen desorption charge from the last cycle of the CV curve using
the constant of 220 uC/cm” for the hydrogen monolayer.

MOR tests were carried out in Ar-saturated 1 M KOH, 1 M
MeOH electrolyte with potential scan rate of 50 mV/s. The
chronoamperometry tests were carried out at 0.52 V vs. RHE for
6,000 s.

The CO-stripping tests were also carried out to determine the
ECSAco. After activation in Ar-saturated 1 M KOH via CV, the GCE
was dipped into CO-saturated 1 M KOH electrolyte for allowing
the CO to be adsorbed onto the Rh as monolayer. The electrolyte
was then changed to Ar-saturated 1 M KOH and CO-stripping test
was carried out with potential scan rate of 50 mV/s. The metal
loading of Rh nanowires on the electrode determined from ICP-
AES was 0.880 pg (4.49 pug/cm® normalized over the geometric area
of the GCE) and the value of currents were normalized by the mass
of the Rh loading on the electrode. The commercial Rh black was
also tested as control under the same conditions with a mass loading
of 1.0 pg (5.1 pg/cm?).

3 Results and discussion

3.1 Characterizations of ultrathin Rh nanowires

The morphologies of the ultrafine wavy Rh nanowires were studied
by transmission electron microscope (TEM). TEM image clearly
demonstrates ultrafine wavy nanowire geometry with diameters
of about 2-3 nm and lengths exceeding 200 nm (Fig. 1(a)), which
agrees well with the previous literature [21]. The high-resolution
TEM (HRTEM) image shows clearly resolved lattice fringes with a
lattice spacing of 0.22 nm (Fig. 1(b) and inset), corresponding to the
(111) lattice planes of the FCC Rh, which is also consistent with pre-
vious literatures [14, 19-21]. There are also apparently many surface
defects as observed in the previous literature, which represents
the catalytic active sites for selective oxidation of benzyl alcohol
to benzyl aldehyde [21]. The ultrafine size and rich surface defects
may potentially contribute to the electrocatalysis of MOR as well.
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Figure 1 Structural characterizations of the ultrathin Rh wavy nanowires.
(a) TEM, (b) HRTEM image.

Figure S1 in the Electronic Supplementary Material (ESM)
shows the XRD pattern of the ultrathin wavy Rh nanowire sample,
the peaks at 41.1°, 47.7°, 69.9° and 84.4° are corresponding to the
(111), (200), (220) and (311) crystal planes of the FCC Rh (JCPDS
No. 05-0685), which also agree with the previous literatures
[14, 19, 20].

In Fig. S2 in the ESM, the XPS shows the composition and valence
of the surficial Rh species. The peaks at the binding energies of
307.3 and 312.1 eV correspond to the 3ds» and 3ds of the metallic
Rh (0) [14, 19, 20], respectively. The peaks at the binding energies
of 308.3 and 313.1 eV correspond to the 3ds. and 3ds of the Rh (III)
[14, 19, 20] which may result from the oxidized surficial Rh in air
and the unreacted residue precursor. The peak area ratio of 3ds. and
3ds follows the theoretical value of 3:2 for both Rh (0) and Rh (III)
and the content of the Rh (0) is calculated as 69.8% from the peak
area.

3.2 Electrocatalytical methanol oxidation reaction

The electrochemical performances of the Rh nanowire catalysts
were first studied via CV to determine the ECSAmnya (Fig. 2(a)
dotted line). In the 1 M KOH electrolyte without methanol, the
forward scan demonstrates two primary peaks corresponding to
hydrogen desorption at 0.06-0.35 V [19, 20] and oxygen adsorption
at > 0.4V [19, 21]. The reverse scan also exhibits two primary peaks
corresponding to hydrogen adsorption at 0.05-0.27 V [19, 20] and
oxygen desorption at 0.43 V [19, 21]. The ECSAnupa was calculated to
be 105.3 m*/g by using the constant of 220 pC/cm? for the hydrogen
monolayer [20, 22] after integration, which is more than 2-fold
higher than the ECSAwuuya of Rh nanocatalysts reported previously
(Rh nanodendrites: ~ 43 m?/g, Rh nanosheets/RGO: ~ 49 m?*/g)
[19, 20]. The ECSAco of the Rh nanowires determined from CO-
stripping (Fig. 2(a) solid line) by using the constant of 440 pC/cm’
for the CO monolayer [22] is 144.2 m*/g and is 7.2-fold higher than
that of the commercial Rh black (20 m*/g) (Fig. S3 in the ESM).
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The ultrahigh ECSA mostly likely arises from the high surface
to volume ratio and rich surface defects of the ultrathin wavy
nanowires [21]. Additionally, the favorable charge transport in the
1D geometry is also beneficial for maximizing the utilization
efficiency of the active sites in electrocatalysis. Together, the high
ECSA suggests excellent potential of the Rh nanowires as highly
effective electrocatalysts.

The catalytic activity of the Rh nanowires for MOR was carried
out in the electrolyte of 1 M KOH and 1 M methanol. The forward
scan demonstrates a strong current peak at the potential of 0.61 V
vs. RHE, corresponding to the oxidation of methanol with a peak
mass activity of 722 mA/mg. This mass activity represents the
highest value among all the previously reported monometallic Rh
nanocatalysts tested at room temperature, including Rh mesoporous
nanoparticle (288 mA/mg), Rh nanosheets/RGO (264 mA/mg),
Rh nanodendrites (255.6 mA/mg) and is 7.7-fold higher than the
commercial Rh black (93.6 mA/mg), and is also higher than many
MOR catalysts reported to date at 0.61 V vs. RHE, indicating great
utilization efficiency of the noble metal. The peak potential at 0.61 V
also generally agrees well with the corresponding values from the
previous literatures and may be tentatively attributed to the intrinsic
properties of Rh nanomaterials (with a lower peak potential com-
pared with those of Pt-based nanomaterials) [14, 19, 20].

The specific activity is calculated as 0.686 mA/cm® based on
the ECSAmuupa and this value is slightly higher compared with the
previous literatures [19, 20] (Rh nanodendrites: 0.590 mA/cm? based
on the ECSAmuwpd, Rh nanosheets: 0.543 mA/cm? based on the
ECSAupa), which may be attributed to the low coordination number
of Rh in the ultrathin wavy nanowires and the intrinsic advantage of
charge transport of the nanowires [9, 21]. We can tentatively conclude
that the high mass activity of the Rh wavy nanowires largely arises
from the ultrahigh ECSA since the specific activity is not greatly
improved.

In the reverse scan the anodic peak has a negative potential shift
and lower current compared with those in the forward scan, this
phenomenon has also been widely observed with Pt-based nano-
materials during MOR. According to the most recent literatures,
this hysteresis phenomenon on the Pt-based nanomaterials during
MOR is explained as the change of rate-determining-step from
water dissociation step to methanol dehydrogenation step during
the reverse scan since the oxygenated species are adsorbed onto the
Pt surface after the forward scan, which makes the current peak
potential and peak current different in the reverse scan [23, 24].
The Ir/Ir demonstrates the oxophilicity of the catalyst and lower Iz
indicates the electrocatalysts surface are occupied by more oxygenated
species which demonstrates higher oxophilicity [23, 24]. The I¢/Ix of
the ultrathin Rh wavy nanowires is ~ 2.3, which is higher compared
with some of the previously reported Pt-based nanomaterials with
Ie/Ir < 2 [7, 8, 12, 25], indicating comparably higher oxophilicity.
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Figure 2 (a) Mass-normalized CV and CO-stripping curves of the ultrathin Rh wavy nanowires in 1 M KOH electrolyte at scan rate of 50 mV/s. (b) Mass-normalized CV
curves of the ultrathin Rh wavy nanowires and commercial Rh black in 1 M KOH + 1 M MeOH electrolyte at scan rate of 50 mV/s. (c) Chronoamperometry results of the
ultrathin Rh wavy nanowires and commercial Rh black in 1 M KOH +1 M MeOH electrolyte at 0.52 V vs. RHE.
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This also agrees with the volcano plot, in which Rh binds more
easily to OH and oxygen [16, 26], which also indicates that the Rh
is considered to be more oxophilic than Pt.

The chronoamperometry tests (Fig.2(c)) were carried out to
demonstrate the stability of the Rh nanowire electrocatalyst during
long time of operation [20, 23, 24]. The ultrathin wavy Rh nanowire
is able to retain a current of 25 mA/mg at 0.52 V vs. RHE after 6,000 s.
This value is much higher than commercial Rh black and generally
comparable with the previous literatures [14, 19], which indicates
acceptable stability and CO-tolerance.

3.3 Comparison with previously reported Pt-based

electrocatalysts

For the Pt-based nanomaterials, despite of the ultrahigh mass activity,
the current peak appears at much higher potential [5-8] (~ 0.8-0.9 V
vs. RHE.), which may not be really applicable for DMFCs since it is
close to the half-wave potential of the cathode ORR eletrocatalysts [9].
The mass activity of many previously reported Pt-based nanomaterials
at 0.61 V vs. RHE are also lower than that obtained with the Rh
nanowires (Fig. 3) [5, 6, 14, 19, 20, 27]. The comparison in Fig. 3
clearly demonstrates that Rh nanowires exhibit a favorable combination
of high mass activity and lower overpotential.
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Figure 3 (a) Summary of various previously reported Rh and Pt-based
electrocatalysts tested in the electrolyte of 1M MeOH + 1M KOH regarding their
mass activities at different potentials. (b) The MOR mass activity at ~ 0.61 V vs.
RHE of the Rh and Pt-based electrocatalysts tested in alkaline media.

4 Conclusion

In summary, we have shown that ultrathin Rh wavy nanowires can
function as highly effective MOR catalysts with low overpotential
and ultrahigh ECSA, together delivering a mass activity of 722 mA/mg
at 0.61 V vs. RHE, which is higher than most of the previously
reported eletrocatalyst at the same potential. Therefore, we believe
the ultrathin wavy Rh nanowires may represent a highly promising
electrocatalyst for MOR.
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