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Rhodium (Rh) is one of the most important catalyst constituents in many industrial catalytic processes. The
synthesis of rnodium nanoparticles (RhNps) has received considerable interest for decades. In this paper, we
report an environmentally friendly and facile synthesis route of RhNps through direct reduction of RhClz by
ethanol in an alkaline medium in the presence of PVP at room temperature, confirmed by UV-vis
spectroscopy, TEM, XRD and XPS. The effects of the concentrations of OH™ and ethanol, as well as the
nature of the alcohols, which greatly affected the formation rate of RhNps, were systematically
investigated to understand the mechanism. Our results support that ethoxy anions generated from the
deprotonation of ethanol were highly active and

responsible for the formation of RhNps.
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alkaline medium Rh/C was highly active and displayed enhanced catalytic activity towards ethanol
oxidation compared to commercial Rh/C. The process presented in this work is expected to be useful
for preparing Rh-based nanocatalysts at room temperature, which may be extended to other nanocatalysts.
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Introduction

Noble-metal nanoparticles have received considerable attention
over the past decades due to their remarkable properties and
potential applications in photonics, electronics, sensing,
biomedical research and catalysis, which are significantly
different from their bulk form.*® It has been reported that
rhodium nanoparticles (RhNps) can be used as catalysts in so
many reactions such as the oxidation of carbon monoxide,
hydrocarbonylation, hydroformylation, hydrogenation, metha-
nation of carbon dioxide and Fischer-Tropsch reactions.”**
Especially, noble-metal nanoparticles have been extensively
employed as electrocatalysts for direct fuel cell applications.
Compared to the acidic-electrolyte direct ethanol fuel cell
(DEFC), direct alkaline ethanol fuel cells (DAEFCs) possess
several advantages: faster reaction kinetics, higher energy
densities, easy handling of the liquid fuels and no need for
fluorinated polymers.*>** Great efforts have been devoted to the
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study of DAEFCs especially the development of electrode cata-
lyst materials. However, it remains particularly difficult to break
the C-C bond in alcohols except methanol during electro-
chemical oxidation.'*"® Therefore the research and develop-
ment of catalyst materials highly active towards the break of
C-C bond plays a pivotal role. Recently several works reported
the enhancement of complete electrooxidation of ethanol to
CO, by the addition of Rh to Pt catalysts in acid medium,
without a significant enhancement of the overall kinetics.">*
Kowal et al®* and Li et al*® obtained remarkable ethanol
oxidizing efficiency employing PtRhSnO,/C as electrocatalyst.
Rh was found to play a significant role in facilitating C-C bond
cleavage. Rh alone was also found to be quite active towards
ethanol electrooxidation in alkaline medium,?*?” while in acid
medium it is practically inactive.”*** Suo et al.*®* found Rh/C
showed a higher activity for ethanol oxidation at low poten-
tials than PdRh/C and Pd/C in alkaline medium. Fontes et al.*’
observed a remarkable good activity of Rh/C for ethanol oxida-
tion in the first minutes. These results demonstrated that Rh-
based catalysts are promising catalyst candidates for complete
ethanol oxidation with excellent properties at low potentials in
alkaline medium.

A variety of methods have been employed in the production
of RhNps since Toshima et al.?® first reported the synthesis of
RhNps in 1978 in methanol-water solution in the presence of
poly(vinyl alcohol) (PVA) at 79 °C. The polyol methods** have
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been most widely employed in the preparation of RhNps, which
require harsh reducing conditions, typically consist in refluxing
a mixture of a precursor salt (e.g., RhCl; or NazRhClg), a poly-
alcohol (e.g., ethylene glycol) and a stabilizing agent [e.g:,
poly(vinyl pyrrolidone) (PVP) or PVA] at high temperatures
(60-190 °C) for 1-24 h, which is tedious and not-easy-operating,
energy and time consuming. A photochemical approach®* has
also been reported for the generation of shape selective RhNps.
The photochemical approach brings the inconvenience of
demanding continuous irradiation from a light source for 6 h,
although it was conducted at room temperature. RhNps have
been produced based on the chemical reduction methods using
borohydride as a reducing agent.***® However, borohydride
should be carefully treated since it is toxic to health and
unstable.

In this work, we report for the first time a facile and envi-
ronmentally friendly synthesis route of RhNps through direct
reduction of RhCl; by ethanol in alkaline medium in the pres-
ence of PVP under aerobic conditions at room temperature
(20 °C). Compared with other room temperature reducing
agents such as BH, , ethanol is more eco-friendly due to its
biomass origin and easy biodegradation. The reaction mecha-
nism was discussed by studying the effects of various parame-
ters such as the concentrations of OH™ and ethanol, as well as
the nature of alcohols, which greatly affect the formation rate of
RhNps. Moreover, the electrocatalytic activities of carbon-
supported RhNps in both acid and alkaline medium were also
studied.

Experimental

Chemicals

Rhodium chloride hydrate (RhCl;-xH,0, 99.98%) was
purchased from Sigma-Aldrich Co., Ltd. Poly(vinylpyrrolidone)
(PVP, K-30), sodium hydroxide (NaOH, 96%), methanol (CH;OH,
99.7%), ethanol (C,HsOH, 99.7%), isopropanol ((CH3),CHOH,
99.7%) and tert-butyl alcohol ((CH3);COH, 99.7%) were obtained
from Sinopharm Chemical Reagent Co., Ltd. Commercial Rh/C
(5 wt%) was purchased from Aladdin Co., Ltd. All the above
chemicals were of analytical grade and used without further
purification. Vulcan XC-72 carbon was purchased from E-TEK
Co., Ltd. Nafion solution (5%) was purchased from Dupont
Co., Ltd. Ultrapure water (18.25 MQ cm), generated by a Kertone
Lab VIP®, was used in all experiments.

Synthesis of colloidal and carbon-supported RhNps

In a typical synthesis of colloidal RhNps, PVP (0.229 g) was
dissolved in water (22.5 mL). Then RhCl; aqueous solution
(2.5 mL, 20 mM) was pipetted into the above solution. In
a separate flask, determined quantities of ethanol and NaOH
were dissolved in water (22.5 mL). The ethanol-NaOH solution
was then poured into the RhCl;-PVP solution under stirring to
yield a mixture. The ethanol concentration was varied from
0.1 M to 2.0 M. The NaOH concentration was varied from 0.2 M
to 1.0 M. The reddish RhCI;-PVP solution finally turned into
a dark brown solution after consecutive color changes. Then the
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RhNps were collected by centrifugation (10 000 rpm, F = 9280 X
g, 20 min) and washed with water three times to remove NaOH
and excess PVP.

Carbon-supported RhNps were prepared through the same
process, but in which XC-72 carbon was first dispersed in water
(22.5 mL) under ultrasonification instead of PVP. In this way the
RhNps were produced directly onto Vulcan carbon without
stabilization by PVP. The final concentrations were 1 mM Rh (i),
1 M ethanol, 1 M NaOH. Finally the product was filtered,
washed with water and dried at 65 °C for 12 h.

Characterizations

The UV-visible (UV-vis) spectra were recorded in a spectropho-
tometer (UV-2600, Shimadzu). The absorbance variation at
a specific wavelength as a function of time was recorded by
fixing the wavelength and measuring the absorbance variations
every 10 s immediately after mixing the reactants directly in the
UV cuvette. The morphology of the synthesized RhNps was
examined with high resolution transmission electron micros-
copy (HR-TEM) (JEOL 2010) at 200 kV. The energy dispersive X-
ray spectrum (EDX) was recorded with an INCA energy system
(Oxford Instruments) connected with the TEM. The samples
were prepared by pipetting RhNps colloidal suspensions onto
carbon coated Cu grids and then dried at room temperature.
The metallic loading of Rh/C was measured by ICP-MS (X Series
2, Thermo Fisher Scientific). The powder X-ray diffraction (XRD)
patterns of the samples were collected on a powder diffraction
system (TTR-III, Rigaku) using a Cu Ko radiation source (A =
1.54178 A) operating at 40 kv and 200 mA. The composition and
valence state of the synthesized nanoparticles were identified by
X-ray photoelectron spectroscopy (XPS) analysis (ESCALAB 250,
Thermo-VG Scientific) with monochromatic Al Ko irradiation
(hv = 1486.6 eV). Energy normalization was accomplished by
placing the major C 1s peak at 284.6 eV.

Electrocatalytic performance of Rh/C toward ethanol
oxidation

Cyclic voltammetry (CV) and amperometric I-t measurements
were conducted using a CHI 660E potentiostat (Shanghai
Chenhua Device Company, P. R. China) in a three-electrode cell
with a glassy-carbon (GC) electrode (working electrode), a plat-
inum foil (counter electrode) and a saturated Ag/AgCl electrode
(reference electrode). The glassy carbon substrate was polished
using alumina slurry (0.05 pm) prior to use. To prepare the
working electrode, Rh/C (2 mg) was dispersed ultrasonically in
ethanol (1 mL) containing Nafion (5%, 10 pL). The suspension
(10 pL) was deposited onto the GC electrode (d = 5 mm). The
solvent was then evaporated at room temperature. The elec-
trolyte was deaerated by bubbling N, for 30 min prior to each
experiment. A flow of N, was maintained over the electrolyte
during the measurements. At least 10 cycles were performed
before collecting the CV data with a scan rate of 10 mV s™* or
50 mV s~ . All the currents are normalized by the surface area of
the glassy carbon substrate (0.196 cm?®) and are given in unit

of mA cm 2.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Synthesis and characterization of RhNps

Rhodium(m) chloride exists in the form of a variety of chlor-
oaquorhodium(ur) complexes ([RhClg_,(H,0),]">)*) when dis-
solved in water.*” Fig. 1a shows the UV-vis spectra of RhCl;
solution in the presence of PVP and in the presence of PVP and
ethanol, which are nearly the same. No formation of RhNps was
observed in the absence of NaOH. The reddish solutions (inset
in Fig. 1a) showed a strong absorption band at around 220 nm
due to the ligand-to-metal charge transfer (LMCT) of the Rh(m)
complex®® and the contribution of PVP. Two absorption maxima
were also observed at 373 and 484 nm corresponding to the d-d
electron transition of Rh(im) ions in the chloroaquorhodium(i)
complexes.*® Colloidal RhNps were simply synthesized by the
direct reduction of Rh(m) ions by alkaline ethanol solution in
the presence of PVP under aerobic conditions at room
temperature (20 °C). Fig. 1b shows the time evolution of UV-vis
spectra of the reaction mixture during the synthesis process.
The spectra during the first 10 min are shown in Fig. 1c to
clearly display the absorbance changes at around 645 nm.
The absorption maxima for Rh(m) complex was blueshifted
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immediately after the addition of ethanol-NaOH solution
which is probably due to the substitution of CI~ by OH ™. Two
new absorption bands at around 260 and 646 nm appeared as
the color of the mixture changed from reddish to blue. The
absorbances at 260 and 646 nm increased and reached their
maximal value 4 min after the mixture. Then they decreased as
the reaction time went on. The reactant turned from blue to pale
yellow as the two new absorption bands disappeared 9 min
after the mixture, which indicates the appearance and disap-
pearance of transient species.

As the reaction progressed, the whole spectra gradually rised
up especially in the visible range, indicating the formation
of Rh(0) particles. After the reduction of Rh(m) ions was
completed (61 min after mixing), there is no remarkable change
in the spectrum, as shown in Fig. 1b. The color of the solution
turned from pale yellow to dark brown, as the featureless
absorption in the visible range increased, indicating that the
band structure of Rh particles was formed.*** Fig. 1d shows the
photographs of the reactant mixture taken at different stages
of the reaction. The color of the reactant mixture clearly
changed from reddish to blue, pale yellow and dark brown as
described above.
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(a) UV-vis spectra of the solution containing 1 mM RhClz and 50 mM PVP in the absence and presence of 1 M ethanol. The inset shows the

color of the solution. Time evolution of the UV-vis spectra of the mixture (b) during the whole process and (c) during the first 10 min. (d)
Photographs of the mixture taken at different stages of the reaction: before mixing and 0, 3, 7, 17, 72 min after mixing. Reaction condition of (b—
d): 1 mM RhCls, 50 mM PVP, 1 M ethanol and 1 M NaOH at 20 °C in aerobic environment.
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Fig. 2a and b show the representative TEM images of RhNps
synthesized in 1 M ethanol solution at 20 °C. RhNps tend to
aggregate due to the small size and extremely high surface free
energy. The morphologies of RhNps are not uniform. The sizes
of the nanoparticles were estimated to be 2-5 nm. The HRTEM
images of typical single RhNps were shown in Fig. 2c. The lattice
fringes of each nanoparticle are along the same direction,
suggesting the nature of the as-synthesized RhNps are single
crystal. The interplanar crystal spacing was examined to be
0.22 nm, which is very close to the (111) lattice spacing of the
face centered cubic (fcc) rhodium, implying that the surface of
RhNps were covered by the (111) lattice. The XRD pattern of as-
synthesized products is shown in Fig. 2d. It exhibits four peaks
in the 26 range 20-100° corresponding to diffraction from the
(111), (200), (220) and (311) lattice planes and matched with fcc
rhodium (JCPDS 88-2334). Therefore the XRD pattern
confirmed the formation of fcc RhNps. The average size of
RhNps was calculated to be 3.5 nm using Scherrer equation,
which is consistent with TEM images. Fig. 2e shows the Rh 3d
XPS of RhNps after being deposited on Al foil. The Rh 3d region
is characterized as a doublet, which arises from the spin-orbit
coupling splitting corresponding to 3ds, and 3ds/, electrons
respectively. The Rh(0) 3ds,, and Rh(0) 3ds,, peaks appeared at
binding energies of 312.01 and 307.37 eV, confirming the
formation of RhNps as reported in the literature.’®*' After
deconvolution the percentage of the reduced Rh(0) was esti-
mated to be 68.6%. The XPS spectrum of O 1s confirmed the

Rh 3d XPS spectrum

XRD spectrum of Rh nanoparticles|
Rh 3d,,

312.01
Rh(lll) 3d,,,

Rh(ll) 3d,,, 308.39

313

Intensity (a.u.)
Intensity(a.u.)
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Fig.2 (aand b) TEM and (c) HRTEM images of the colloidal RhNps. (d)
XRD pattern of the RhNps. (e) XPS of the RhNps. Condition of
synthesis: 1 mM RhCls, 50 mM PVP, 1 M ethanol and 1 M NaOH at
20 °C.
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existence of unreduced Rh(m) (Fig. S1f). Two peaks were
observed for the O 1s spectrum of RhNps formed in the absence
of PVP at 533.72 eV and 531.31 eV, of which the latter corre-
sponded to the oxygen atoms of oxidized Rh(m). EDX was also
employed to investigate the valence state of RhNps (Fig. S27).
The atomic ratio of Rh to O was measured to be 81.7% : 18.3%
illustrating the existence of unreduced Rh(m).

To characterize the origin of the two transient absorption
bands observed in Fig. 1, the absorbance variations at 260 and
646 nm as a function of time were measured, as shown in Fig. 3.
The absorbance at 260 nm reached its maximal after 200 s
reaction and decreased to its minimum after 370 s reaction,
while the absorbance at 646 nm reached its maximal after 300 s
reaction and decreased to its minimum after 530 s reaction. It is
clear that the variation of the absorbance at 646 nm falls behind
that at 260 nm. Thus we can speculate that the two absorption
bands at 260 and 646 nm are originated from two different
transient species.

The spectra properties of Rh(u) and Rh(1) complexes, of
which the life time varies greatly, have been studied by many
literatures.*”*” Stable Rh(u) and Rh() complexes, such as
(Rh"(CH;CO0),), and (Rh'(CO),Cl),, exist at room temperature.
A new absorption peak at 265 nm was observed by Lilie et al.** in
the experiment of pulse radiolytic reduction of Rh(NH3)sH,0"
in the presence of isopropanol and oxygen. It was identified as
a dioxygen adduct of Rh"(NH;),>*, O,Rh"(NH;),H,0%*, which is
stable for several hours. Mulazzani et al.** and Schwarz et al.**
both observed a new absorption band at around 260 nm in
a pulse radiolysis study of Rh(bpy);*", which was assigned to the
generation of Rh"(bpy);*". Generally Rh(n) complex exhibits
strong absorption bands at around 260 nm. As for Rh(i)
complex, at least four forms of Rh(1) species, with their
absorption bands located in the visible region at 485-565 nm,
were clearly identified.** The nature of the Rh(i) species, desig-
nated as “Rh(bpy),"”, depends upon the pH of the solution, the
concentration of Rh(1) as well as the nature and concentration of
the counter-ion. A short-lived species absorbing at 520 nm was
assigned to a Rh(1)Rh(u) complex by Derai et al** Some long-
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Fig. 3 Absorbance variations at 260 and 646 nm of the solution
containing 1 mM RhClz, 50 mM PVP, 1 M ethanol and 1 M NaOH at
20 °C as a function of time.
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lived Rh(1)Rh(u) complexes are known to absorb in the 550 nm
region.*>*” The transient absorption band at 260 nm is assigned
to intermediate Rh(u) complex, which corresponds well with
other literatures.*>** Rh(1) complex generally exhibits absorp-
tion bands in the visible region, which depends on the ligand
that stabilize the complex.*® In this work the variation of the
absorption band at 646 nm lags behind that at 260 nm. Thus it
is reasonable the broad absorption band at 646 nm was
assigned to Rh(1) complex.

Oxygen was found to affect the synthesis process markedly.
Colloidal RhNps were also obtained when dissolved oxygen was
removed from both RhCIl;-PVP solution and ethanol-NaOH
solution. The time evolution of the UV-vis spectra was moni-
tored during the reaction, as shown in Fig. 4. Compared with
the situation in aerobic conditions (Fig. 1b), the whole spectra
rised up immediately after the mixing. No transient absorption
bands at around 260 and 646 nm were observed, which means
no intermediate Rh(u) or Rh(1) complex was observed. Rh(0)
particles were generated more quickly in this situation. It can be
concluded oxygen here played a role in stabilizing the Rh(u) and
Rh(1) complexes, which are easy to be further reduced without
enough stabilization of ligands or oxidizing agents. The nature
of Rh(n) and Rh(1) complexes may be a dioxygen adduct as re-
ported by Lilie et al.**

Kinetic study and mechanism of RhNps formation

The effect of PVP was also investigated. Fig. S31 shows the UV-
vis spectra of RhCl;-PVP solution in the presence of different
concentrations of NaOH. There is only very slight difference. A
weak band at around 415 nm due to substitution of CI” by OH™
was observed. It was reported that Rh(m) is dominated by
hydroxylated complexes [Rh(OH)s]>~ at high pH (pH = 12).*®
The yellow solutions (see inset in Fig. S37), which were stable for
at least 24 hours, also indicate the different species of Rh(m)
complex from the reddish neutral RhCl; solution (see inset in
Fig. 1a). No formation of colloidal RhNps was observed in the
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Fig. 4 Time evolution of the UV-vis spectra of the mixture containing
1 mM RhCls, 50 mM PVP, 1 M ethanol and 1 M NaOH at 20 °C in the
absence of O,.
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presence of PVP and in the absence of ethanol. In our system
PVP cannot reduce Rh(im) ions and only served as a stabilizing
agent here.

As discussed above, colloidal RhNps can only be obtained in
alkaline medium. The only possible reducing species that are
capable of reducing Rh(m) ions to Rh(0) at 20 °C is ethanol in
alkaline medium. The effect of OH concentration on the
formation rate of RhNps was studied. Fig. 5a shows the UV-vis
spectra of RhCl;-PVP-ethanol solution with low concentra-
tions of NaOH. The absorbance increase in the visible range was
insignificant unless the concentration of NaOH reached 0.08 M
(pH = 12.75). Therefore to obtain colloidal RhNps the pH of the
solution has to be higher than 12.75 (critical pH).

Alcohol is a kind of weak acid and deprotonates at high pH,
as shown in reaction (1):

HR-OH & HR-O~ + H* (1)

with the pK, of this reaction depending on the nature of R. For
example, ethanol, with pK, = 15.9 (25 °C), deprotonates to
generate proton and ethoxy anion at high pH, as shown in
reaction (2):

4
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3 ——0.07 M NaOH
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Fig. 5 (a) UV-vis spectra of the solution containing 1 mM RhCls,
50 mM PVP, 1 M ethanol and 0.06-0.10 M NaOH. (b) Absorbance
variations at 646 nm of the solution containing 1 mM RhClz, 50 mM
PVP, 1 M ethanol and 0.2-1.0 M NaOH as a function of time.

RSC Adv., 2017, 7, 3161-3169 | 3165


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26591j

Open Access Article. Published on 13 January 2017. Downloaded on 8/3/2025 6:37:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

CH;CH,-OH S CH;CH,-O™ + H* )

Kwon et al.*’ argued that ethoxy anion is the main reactive
species at high pH (pH = 11), with its concentration steeply
increasing with higher pH. Ethoxy anion is believed to be
significantly more reactive than ethanol,”** which is much
easier for this species to give electrons and be oxidized to
acetaldehyde, as shown in reaction (3):

CH3CH2*07 - CH3CHO + HJr + 2e” (3)

We propose that ethoxy anion may be responsible for the
formation of RhNps in alkaline medium at room temperature. A
similar mechanism has been proposed by Gasparotto et al. to
explain the formation of AuNps, AgNps and AuAgNps, with
glycerol in alkaline medium at room temperature.**>* The
alkoxide formed from glycerol in high-pH medium was
considered as the true reducing species.

The formation rates of RhNps at 0.2-1.0 M NaOH were
examined by following the absorbance variation at 646 nm as
a function of time (Fig. 5b). The rate of nanoparticle formation
and the final absorbance was increased with a higher NaOH
concentration (0.2-0.5 M). The reaction came to an end in
15 min with 0.5 M NaOH. This can be explained by accounting
ethoxy anion as the true reducing species. More ethoxy anion is
generated by deprotonation of ethanol with higher concentra-
tion of NaOH (at higher pH), thus accelerating the formation of
nanoparticles. However, as the concentration of NaOH further
increased (0.6-0.8 M), the formation rate did not increase at all.
It even decreased when the concentration of NaOH reached
1.0 M. With the increase of NaOH concentration, more OH ™~ can
coordinate with Rh(i) ions and Rh(0) clusters,* thus impede
the reduction of unreduced Rh(m) ions by ethoxy anion. Stan-
dard electrode potential of Rh(m) is closer to zero at pH = 13.996
than at pH = 0,> indicating that Rh(u) is more difficult to be
reduced under the stabilization of OH™ at high pH. The accel-
eration effect of OH™ on the deprotonation of ethanol plays
a dominant role, when the concentration of NaOH is relatively
low, while the impediment effect will be dominant when the
concentration of NaOH is too high. It is noteworthy that the
existing time of Rh(1) complex increased with increasing NaOH
concentration. OH™ here also played a role in stabilizing
intermediate Rh(i) complex.

The proposed mechanism was supported by electrochemical
tests. The cyclic voltammograms (CV) of GC electrode in neutral
and alkaline ethanol solutions are shown in Fig. 6. In neutral
medium the oxidation current density was very low indicating
that ethanol was difficult to be oxidized on this condition.
Ethanol oxidation was slightly enhanced in 0.1 M NaOH solu-
tion. On both conditions the onset potentials were nearly the
same at —0.3 V. In 1.0 M NaOH solution, the peak current
density was much higher with the onset potential shifted
200 mV to more negative potentials, illustrating that ethanol is
a stronger reducing agent at higher pH. This is due to the fast
increase of ethoxy anions as the pH of electrolyte increases.

The effect of ethanol concentration on the formation rate of
RhNps was also studied. Fig. 7 depicts the absorbance variation
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Fig. 6 Cyclic voltammograms (CVs) of GC electrode in N, saturated
solution containing 1.0 M ethanoland 0, 0.1, 1.0 M NaOH at 25 °C with
a scan rate of 10 mV s%.

at 646 nm as a function of time with the concentration of
ethanol varying from 0.1-2.0 M. The rate of RhNps formation
was accelerated with increasing ethanol concentration as ex-
pected. A higher concentration of ethoxy anion is generated with
higher ethanol concentration at the same pH, thus promoting
the reduction of Rh(m) ions and the formation of RhNps. The
existing time of Rh(1) complex decreased with increasing ethanol
concentration, because it was further reduced more quickly.
The possibility of preparing RhNps by other alcohols at room
temperature in alkaline media was examined. RhNps were also
obtained in 1.0 M NaOH solution in the presence of isopropanol
with a much slower kinetics (Fig. 8). It is more difficult for
isopropanol to deprotonate into its corresponding alkoxide
through reaction (1) because of its higher pK, (17.1, 25 °C). The
critical pH for isopropanol to produce RhNps at room temper-
ature is 13.05 and higher than that of ethanol (12.75). These
results strongly support the mechanism proposed above.
Methanol, with a pK, of 15.5, would be expected to be more

1.2

0.9 1
8 —— 0.1 M ethanol
c —— 0.2 M ethanol
g 0.6 —— 0.4 M ethanol
‘5 —— 0.8 M ethanol
7] ——1.0 M ethanol
< 03- ——2.0 M ethanol

0-0 T T T T

0 1000 2000 3000 4000 5000
Time (s)

Fig. 7 Absorbance variations at 646 nm of the solution containing
1 mM RhClz, 50 mM PVP, 0.5 M NaOH and 0.1-2.0 M ethanol as
a function of time.
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Fig. 8 Absorbance variations at 646 nm of the solution containing
1 mM RhClz, 50 mM PVP, 1.0 M NaOH and 1 M ethanol/isopropanol as
a function of time.

reactive than ethanol. However, no RhNps were produced in
1.0 M NaOH solution in the presence of methanol in 24 h. This
anomaly may be caused by the different leaving ability of the
o hydrogen (H,),*® which means the different ability for alkox-
ides to give electrons. The bond energy of C-H,, in methanol is
higher than the C-H,, in ethanol®” (no similar data for the cor-
responding alkoxides has ever been reported as far as we know),
meaning that corresponding alkoxide for methanol is less
reactive than that for ethanol. Tert-butyl alcohol, with a high pK,
of 18.0, is expected to be less active than isopropanol. Moreover,
there is no H,, for tert-butyl alcohol. No wonder that no RhNps
were observed in alkaline tert-butyl alcohol solution at room
temperature.

Electrocatalytic performance of Rh/C towards ethanol
oxidation

The electrocatalytic activity of commercial and as-synthesized
Rh/C toward ethanol oxidation in alkaline medium was evalu-
ated, as shown in Fig. 9. The inset in Fig. 9b shows the TEM
image of as-synthesized RhNps deposited on Vulcan carbon.
The metallic loading was 5.32 wt% determined by ICP-MS.
Fig. 9a shows the CV curve of Rh/C in N,-saturated 0.1 M
NaOH solution. Oxygen adsorption was observed at high
potentials in the positive scan, while oxygen desorption
occurred at low potentials in the negative scan.

The electrocatalytic performance of commercial and as-
synthesized Rh/C was investigated in a 1 M ethanol + 0.1 M
NaOH solution at 25 °C (Fig. 9b). In the positive scan, the
oxidation of ethanol started from low potentials, and a broad
oxidation peak occurred at —0.4 to 0.1 V (vs. Ag/AgCl) as
potential went positively, which is consistent with litera-
tures.”®*® After peak potential the current decreased due to the
formation of oxidized species blocking the active sites.>

In the negative scan, the oxidation current was negligibly low
at high potentials. At low potentials an oxidation peak was
observed at —0.63 V as the oxidized species were removed
exposing the active sites. Compared with commercial Rh/C, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Cyclic voltammograms (CVs) of commercial and as-synthe-
sized Rh/C at 25 °C with a scan rate of 50 mV s~* (a) In 0.1 M NaOH
solution. (b) In 1 M ethanoland 0.1 M NaOH solution. (c) Amperometric
/-t curves of as-synthesized and commercial Rh/C in 1 M ethanol and
0.1 M NaOH solution. The inset in (a) shows the TEM image of
commercial Rh/C. The inset in (b) shows as-synthesized Rh/C.

as-synthesized Rh/C displayed enhanced catalytic activity
towards ethanol oxidation. Note that the metallic loadings were
nearly the same. And the current density was much higher than
commercial Rh/C and the onset potential was more negative.
The stability tests of the as-synthesized and commercial Rh/C
were carried out as well. Amperometric /-t curves at —0.2 V
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were shown in Fig. 9c. Fig. S47 showed I-¢t curves at —0.5 and
0 V. Compared with commercial Rh/C, the as-synthesized Rh/C
displayed comparable or even better stability. This is due to the
difference in dispersity of RhNps on carbon. The nanoparticles
of commercial Rh/C either were too small or agglomerated into
big clusters, as we can see from inset in Fig. 9a.

The electrocatalytic activity of Rh/C toward ethanol oxidation
in acid medium was also studied, as shown in Fig. S5.t It is
obvious that Rh/C showed no activity for ethanol electro-
oxidation in acid medium. The alkaline environment is key to
making Rh an active catalyst for ethanol oxidation. It is gener-
ally acknowledged that the difficulty of H, dehydrogenation of
ethanol in acid medium results in nearly zero activity of Rh due
to the lack of hydroxide species,* which is also applicable here.
In our opinion, however, the role of ethoxy anions generated
from the deprotonation of ethanol by OH™ may be overlooked,
since they are significantly more reactive than ethanol as has
been demonstrated in this work with its concentration steeply
increasing with higher pH. This idea helps us fully understand
the role of OH™ in ethanol oxidation in alkaline medium, which
is important for the development of DAEFCs.

Conclusions

We have for the first time demonstrated a facile and environ-
mentally friendly synthetic route of RhNps through direct
reduction of RhCl; by alkaline ethanol solution in the presence
of PVP under aerobic conditions at room temperature. The
reaction can be fairly fast. Two transient absorption bands at
260 and 646 nm were observed in the presence of oxygen and
assigned to intermediate Rh(u) and Rh(1) complexes respec-
tively, which were stabilized by oxygen and OH . Ethoxy anions
generated from the deprotonation of ethanol at high pH were
responsible for the formation of RhNps. The formation rate of
RhNps was increased with higher concentration of ethanol. A
proper concentration of OH™ would accelerate while too much
OH™ would impede the formation of RhNps. The low pK, and
C-H,, energy of the alcohol was favorable for the formation of
RhNps. Moreover, the carbon-supported nanoparticles were
highly active and displayed enhanced catalytic activity towards
ethanol electrooxidation than commercial Rh/C in alkaline
medium. The significance of this work is to offer a new facile
synthetic route of preparing Rh-based nanocatalysts at room
temperature, which may be extended to other nanocatalysts.
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