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Tuning the Tin Oxide-Carbon Composite Support to Deposit Rh
Nanoparticles for Glycerol-to-Carbonate Electro-Conversion

Thamyres F. M. Moreira,">*® Guilherme B. Bresciani,' K. Boniface Kokoh,>*® Teko
W. Napporn,”*® Paulo Olivi,'® and Clatdia Morais>*

! Laboratério de Eletroquimica e Eletrocatdlise Ambiental, Departamento de Quimica da Faculdade de Filosofia Ciéncias e
Letras de Ribeirdo Preto, Universidade de Sdo Paulo, Av. Bandeirantes, 3900, 14040-901 Ribeirdo Preto, SP, Brazil
2 Université de Poitiers, IC2MP, UMR CNRS 7285, 4, rue Michel Brunet, B27, TSA 51106, 86073 Poitiers Cedex 09, France

Glycerol Electrooxidation Reaction (GEOR) has been herein investigated on Rh/C and Rh/SnO,-C prepared by polyol method. The
particle mean sizes were found to be 2.0 and 1.8 nm in Rh/C and Rh/SnO,-C, respectively. The alloying degree reached 63% in
Rb/SnO,-C, confirming a Sn-Rh alloy formation. The activity towards GEOR on Rh/SnO,-C was almost 5-fold higher than on Rh/
C, as demonstrated by electrochemical measurements in alkaline medium. This trend indicated the beneficial effect of the SnO,-C
carbon-oxide composite support in the catalyst composition. Analysis of the products generated after the bulk electrolysis using
high-performance liquid chromatography (HPLC) and FTIRS demonstrated that at 0.55 V vs RHE the main reaction products were
glycerate ion and carbonate (CO5° ). Then, a C—C—C cleavage was demonstrated with the CO;>~ formation at low potentials.
During the testings conducted in a home-made acrylic direct glycerol fuel cell at room temperature in 0.5 mol1~' NaOH, the
maximum power density (390 xW cm?) obtained on a Rh/SnO, anode, was 5-fold higher than that on Pd/C. These testings
demonstrated that the co-generation of sustainable energy and value-added products is a promising way to valorize glycerol.

© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Direct Alcohol Fuel Cells (DAFCs) have been extensively studied
as power sources for mobile, stationary and portable applications."
Efficient electrochemical energy conversion in DAFCs is a sustainable
and environmentally friendly alternative to decrease fossil fuel depen-
dence in the society.> Recently, C, and Cs-alcohols have been used as
fuel in DAFCs resulting in substantial study interests, especially due to
less toxicity, low cost, and easy transportation.>* In particular, glycerol
utilization and its valorization as fuel appear to be a very attractive
process due to its large availability.>® The recent biodiesel production
growth increased glycerol accumulation as a waste side-product of this
process, and it is estimated that each 10 kg of biodiesel leads to 1 kg of
glycerol.” Brazil is the second world biodiesel producer with several
fabrication processes using different materials, such as animal fat,
sunflowers oil, waste oil from frying, among others.” Consequently, the
glycerol valorization interest explores several catalytic routes such as
electrochemical, alcohol reforming, additives development, and
biotechnological.* ' The electrochemical route is very attractive, and
many studies indicate that this double process in one so called
cogeneration allows to valorize glycerol into energy source, while
producing molecules with added value.®®'>™'> As example, Nahay et
al."® studied the Direct Glycerol Fuel Cell (DGFC) performance using a
palladium-gold (PdAu/C) electrocatalyst in the anode compartment,
reaching 7.0 mW cm™2 power density. Recently, Chin Liu et al.'”
studied the Glycerol Electrochemical Oxidation Reaction (GEOR) on
copper oxide (CuO), which resulted in a high selectivity towards
dihydroxyacetone (DHA) considered as extremely valuable in the fine
chemical and pharmaceutical industries.'

Concerning power source applications, the main development
challenge of DGFCs remains in the anode kinetics process. this
highlights thus the need to design an electrode material that is both
more efficient and durable, i.e., more active and stable over multiple
uses.'”?° Platinum (Pt) and Pd based catalysts are widely studied as
anode catalysts in DGFCs.'*'®2'=27 However, different approaches
for non-Pt and -Pd metal catalysts development and prospects have
been discussed. Houache et al.>® prepared nickel (Ni) based catalysts

*Electrochemical Society Member.
“E-mail: thamyres.moreira@alumni.usp.br; claudia.gomes.de.morais @univ-poitiers.
fr; boniface.kokoh@univ-poitiers.fr

for GEOR in alkaline medium and concluded that glyceraldehyde
was the main reaction product. Zhang et al.*® studied the Au/C anode
catalyst performance in DGFC and obtained a 57.9 mW cm ™2 peak
power density at 80 °C. They concluded that Au/C promoted
tartronate, mesoxalate and oxalate formation, and enhanced the
Faradaic efficiency in a glycerol fuel cell.

Rhodium (Rh) is considered as a promising anode material in
ethanol oxidation reaction (EOR) investigations since it is known to
promote the C—C bond cleavage at low potentials.’*> At the same
time, there are not enough reports addressing GEOR. For example,
X. Lam et al.** prepared Rh supported on carbon black and
evaluated its performance in an alkaline medium. The onset and
peak potential were observed to be more negative than those on Pt/C
and Pd/C catalysts, but the GEOR current density remained lower.
Therefore, it is necessary to improve the catalytic activity to
overcome this issue. Some authors proposed the support material
modification using different compositions such as graphene, carbon
nanotubes, and oxide-carbon composites.?****> The oxide-carbon
composites as support material for electrocatalysts have particularly
gained attention, mainly due to enhancements in the catalytic
properties in noble metals catalysts such as high oxidation resis-
tance, metal-support interaction that modifies the electronic effect,
and stability properties of the catalytic center.’*™° Matsubu et al.*’
investigated the oxide composite supports —TiO, and Nb,Os—
effects on Rh catalysts applied to the CO, reduction process. The
main effect was evaluated using in situ spectroscopy and micro-
scopy, showing that the catalysts have increased CO,-reduction
selectivity. Another important reported oxide-carbon composite is
tin oxide (SnO,) incorporated with carbon (C). Studies demonstrated
that this combination is effective to upgrade the electrochemical
properties of SnO, electrodes.*' The main benefit of carbon oxide
composite addition is related to the increase in electronic conduc-
tivity, which facilitates the electron and ion transports, consequently,
enhancing the catalytic performance.®”**™** Soares et al.*” investi-
gated the SnO,-C composite effect in the EOR on Pt-Rh catalysts. It
was noticed that the SnO, promoted the ethanol electro conversion
in acidic medium due to the ligand effect and the bifunctional
mechanism combination. However, more contributions are still
necessary to understand the beneficial effects of using oxide-carbon
composites on Rh monometallic catalysts, especially for GEOR.
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The catalytic properties enhancement also depends on the chosen
synthesis method.*~*" That is because, size, dispersity, porosity, and
nanoparticles surface area are parameters directly related to the
synthesis route.®*®° In terms of applicability, designing high-
performance electrocatalgysts is considered one of the main concerns
in DGECs technology.**>' In this context, the polyol method has
several advantages in nanoparticles fabrication, such as good
crystallinity and controlled particle %rowth, short preparation time,
low cost, and simple process steps.’>>* Herein the synthesis protocol
consists in using polyalcohol as a reducing agent and solvent,
namely ethylene glycol (EG), which presents a high boiling point
(197 °C), leading to increase the solubility of the inorganic precursor
salts.*** Furthermore, this route facilitates experimental conditions
optimization for addressing an easy metallic precursor
reduction.”>>® For Rh nanoparticles synthesis, the polyol method
appears as an interesting approach.’” Zhang et al.>® used a simple
optimized polyol method to prepare Rh nanocubes for the pyrrole
hydrogenation and CO oxidation. Kim et al.”® investigated the Rh
nanoparticles prepared by polyol method for CO hydrogenation and
C2-higher alcohols production.

Based on all these previous studies, the main goal of the present
study is the evaluation of Rh/C and Rh/SnO,-C composite materials
performances in GEOR in alkaline medium. For this purpose, Rh
nanoparticles were deposited onto the conductive support by polyol
method and the performance in DGFC was tested in a home-made
acrylic cell. The reaction intermediates and the main products issued
from the GEOR were identified by in situ Fourier transform infrared
spectroscopy (FTIRS) and quantified by high-performance liquid
chromatography (HPLC) coupled with an ultraviolet-visible
(UV-vis) detector followed by a refractive index detector (RID).

Experimental

Chemicals.—Rhodium chloride (RhCl3.xH,0, 38%-40% Rh
basis), glycerol (ReagentPlus > 99%), ethylene glycol (EG),
propylene glycol (PG), citric acid (CA), and sodium hydroxide
(NaOH, 97%) were purchased from Sigma-Aldrich and used as
received. Carbon Vulcan XC 72R from Cabot was added to the
synthesis solution for Rh/C catalyst and in SnO,-C oxide-carbon
composite support. Carbon Vulcan was submitted to heat treatment
in a tubular oven (MAITEC) operating at 900 °C under argon
atmosphere for 5h.*® The catalytic ink formulation was conducted
using Isopropanol and Nafion” 1100 EW wt.5% suspension, in a
mixture of aliphatic alcohols and water, both purchased from Merck.
Carbon Toray paper was purchased from FuelCellStore and used as a
support onto which anode and cathode inks were deposited to
prepare the homemade DGFC. The chromatographic analyses
(HPLC) were conducted by internal calibration; this required
purchasing (from Sigma-Aldrich) all the molecules likely to be
formed from the glycerol oxidation investigation, i.e., tartronic,
glyceric, glycolic, glyoxylic, oxalic and formic acids, and sodium
carbonate. Millipore Milli-Q” water (18.2 MQ cm at 20 °C) was
used in all prepared solutions.

Catalysts .g/ynthesis.—Several methods are reported to prepare
Sn0O, oxide 373844 However, the thermal decomposition of the
polymeric precursors (DPP) synthesis route, also called-Pechini
method, is considered as a suitable oxide preparation
approach.’®®! Therefore, in order to produce the SnO, the first
step was the tin precursor solution preparation.®? Thus, the tin citrate
solution was dissolved in EG and citric acid mixture under constant
stirring at 90 °C-95 °C. The metal/citric acid/ethylene glycol molar
ratio was 1:4:16, respectively. Then, the resulting solution was
heated to 90 °C for 4 h. The tin precursor solution concentration was
determined by gravimetric analysis. Finally, the SnO,-C composite
was synthesized by adding an appropriate amount of precursor
solution and carbon Vulcan XC-72R followed by a calcination
process at 325 °C for 2h. The SnO, and C proportions in the
composite support (30 and 70% m m™', respectively) were chosen

from previous investigations in our research group.*® The resulting
composite was characterized by thermogravimetric analysis (TGA)
and X-ray diffraction (XRD).

The catalyst preparation was inspired by the polyol method
optimized by Gonzilez-Quijano research group.®® Firstly, rhodium
chloride (RhCl;.xH,0, 38%—-40% Rh basis) was dissolved in 2.0 ml
of ethanol. Then, carbon Vulcan or the composite material were
mixed with 100 ml EG in an ultrasound bath for 30 min; and the Rh
solution freshly prepared was added into the resulting solution. The
system (Rh/C or Rh/SnO,-C) was maintained under continuous
stirring for 1h and, sequentially, the pH was adjusted to 12 using
1.0 mol I™' NaOH. Afterwards, the temperature was increased up to
130 °C and the solution was under continuous stirring for 3 h. When
the solution was at room temperature, its pH was adjusted to 2 with
1 mol 1" ! H,SO,. The mixture was the stirred for 3 h and finally, the
resulting catalytic powder was recovered by filtration, abundant
rinsing and then drying at 40 °C for 12h. The Pt/C and Pd/C
materials were also prepared following the same procedure for
comparing the findings, especially in voltage cell performances. All
the catalysts were prepared keeping a 20 wt.% metal loading. The
characterization was performed using XRD, transmission electron
microscopy (TEM), CO stripping and cyclic voltammetric (CV)
measurements.

Physicochemical characterization.—The SnO,-C proportion
was confirmed by thermogravimetric analysis (TGA) performed on
a Q600 TA Instruments SDT2960 under synthetic air using a 10 °C
min~ ! heating rate from 20 to 900 °C. The X-ray diffraction patterns
of the catalysts were obtained with an X-ray diffractometer (Bruker -
D2 Phaser) operating with Cu Ka radiation (A = 0.15406 nm)
generated at 30 kV and 10 mA. The parameters were kept constant
during the analysis: 26 range = 20°-90°, and step = 0.025° s~'. The
catalysts composition phase was achieved by fitting the experimental
angular range of interest to the pseudo-Voigt function per crystalline
peak with the Profile Plus Executable refinement program (Siemens
AG). Crystallite size was estimated from Debye—Scherrer equation,
and the unit cell parameters were determined using the least-squares
method by UFit. exe v1.3-1992 software. Energy-dispersive X-ray
spectroscopy (EDX) was performed in a Leica Zeiss LEO 440 to
check the homogeneity of the local elemental composition in each
prepared material. Additionally, surface morphology was investi-
gated with a high-resolution transmission electron microscopy
(HRTEM) using a TECNAI G2F20 electron microscope in bright
and dark field modes coupled with EDX analysis. X-ray photoelec-
tron spectroscopy (XPS) was used to probe and characterize the
surface and oxidation states. Analyses were performed on a Kratos
Axis Ultra DLD spectrometer equipped with a monochromatic Al
Ko X-ray source (1486.6eV) operating at 15kV and 10 mA
(150 W). The analysis spot size is approximatively 300 ym x
700 pum and the pass energy is 20 eV for recording high resolution
spectra. The XPS data were calibrated by using the Cls (C-C) peak
binding energy (B.E.) at 284.6 eV, and the spectra were fitted with
CasaXPS software (version 2.3.17). Shirley background has been
chosen and asymmetric Gaussian-Lorentzian profile functions were
used to fit the spectra. The base pressure of the instrument was 9 x
10~ Pa and the sample powder was pressed in a copper holder of
3 mm diameter and introduced into the preparation chamber after
being outgassed overnight.

Electrochemical characterization of the electrode materials.—
The electrochemical experiments were performed using an Autolab
Potentiostat (PGSTAT302N, Metrohm). Cyclic voltammetry (CV)
and Chronoamperometry (CA) measurements were carried out in a
conventional three-electrode cell. The reference and counter elec-
trodes were Hg/HgO/OH™ (0.1 moll~' NaOH) and a vitreous
carbon slab, respectively. In order to easily compare with recent
literature, all the results are referred to the reversible hydrogen
electrode (RHE) using Hg/HgO (E = —0.965 V vs RHE) conver-
sion. The catalytic ink formulation was done 2.0 mg of the material
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powder that was dispersed in a solution composed of 95 ul
isopropanol and a 5 ul Nafion” suspension (5 wt.% in aliphatic
alcohol Aldrich). Afterwards, the ink was homogenized in an
ultrasound bath for 30 min. Finally, 3 ul of the ink was deposited
uniformly onto a glassy carbon (GC) disk (3 mm diameter)
previously polished with alumina and dried at room temperature.
All the solutions were purged with N, for nearly 15 min before
starting the electrochemical measurements. The CVs were recorded
by potential cycling (0.05 to 1.15 V vs RHE) in a solution containing
0.10mol 1! NaOH as electrolyte support and for the oxidation
measurements we used a solution with 0.20mol 1" glycerol at 10
mVs ™' scan rate. The CA experiments were conducted at 0.55 V vs
RHE for 30 min aiming to assess the catalyst stability, moreover, the
composite effect on GEOR. The CO stripping measurements were
carried out using an experimental protocol reported by Holade et
al.* Briefly, CO was pre-adsorbed onto the catalyst surface a 0.1 V
vs RHE by bubbling CO into 0.10 mol 1~' NaOH for 300 s, followed
by N, purge for 600s to remove any residual free-CO from the
solution. Finally, the CV curve was recorded in the potential range
0.10-1.2 V vs RHE at 10 mV s~ ' scan rate.

Analysis and identification of the reaction products by HPLC
and FTIRS.—The Rh/SnO,-C performance for glycerol conversion
was investigated by electrolysis experiments carried out in potentio-
static conditions. The potential was fixed at 0.55V vs RHE for 4 h
using the programmed potential electrolysis (PPE) setup (Fig. S1
(available online at stacks.iop.org/JES/169/094502/mmedia)), which
consisted of two potential steps: a first potential plateau was set at
E,« = 0.55V vs RHE (60 s for electrooxidation of glycerol) and a
second one fixed at E4.s = 1.4 V vs RHE, for the regeneration of the
catalytic surface or removal of the poison species. The reaction
products were quantitatively determined by comparing their reten-
tion times with those of pure commercial standards injected under
the same isocratic analysis conditions (external calibration). Aliquots
were collected every 30 min and injected into high-performance
liquid chromatography (HPLC, from Shimadzu, model LC-10AT)
equipped with a double on-line detection system i.e., a UV-vis (A =
210 nm) detector followed by a Refractive Index (RID-10A). The
apparatus was also composed by an automatic injector with a 20 ul
sample loop, and an ion exclusion column (Aminex HPX-87H, from
BioRad). The mobile phase was a sulfuric acid solution
(3.33 mmol 1! H,SO,) at a 0.6 ml min~! flow rate.

The SPAIRS (Single Potential Alteration Infrared Reflectance
Spectroscopy) technique was used to monitor the presence of
reaction intermediates and the formation of reaction products. The
recorded spectral range is 1000-4000 cm ™' and that of interest was
herein between 1000 and 2500 cm™'. The spectra were recorded
with an 8 cm™" spectral resolution at 50 mV intervals between 0.1
and 1.2V vs RHE at 1 mV s™' scan rate. The reflectance spectra
were calculated for the different potential values as changes in the
reflectivity (R;) relative to a reference single-beam spectrum (Ry) as
follows: AR/R = (Ri—Ro)/Ry as previously reported.
Electrochemical measurements, such as CO stripping, CV and CA
experiments were coupled with the in situ FTIRS investigations.
Thus, CO-stripping experiments in a 0.1 mol1~' NaOH solution
were conducted using the same protocol described previously, by
FTIRS data acquisition technique. Two SPAIRS methods were
applied in this work: (i) the classical one consisted in acquiring
spectra at 50 mV intervals at 1 mV s~ ' and in a potential domain; (ii)
the second technique was coupling CA measurements to FTIRS

acquisition at fixed electrode potentials (0.55 and 0.70 V vs RHE)
during 30 min. The working electrode used in this study was a
vitreous carbon substrate (8§ mm diameter) onto which the catalyst
was deposited. The catalytic ink formulation was slightly modified
to improve the reflectivity at the electrode/solution interface; so,
isopropanol composition used was 375 instead of 95 pl, as described
previously.

Cell voltage performance—The DGFC driving force was
evaluated using a home-made single acrylic two-compartment cell
(Fig. S2) depicts the experimental setup). Firstly, the current-
potential test was implemented with the Rh/SnO,-C catalyst as
anode (0.2 mg cm ™2 metal loading). The catalytic ink was prepared
as described above, however, the volume of 17 ul was deposited
onto both sides of a carbon Toray substrate (0.3 cm?). Palladium-
iron (PdFe/C) 20 wt.% catalyst was used as cathode, considering its
higher alcohol tolerance in case of fuel crossover in the cathodic
compartment.®> For an easy comparison of the results, the power
density as function current density was evaluated for Rh/SnO,-C, Pt/
C and Pd/C catalysts as anodes. An Anion Exchange Membrane
(AEM, Fumasep FAA, from Fumatech) pre-treated in a 1.0 mol 1!
NaOH solution was used to physically separate the two compart-
ments and to ensure the current relay between the electrodes. The
fuel cell operated with a supporting electrolyte (0.5 mol 1" NaOH)
at 25 °C in each compartment; there was an oxygen supply in the
cathode and glycerol as fuel (0.1 mol17") in the anodic side.

Results and Discussion

Physicochemical characterization.—The physicochemical char-
acterization of the material samples was carried out to determine
their crystallographic structure and elemental composition. Figure 1a
depicts the SnO,-C, Rh/C, and Rh/SnO,-C XRD patterns collected
between 20 and 90°. The first peak assigned in Rh/C sample at 20 =
25° is the carbon Vulcan (002) reflection plane. The materials’
crystallinity was confirmed by the well-defined peaks. Firstly,
evaluating the SnO,-C composite it was found that the observed
diffraction pattern corresponded to SnO, crystallographic structure,
with peaks at 26 = 26.5, 33.9, 38.0, 51.8, 64.8, and 78.72° assigned
to the (110), (101), (200), (211), (112), and (321) planes, respec-
tively, according to standard JCPDS values (JCPDS No.
01-088-0287).°¢ The absence of the carbon peak or rather its
attenuation for both compositions containing SnO,-C could be
related to the amorphous nature of carbon. Additionally, no peaks
assigned to SnO or metallic Sn are detected indicating the material
phase purity, which highlights the efficiency of the preparation
method of SnO,-C composite. The main peak in the XRD pattern of
Rh/C is observed at 41.03 and corresponds to (111) facet of Rh face-
centered cubic (fcc) structure. In the Rh/SnO,-C catalyst diffraction
pattern, this peak is negatively shifted to 39.53° suggesting the alloy
formation between Sn and Rh during the synthesis process. As
described previously,>*®” the Rh mean crystallite sizes were
estimated with the Rh (111) peak according to Debye—Scherrer’s
equation and are summarized in Table I. The obtained values were of
ca. 1.8 and 2.0 nm, for Rh/SnO,-C and Rh/C, respectively, which
indicate a nanometric scale in the prepared materials. As a
comparison, Nishida et al.®® prepared Rh/C by microwave-assisted
alcohol reduction method and the Rh crystallites were of ca. 9.5 nm
size. Therefore, the synthetic polyol approach proposed herein is a
straightforward method for obtaining small crystallite sizes.

Table 1. Physicochemical parameters determined by XRD measurements for Rh/C, Rh/Sn0O,-C, catalysts.

Electrocatalyst 26 (degrees) Crystallite size (nm) Lattice parameter (nm) Alloying degree (%)
Rh/C 40.82 2.0 0.3825 —
Rh/Sn0O,-C 38.93 1.8 0.4003 63
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Figure 1. (a) XRD diffraction patterns of the Rh/C, SnO,-C, and Rh/SnO,-C catalysts; (b) TEM images of SnO,-C and Rh/SnO,-C catalyst; (c) EDX spectra
recorded on the isolated Rh/SnO,-C nanoparticles; (d) Rh 3d spectra level of Rh/C and Rh/SnO,-C prepared catalysts; (e) Sn 3d spectra level of Rh/SnO,-C and

SnO,-C prepared catalysts.

The lattice parameter (a;), calculated from the Rh (111)
diffraction peak positions in XRD patterns,® is also shown in
Table 1. The Rh/C sample experimental lattice parameter was
0.3825 nm, which is similar to the theoretical value (0.3820 nm).”
On the other hand, for Rh/SnO,-C an expansion effect in the lattice
parameter (0.4003 nm) was observed, in agreement with previously
reported studies for Rh—Sn alloy nanoparticles.”’ As explained by
Kou et al.”? this could be ascribed by the difference between the

radii of Rh (1.35 A) and Sn (1.45 A). The latter being higher, the
lattice parameter is increased by the substitution of Rh by Sn,
confirming the formation of alloy. The alloying degree calculated for
Rh/SnO,-C sample using Vegard’s law’> was found to reach the
high value of about 63%, which, as reported, would result in
enhanced catalytic activity and stability.*®"*7

Figure 1b shows representative TEM images obtained on SnO,-C
and Rh/SnO,-C materials. As can be seen, SnO, nanoparticles are
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well dispersed on the carbon support for SnO,-C (Fig. 1b). Then, it
is observed in Rh/SnO,-C that Rh nanoparticles are evenly dispersed
on the SnO, C composite support with few agglomerations.
Moreover, the Rh nanoparticles were small and do not present a
defined and even morphology, although they are mostly spherical.
Additionally, it was noted a different color intensity in the regions
where Rh is deposited as compared to regions with only SnO,
nanoparticles. Therefore, the main interest of this synthesis approach
is also related to the Rh deposition. Indeed, it is very important to
know whether the Rh deposition occurs over the SnO, or C particles
in the composite support in order to understand the role of the
support in the catalytic activity. EDX analyses were performed and
Fig. 1c shows the spectra recorded on isolated particles revealing the
presence of the two metals in the nanoparticles confirming the
deposition of Rh onto SnO; and also in agreement with Rh—Sn alloy
formation. To get additional evidence on alloy formation, XPS
analyses were also carried out. The Rh 3d XPS spectra obtained for
Rb/C and Rh/SnO,-C catalysts are shown in Fig. 1d, while Sn 3d
XPS spectra of SnO,-C and Rh/SnO,-C are depicted in Fig. le. For
the Rh 3d region, metallic (Rh% and oxidized Rh,O; (Rh™>) phases
are indicated. For both catalysts, the 3ds,, transition peaks assigned
to Rh® and Rh*> were observed at 307.2 and 308.3 eV (Fig. 1d),
respectively, and the corresponding 3ds,, transitions were observed
at 311.8 and 313.1 eV. For the Sn 3d region, two peaks are observed
and assigned to 3dz, and 3dsj, transitions. A shift of 0.2eV was
observed between the peaks of SnO,-C and those of Rh/SnO,-C.
According to Korotcenkov et al.’”® this electronic effect could
indicate the formation of Rh-Sn alloy.

Electrochemical characterization.—Electrochemical characteri-
zation of Rh/C and Rh/SnO,-C was performed in N,-saturated
0.1moll1™" NaOH at 10mVs~'. Figure 2a shows the CVs

normalized with the Rh charge loading deposited onto the glassy
carbon support. Both CV curves exhibit a typical supported Rh
profile in alkaline medium.”’ However, it is easily observed the
carbon-support influence on the CV area, which increases with
Rh/SnO,-C as compared to Rh/C, indicating that the former presents
a larger electrochemically active surface area in line with the
previous Soares et al.>° study. When also regarding the positive
ongoing scan, the hydrogen adsorption/desorption region is also
increased with Rh/SnO,-C and the hydroxide/oxide oxidation region
becomes larger with plausible co-oxidation of Sn surface.
Furthermore, during the negative scan the Rh oxide reduction
process is shifted to positive potential values (0.40 V vs RHE) on
Rh/SnO,-C, indicating that the oxide composite support weakens the
OH™ adsorption.”® Consequently, it increases the active sites
reducing the coulombic charge necessary to reduce the Rh oxide
species.

Carbon monoxide (CO) was widely reported as one of the main
poisoning intermediates that damaged the electrode active sites
during the alcohol oxidation reaction in fuel cell systems, especially
anodes.”®™ Thereby, in the objective to develop these materials for
DGEFC applications, it is crucial to evaluate CO tolerance ability on
the catalyst surface. Figure 2b shows the linear polarization curves in
0.10mol 1! NaOH and at 10 mVs™' during the CO stripping
experiments. Initially, on the Rh/SnO,-C electrode, the curve shape
changes compared with Rh/C, suggesting a high CO oxidation
efficiency. Moreover, it is observed that the CO oxidation peak on
Rh/SnO,-C exhibits a negative energy shift (~ 60 mV), indicating
that the SnO, may facilitate the catalytic activity by removing the
adsorbed CO from the Rh surface. Two different effects may explain
this sudden improvement on CO-poisoning in Rh-SnO,/C; (i) the
bifunctional mechanism’'** 3¢ and (ii) the ligand effect due to
electronic properties changes in the catalytic center.*’' Therefore,
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Figure 2. (a) CVs of the Rh/C and Rh/SnO,-C electrodes recorded in 0.10 mol 1~ NaOH at room temperature and at 10 mVs~'; (b) CO stripping on Rh/C and
Rh/SnO,-C electrodes recorded in a 0.1 mol "' NaOH solution at 10 mV s~ '; (c) SPAIR spectra of the species from CO oxidation in 0.1 mol 1! NaOH on
Rh/SnO,-C. Reference spectrum taken at 0.10 V vs RHE; (d) FTIR spectra obtained during the CO stripping at 0.15 V vs RHE on Rh/C and Rh/SnO,-C.
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to verify more carefully the main effect on Rh/SnO,-C sites during
CO oxidation reaction, CO stripping experiments coupled with
in situ FTIR spectroscopy were conducted.

Figure 2c depicts a series of spectra acquired during CO stripping
at 1 mV s~ on Rh/SnO,-C, taking the spectrum obtained at 0.10 V
vs RHE as a reference. The main bands at 1987 and 1856 cm™'
observed at the beginning are assigned, respectively, to linearly
adsorbed (COp) and bridge bonded (COg) CO on Rh.%>93 According
to previous studies,94 CO molecules do not adsorb on Sn and
therefore no band is expected for CO adsorbed on Sn. Then, the
bands at 1392 and 1610 cm™' were assigned to the symmetric (us
(COO0)) vibration of carbonate (CO;27) ions and the water O—H
bending, respectively.”” The alloy formation effect, revealed by
XRD and XPS results, is herein highlighted by the modification on
the onset potential for carbonate formation, which starts at 0.20 V vs
RHE on Rh/SnO,-C, while on Rh/C this onset takes place at 0.40 V
vs RHE (Fig. S3). These results emphasize the Rh/SnO,-C ability of
CO5*~ formation at lower potentials. So, regarding the effect
between the catalytic sites and probe chemisorbed molecules,
previous studies demonstrated that CO adsorbed band’s intensity
as a function of the applied potential brings to light relevant
information on how the vibration frequency strongly depends on
the electronic properties of the adsorption site.”>”® However, in
some studies, it was not easy to establish these direct relations
between the applied potential and CO adsorbed bands’ intensity due
to the Stark effect,”” which can affect the band intensity during the
reaction therefore shifting the CO bands to lower or higher
wavenumbers. This effect was previously reported for Rh catalysts
wherein the C-O stretching frequency exhibits a typical Stark shift
with a slope reaching 34 cm™' V™'.9%% Therefore, to minimize the
Stark effect, Fig. 2d depicts the CO adsorption bands frequency
spectra on the Rh/C and Rh/SnO,-C at 0.15 V vs RHE; this potential
was chosen to avoid CO oxidation, which starts at 0.20 V vs RHE. A
decrease in the wavenumber of both CO; and COg bands is
observed for Rh/SnO,-C catalyst as compared to Rh/C, though the
shift becoming more pronounced on COyp. These shifts can be
interpreted in terms of electron-donating properties of the oxide
composite support, where the SnO, increases near Rh and reduces
the Rh—CO,44, bond strength by donor effect. SnO, acts therefore as
an electron density donor to Rh and this effect is responsible for the
CO oxidation at lower potential.”®~'%°

Glycerol oxidation reaction on Rh/C and Rh/SnO,-C cata-
lysts.—Figure 3a depicts the CVs profiles for 0.2 mol1~" glycerol
oxidation in alkaline medium at 10 mV s~ ! on Rh/C and Rh/SnO,-C.
The CVs were normalized with respect to the Rh amount deposited
onto the conductive support. As can be noticed, Rh/SnO,-C shows a
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much higher current density towards glycerol oxidation than Rh/C.
Indeed at 0.63 V vs RHE, the current density on the metal oxide
composite is almost 4.5-fold that of Rh/C. Moreover, the onset
potential is also affected, and the GEOR starts almost 100 mV earlier
on Rh/Sn0O,-C, evidencing that the Rh interaction with the compo-
site support improving the donor effect results in a glycerol
oxidation kinetics enhancement. "'

The stability is also a key parameter when developing anode
catalysts for DGFC’s devices. Therefore, the electrochemical
Rh/SnO,-C durability was investigated herein by using chronoam-
perometry. Although this measurement is not like the polarization
curve of an electrode material operating in a fuel cell, these results
still provide an insight of the reaction kinetics at a given potential.
Figure 3b shows the Rh/C and Rh/SnO,-C chronoamperometric
curves at 0.55V vs RHE. The Rh/SnO,-C catalyst exhibits much
higher current density values than Rh/C over the entire time range.
These results stress the metal oxide composite catalyst ability to
decrease the poisoning effect due to intermediates compounds of the
incomplete GEOR, and thereby to increase the electrode stability.
This trend was also discussed in other studies using SnO,-C carbon
oxide composite as a support in EOR and methanol oxidation
reaction (MOR)*** due to the Sn ability to bond with OH molecules
and the electronic effect (as demonstrated in Fig. 2d) between the
metal and the oxide composite.”' 538

Concerning DGFC device applications, the main goal is the
development of anode materials that provide high current densities at
low potentials.'®" Consequently, during the electrolysis measure-
ments it is crucial to evaluate that the chosen potential value meets
both features. Thereupon, chromatographic analyses were performed
on the recovered electrolyte when CA measurements were realized
at 0.55V vs RHE on Rh/SnO,-C, an applied potential value
significantly lower compared to reported studies. For example,
Lima et al.'® performed HPLC analyses of the GEOR products
on Ag/C and PtAg/C catalysts at 0.8 V vs RHE in alkaline medium,
which is 250 mV higher than the potential applied herein and
undoubtedly demonstrates the benefit of using Rh/SnO,-C for
GEOR. Thus, Table II shows the quantitative glycerol conversion
results at 0.55V vs RHE for Rh-SnO,/C, which reached 30% of
glycerol consumption after 4 h of electrolysis. This result can be
considered attractive for the electrochemical glycerol conversion,
mainly due to the ability of the catalyst to perform at low potential
values. For comparison, Holade et al.'® demonstrated that glycerol
conversion on PdAg/C reached 24% after 4h at 0.8 V vs RHE, a
potential higher than that set herein.

Table II also displays the selectivity and the faradaic yields of the
reaction products determined during electrolysis. Glycerate, the
main product, is selectively produced at 28.4%; tartronate (7.9%),
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Figure 3. (a) CVs of Rh/C and Rh/SnO,-C recorded in 0.10 mol 1~! NaOH in the presence of 0.2 mol 1~ glycerol at 10 mVs~'; (b) Chronoamperometry curves
for GEOR at 0.55 V vs RHE during 1800 s in 0.10 mol 1! NaOH and the presence of 0.2 mol 1" glycerol.



Table II. Distribution of the reaction production resulted from the electrocatalytic oxidation of 0.2 M glycerol on Rh/Sn0O,-C, at 0.55 V RHE in 0.1 M NaOH.

Selectivity of the reaction product”

Glycerol conversion after 4 h long-term electrolysis

Faradaic yield of the reaction product”

Glycerate Tartronate
0.43 mmole 0.12 mmole
30.3% 28.4% 7.9%
o 1 Cit
a) Selectivity (S; = — X Co-G
vi -G

X 100), where v; is the stoichiometric coefficient of the reaction product. b) Faradaic yieldFE; =

Formate Glycerate Tartronate Glycolate Oxalate Formate
0.17 mmole
3.7% 34.0% 19.1% 12.9% 20.2% 8.9%
'}i‘(/til; ), where / I(t) X dt represents the integration of Fig. S1b (Qex, = 488 C).

T0S¥60 691 TTOT ‘4121008 [Do1UYI0.4193] Y], Jo [puinof



Journal of The Electrochemical Society, 2022 169 094502

glycolate (5.7%), oxalate (6.1%), and formate (3.7%) were also
determined by external calibration from the chromatographic ana-
lysis of the electrolytic solution after 4 h. Moreover, the Rh/SnO,-C
ability to break the C—C bonds at low potentials was confirmed by
oxalate, glycolate, and formate production during the glycerol
oxidation, which involves lots of electrons and a large part of
electrical charge. The distribution of the reaction products from the
chromatographic analysis and related to the glycerol consumption
during the 4 h electrolysis is 0.058 mol ™' e.g, a mass balance close
to 96%. If one considers the results obtained by FTIRS (Figs. 4a and
4b) and the 488C quantity of electricity generated during the
electrolysis (Figs. S1b and S1c), the missing mass could mainly be
attributed to the formation of CO5>'%%1% (Table II).

In order to get further insights on the GEOR mechanism on
Rh/Sn0O,-C at low potentials, FTIRS experiments were coupled with
chronoamperometry measurements. Figure 4a shows the accumu-
lated FTIR spectra obtained at 0.55V vs RHE during 1800 s. In
accordance with HPLC results, the same functional groups (car-
boxyl, hydroxyl...) were identified by comparing them with stan-
dards recorded in the same electrolytic medium (Figs. S4 and S5).
Therefore, as suggested by HPLC measurements, the C—C cleavage
was confirmed by the band at 1838 cm ™! corresponding to the COg
adsorbed formation.'® The other main bands were assigned as
follows: 1581 cm™' (tartronate), 1389 cm™' (CO5>"), 1108 cm™'
(glycerate), 1074 cm ™! (glycolate), and 1220 cm ™!
(glyceraldehyde).'**~'% The FTIRS aldehyde evidence is important
because, as mentioned above, its HPLC determination is compli-
cated due to the nucleophilic attack on the carbonyl function
resulting in glycerate. Similarly, the RID low sensitivity can make
the CO327 quantification difficult, however, it was demonstrated by
Lima’s group'® that it is possible to confirm the high CO;*~
concentration due to difference in the relative intensity band between
carbonyl containing compounds (at 1581 em ) and CO5%™ (at
1389 cm ™ !). Therefore, as it can easily be observed, the intensity
of the CO5>~ band (at 1581 cm™") is largely higher than that of
carboxylate compounds (at 1581 cm™") indicating therefore the very
high quantity of carbonate formed at 0.55V vs RHE. This may
suggest that Rh/SnO,-C favors the C1 formation at 0.55V vs RHE
by C—C—C cleavage as previously noticed by Garcia et al.'”” for
PtAg catalyst supported on manganese oxide-carbon composite. At
this stage, two explanations can be put forward to explain the
beneficial effect in the activity and selectivity of Rh/SnO,-C: (i) the
electronic effect due to the Rh—Sn alloy formation'® (Fig. 1b),
which weakens the intermediates adsorption strength formed during
the oxidation reaction; (ii) the SnO,-C acts as a source of oxygenated
groups (OH,q) by bifunctional mechanism and following a
Langmuir-Hinshelwood (LSH) mechanism’!$48¢

At last, the band observed at 2343 cm™" corresponding to CO,
antisymmetrical vibration was also previously reported by some
authors'®*!'%% and indicates the pH change of the thin observed layer
nearby the electrode during the reaction. Indeed, the decrease in
OH™ concentration due to its consumption by the reaction and
diffusional limitations coming from the experimental constraints
result in local pH, a low pH nearby the electrode, and this even in
alkaline medium, and thereby CO, is formed and observed before
diffusing to the bulk solution where it is converted into carbonate.

Figure 4b depicts the FTIR spectra obtained at 0.70 V vs RHE,
where the main change was noticed in the bands centered at around
1400 cm™'. Two distinct bands centered at 1310 and 1358 cm™'
corresponding to oxalate, and formate ions, respectively, are clearly
observed. At the same time the carbonate band becomes almost
negligible. This result clearly indicates, on the one hand, that the
increase in electrode potential emphasizes the formation of C2 and
Cl groducts; on the other hand, and unlike the findings of Hiltrop et
al.'% on Pd/CNT in 1 M NaOH, the accumulation of C1 products is
not converted herein, on Rh/SnO,-C, to more carbonate concentra-
tion which decreases at high potentials.

Finally, it is well stated that the GEOR on the Pt-based and Pd-
catalysts usually follows two pathways involving glyceraldehyde
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Figure 4. (a) FTIR spectra recorded during chronoamperometry experiment
on Rh/Sn0O,-C catalyst at 0.55 V vs RHE; (b) FTIR spectra recorded during
chronoamperometry experiment on Rh/SnO,-C catalyst at 0.70 V vs RHE in
a 0.10 mol 1"! NaOH electrolytic solution.

and /or dihydroxyacetone.''®"''> The HPLC combined with FTIRS
results suggested that on Rh/SnO,-C the route in the alkaline
medium involving glyceraldehyde is the most probable. Based on
the obtained results, a glycerol electrooxidation reaction scheme
over Rh/SnO,-C is assumed and illustrated in Fig. 5. Firstly, during
the beginning of GEOR, glycerol is converted to glyceraldehyde,
chemically unstable in NaOH media (HO™ nucleophilic attack of
—CHO to —CO0™),'"? and subsequently oxidized to glycerate ion.
Eventually, the glycerate was rapidly oxidized to tartronate and/or
glycolate, the latter involving C—C cleavage. But, as demonstrated
by Liu et al.'” and herein confirmed by HPLC quantification, the
glycerate conversion also results in the formate and, subsequently,
carbonate production. Holade et al.'®* also demonstrated that at this
stage, the formate formation also results in adsorbed CO and
therefore carbonate. Furthermore, carbonate is also formed when
glycolate is oxidized to oxalate and, finally, into carbonate. As
discussed above, when increased the potential value, the C—-C-C
cleavage decreases, promoting most of formate and oxalate, while at
lower potential values the formation of carbonate is favored.

DGFC testing in a home-made cell at room temperature.—To
evaluate the promising characteristics of the as-prepared Rh/SnO,-C
catalyst, the DGFC testings were conducted in a home-made acrylic
cell (Fig. S2), which was composed of two compartments separated
with an anion exchange membrane.''* Firstly, it is essential to
emphasize that this investigation was mainly focused on each
component’s behavior during the GEOR, aiming to perform an
analysis of the electrolytic solution by liquid chromatography.
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polarization curves obtained at the electrodes of a DGFC operating at room temperature and in alkaline medium where: Rh/SnO,-C anode fed

with 0.1 mol 1" glycerol and 0.5 mol L~! NaOH; PdFe/C cathode fed with O,; (b) Electrochemical performance of a DGFC at 25 °C using PdFe/C
(0.2 mg cm™2) as cathode catalyst; the anodic compartment contains 0.5 mol L™' NaOH and 0.1 mol L ™" glycerol separated to the cathodic one with a Fumatech

membrane.

Consequently, the electrode materials were not coated on the
membrane as membrane electrode assembly (MEA) (as can be
observed in Fig. S2). Therefore, the polarization curves were carried
out at room temperature and using a PdFe/C as a cathode (Figs S6-
S8). This choice was based on the recently reported performance in
the ORR and the high tolerance to alcohol and CO species*®!''>!°
of this material. Figure 6a shows the polarization curves of
Rh/Sn0O,-C and PdFe/C as anode and cathode, respectively. A
reference electrode (Hg/HgO/OH™ (0.1 mol 17Y)) was included in
each compartment, and the polarization curves were recorded
separately. The ORR starts at 0.90V vs RHE and the potential
decreases slightly during the working interval. The anode profile
shows an increase in the potential from 0.25 vs RHE and then, a
decrease of up to 1300 A cm™> was observed. This behavior
demonstrated that the anode was the electrode that limits the
GEOR reaction in this cell configuration. Nevertheless, Fig. 6b
shows the output power density of 390 uW cm 2 compared to

97 uW cm ™2 on the Pd/C, and 249 /W cm™> on Pt/C catalyst (both
prepared by the same polyol method). As can be observed, the
Rb/SnO,-C electrocatalyst presents the superior electrochemical
performance with the largest current densities in the whole studied
range. The power density was found to be 3.9-fold higher on
Rh/SnO,-C than on the Pd/C anode. Thus, it is possible to confirm
that the GEOR is proceeding more rapidly on the Rh/SnO,-C
surface. The promoting effect due to the alloy formation and the
increased oxygenated groups’ presence are once again highlighted.

Conclusions

Rh/C and Rh/SnO,-C catalysts were successfully prepared by
polyol method and used to evaluate the GEOR in alkaline medium.
The nanoparticles showed a distribution size of 2.0 and 1.8 nm in
Rh/C and Rh/SnO,-C, respectively. Electrochemical measurements
were coupled with spectroelectrochemistry (FTIRS) and the results
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were correlated to physicochemical characterizations for under-
standing the electronic effect between Rh and Sn during the
synthesis process. Additionally, the HPLC and the FTIRS results
provided evidence of formation of glycerate and then CO;>~ as the
main GEOR products at 0.55 V vs RHE. The coupling of FTIRS and
CA measurements allowed to reveal the carbonate formation high-
lighted as the C—C-C bond cleavage ability of the Rh/SnO,-C
catalyst surface. The results indicated that on Rh/SnO,-C catalysts
the reaction follows the glyceraldehyde pathway. The strong
interaction between Rh and the SnO,-C composite directs the
oxidation reaction of glycerol via the glycerate formation which
then undergoes a C—C—C bond cleavage at low potentials, which is
not emphasized on Rh deposited on carbon alone. Rh/SnO,-C
consisting of an alloying degree more than 63%, is a promising
anode catalyst in DGFC application since it allows a better glycerol
conversion and enhances the power density, i.e. 4-fold higher than
those obtained on Pd/C and Pt/C under the same operating
conditions. The physicochemical properties of the anode such as
the high alloying degree may explain the beneficial ensemble
(electronic and bifunctional) effects on the GEOR.
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