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HIGHLIGHTS:

e Carbon-supported Rhodium catalyst synthesis by Bromide Anion Exchange (BAE)
method,

e CO oxidation on Rh/C starts with linearly adsorbed (CO.) oxidation at 0.35 V vs. RHE;

e Ethanol Oxidation Reaction (EOR) on Rh/C facilitates the C1 products selectivity;

e Glycerol Oxidation Reaction (GOR) with preferential glycerate ion formation;
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ABSTRACT

The present work evaluates ethanol and glycerol electro-oxidation on Rh/C catalysts prepared
using the Bromide Anion Exchange (BAE) method. Physicochemical characterizations were
performed using Thermogravimetric Analysis (TGA), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). The SPAIRS investigations revealed that the CO adsorption
modes on Rh sites occur on the linearly adsorbed CO (COL) and bridged bonded (COg) modes.
In ethanol oxidation reaction (EOR), the Rh effect was evaluated by analyzing the products
generated after bulk electrolysis using High-Performance Liquid Chromatography (HPLC) and
in situ FTIR spectroscopy. The results confirmed the C-C cleavage Rh ability at low potentials
and revealed that EOR follows both reaction pathways on Rh/C. While in glycerol oxidation
reaction (GOR), Rh addition increases high added-value products formation such as glycerate
ion. The GOR main route follows the glyceraldehyde pathway. The results highlighted that Rh

is a good candidate for ethanol and glycerol electrochemical conversion at low potentials.

Keywords: Ethanol, Glycerol, Rhodium, FTIR spectroelectrochemistry, Chromatographic

analysis, Alkaline medium



1. Introduction

Direct Alcohol Fuel cells (DAFCs) are well known devices for the chemical energy conversion
stored in fuels into electricity [1, 2]. Due to increasing energy demand and environmental
concerns there is a growing interest in such devices based on renewable energy resources [3].
A significant challenge in making DAFCs attractive is the production of anodes that allow
complete alcohol oxidation to CO> with high efficiency [1]. Therefore, the catalyst’s role in the
kinetic process is crucial to improve DAFCs anode performance, and thus the metal
composition is an important parameter to develop anode catalysts [2, 4-6].

Platinum (Pt) is widely reported as a highly active catalyst for alcohol oxidation reactions [7-
11]. Nevertheless, the Pt surface is easily poisoned by intermediate species such as adsorbed
CO and CHx which considerably decrease the reaction rate process [12]. To overcome this issue,
several studies focus on using bimetallic platinum-based catalysts. Therefore, metals such as
Cobalt (Co) [13, 14], Ruthenium (Ru) [15-17], Copper (Cu) [18-21], Tin (Sn)[22, 23], Nickel
(Ni) [24-29], Niobium (Nb)[30], Molybdenum (Mo)[31], Rhodium (Rh) [32-37], and others
[38-40], are reported as co-catalysts on alcohol oxidation reaction. These metals are suitable to
promote a bifunctional mechanism through hydroxyl ions formation at a low potential,
improving the oxidative alcohol conversion [22].

Rh was previously described as an active co-catalyst for Ethanol Oxidation Reaction (EOR)
and Glycerol Oxidation Reaction (GOR) [35, 41-46]. For example, Juan Bai et al. [42] studied
the PtRh/C catalyst for EOR and concluded that the bimetallic catalyst displayed high activity
and durability, particularly in alkaline medium, which was attributed to composition and
morphological effects. Concerning the GOR studies, Long Huang et al. [47] tested PtRh/C

catalysts using in situ FTIR and *3C NMR spectroscopies to investigate the reaction mechanism.



The authors concluded that compared to Pt/C, the PtRh bimetallic composition shows higher
activity and favors the tartronic acid formation at high potentials.

Although the bimetallic catalysts have shown important benefits improving the catalytic
activity, the study of Rh role as monocatalyst still requires more highlights. Some authors
reported that Rh as a monometal composition has a low electrochemical activity for EOR in an
acidic solution [34, 42]. Nevertheless, in alkaline medium, Fangfang Zhang et al. [48]
demonstrated that Rh is active for EOR. Furthermore, the results indicated that Rh/C negatively
shifts the EOR onset potential, presenting more selectivity for CO2 formation than the
Palladium catalyst (Pd/C). Yange Suo and I-Ming Hsing [49] reported the Rh/C behavior for
EOR in alkaline medium with impedance spectroscopy measurements. The results suggested
that Rh/C exhibits a higher activity for ethanol oxidation at low potentials, and the reaction
pathway differs to that on the Pd/C catalyst. However, for both studies, the reaction mechanism
was not probed.

The main Rh effect on GOR is still not completely elucidated. Rodrigues et al. [50] prepared
Rh/C catalyst for GOR concluding that Rh is active for this reaction, and in the presence of
more oxygenated species increases the Glyceric acid selectivity at high pressure conditions.
Meantime, more analyses are required to describe the reaction mechanism. Thus, it is essential
to improve the understanding of the reaction mechanism of the small organic molecules on the
Rh catalyst. Furthermore, several characterizations studies dealt with ethanol or glycerol
electrooxidation on single crystal or polycrystalline electrodes. The characterization of
supported catalysts or fuel cell membrane electrode assemblies (MEAS) is thus essential to
further investigate this topic.

Electrochemical methods coupled with analytical and spectroscopic methods such as High-
Performance Liquid Chromatography (HPLC), Differential Electrochemical Mass

Spectrometry (DEMS), Electrochemical Thermal Desorption Mass Spectroscopy (ECTDMS),



and in situ Fourier Transform Infrared Spectroscopy (FTIRS) were shown to be extremely
helpful to identify the adsorbed intermediates on the catalyst surface [31, 47, 51-53]. These
combinations enable to better understand the selectivity of the reaction process, consequently,
improving the anode catalyst’s development. Despite this, the literature using in-situ FTIR to
elucidate the alcohol oxidation mechanism reaction with Rh/C catalysts in alkaline medium is
sparse. The main reports are related to Pd and Pt-based catalysts [43, 52, 54-57]. The main aim
of the present study is therefore to explore the role of Rh supported catalyst on ethanol and
glycerol oxidation reactions by coupling electrochemical measurements to HPLC analyses and
in situ FTIR spectroscopy for a straightforward identification of products and intermediates

generated during the reactions.

2. Experimental

2.1 Chemicals

Rhodium (I11) chloride hydrate (RhClz.xH20, Rh basis > 38%), sodium borohydride (NaBHz,
99%), and potassium bromide (KBr, 99%) were purchased from Sigma-Aldrich and used as
received. For electrochemical characterizations, Ethanol (C2HeO, 99%) was obtained from
Merck, and Sodium hydroxide (NaOH, 98%), and glycerol (ReagentPlus > 99%,) were
purchased from Sigma-Aldrich. Acetic acid, tartronic acid, glyceric acid, glycolic acid,
glyoxylic acid, oxalic acid, formic acid, and sodium carbonate used was purchased from Sigma-
Aldrich, and utilized without further purification. Vulcan XC 72R Carbon used as supporter
was purchased from Cabot, and pre-treated in a tubular oven at 900 °C for 5 hours in argon flow

[34]. Millipore Milli-Q1 water (18.2 MQ cm at 20 °C) was used in all prepared solutions.



2.2 Catalysts synthesis

The Rh/C catalyst was prepared following the BAE synthesis method protocol [25, 58]. This
synthesis route promotes the reduction of a precursor metal ion (in the complex state) in
aqueous solution using bromide ion as capping agent. The Bromide anion exchange promotes
through its size a great steric effect stabilizing the particle during the reduction process with
sodium borohydride. Thereby, to develop the electrocatalysts this method is considered a
cleaner, simple, relatively low-cost synthesis method.

Parameters such as the metal salt concentration, the volume of reaction, the amount of reducing
agent and the temperature were set as reported in the state-of-the-art BAE protocol[59]. The
ratio ¢ = n(KBr)/n(metal (s)), amount of reducing agent, and the temperature are fixed in 1.0
mmol L%, 100.0 mL, 1.5, 15-fold excess and 40.0 °C, respectively, and respecting a metal
loading of 20 wt. % [58]. Thus, an appropriate amount of rhodium chloride salt was dissolved
in 100.0 mL water followed by the potassium bromide addition under vigorous stirring for 1 h,
Then, carbon Vulcan was added and the resulting solution was homogenized in ultrasound bath
for 45 min. A fifteen-fold excess of sodium borohydride (NaBH4) was dissolved in cold water
and then, dropwise added into the mixture and stirred for 2 h at 40 °C. Finally, the resulting
product was filtered and exhaustively washed with ultrapure water. The catalyst powder was
dried at 40 °C for 12 h. The Rh/C catalyst was physicochemical characterized by X-ray

diffraction, thermogravimetric analysis (TGA), and X-ray photoelectron spectroscopy.



2.3 Physicochemical characterization

The Rh/C metal-loading was confirmed by thermogravimetric analysis (TGA) on a Q600 TA
Instruments SDT2960 under synthetic air using a 10 °C min™* heating rate from 20 to 900 °C.
X-ray diffraction pattern was obtained with an X-ray diffractometer (Bruker - D2 Phaser)
operating with Cu Ko 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,
Debye-Scherrer equation was used to estimate the crystallite size, and the unit cell parameters
were determined using the least-squares method of the UFit.exe v1.3-1992 software. High-
Resolution Transmission Electron Microscopy (HRTEM) was used to investigate the surface
morphology with a TECNAI G2F20 electron microscope in bright and dark field modes. The
nanoparticles size distribution was set by examining more than 300 free particles. X-ray
photoelectron spectroscopy (XPS) was used to probe and characterize the surface and Rhodium
oxidation states. Analyses were performed on a Kratos Axis Ultra DLD spectrometer equipped
with a monochromatic Al Ka X-ray source (1486.6 eV) operating at 15 kV and 10 mA (150
W). The analysis spot size is approximatively 300 um x 700 um and the pass energy is 20 eV
for recording high resolution spectra. The XPS data were calibrated by using the C1s (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 108
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.



2.4 Electrochemical characterization

For the electrochemical experiments, a glassy carbon (GC) disk (3 mm diameter) electrode
coated with 3 pL of the catalytic ink was used as the working electrode. This ink was prepared
dispersing 2.0 mg of the catalyst powder in a solution composed of water (100 pL), isopropanol
(95 pL) and a Nafion® suspension (5 pL) (5 wt.% in aliphatic alcohols, Aldrich). Sequentially,
this ink was homogenized in an ultrasound bath for 30 min.

The measurements were performed at room temperature (T = 25 °C) using an Autolab PGSTAT
302 N potentiostat. Hg/HgO/OH" (0.1 mol L' NaOH) and a glassy carbon slab were used as
the reference and counter electrodes, respectively. In this study all potentials are referred to the
reversible hydrogen electrode (RHE). Cyclic voltammetry (CV) and chronoamperometry (CA)
were performed in a conventional three-electrode cell. The supporting electrolyte is a 0.10 mol
L1 NaOH solution and the CVs were recorded by potential cycling from 0.12 to 1.15 V vs.
RHE. The CO stripping voltammetry was performed by purging carbon monoxide (CO) gas for
5 min while holding the electrode potential at 0.1 V to saturate the electrode surface with a
COags layer and then removing free CO in the cell by purging N.. The electrocatalytic
performance was evaluated using CV at a 10 mV s scan rate and CA in solution containing
0.20 mol L™ ethanol or glycerol. The chronoamperometry tests were conducted for 30 min at
0.55 V vs. RHE and 0.55/0.70 V vs. RHE for ethanol and glycerol, respectively. In all the tests
the solutions were deoxygenated with N2 gas for nearly 15 min before starting the

electrochemical measurements.



2.6 Reaction products analysis by HPLC

Long-term electrolysis was carried out to determine the fuel (ethanol or glycerol) products in
the bulk electrolytic solution by HPLC. Potentiostatic experiments were performed with
potential fixed in 0.55/0.85 V vs. RHE and 0.55 V vs. RHE for ethanol and glycerol
respectively, for 4 hours. For each electrolysis cycle, the first potential was applied following

the plateau to Eapp 0.55/0.85 V vs. RHE for 60 s, corresponding to the organic molecules’
electrooxidation, and sequentially applying Ereg =1.4 V vs RHE for 2 s, promoting the electrode

surface regeneration. The potential electrode variation during the electrolysis time is reported
in Figure 1S. Thus, every 60 min an aliquot was collected and injected. The chromatograph
system (Shimadzu, model LC-10AT) was coupled to a double on-line detection system with
refractive index RID-10A and UV (A=210 nm) detectors. The analysis was performed using
an automatic injector (injection volume of 20 uL) with an Aminex HPX-87H (Bio-Rad) column
operating in the isocratic mode. The mobile phase was sulfuric acid (3.33 mmol L) with a
0.6 mL min~! flow rate ant the analysis was performed at 45 °C. Finally, reaction products
quantitative determination was conducted by comparing retention times with pure commercial

standards injected under the same analysis conditions (external calibration).

2.7 Spectroscopic determination of the intermediate species

In order to monitor the presence of intermediates and the in situ formation of reaction products,
the SPAIRS (Single Potential Alteration Infrared Reflectance Spectroscopy) technique was
used. The wavenumber range acquired was 1000-4000 cm™* with a spectral resolution of 8
cm L. The experiments were carried out under external reflection conditions in a Bruker IFS66v

spectrometer modified for a beam reflectance at 65° incident angle and equipped with a liquid



N2-cooled HgCdTe detector under vacuum conditions. The cell used was especially fitted with
a CaF. flat window tailored for in situ IR experiments. The electrochemical measurements
performed were CO stripping, cyclic voltammetry and chronoamperometry, both in the
presence of 0.20 mol L™ ethanol or glycerol. For CO stripping and cyclic voltammetry
measurements, spectra were acquired every 50 mV within potential values ranging between
0.10 and 1.2 V vs. RHE at a scan rate of 1 mV s, while for chronoamperometry measurements
spectra were acquired every 3 minutes for 30 minutes. Two different working electrodes were
used in this study: a vitreous carbon substrate (8 mm diameter) for GOR and a gold substrate
(disk with 7 mm diameter) for EOR and CO stripping measures. The precursor solution was
deposited onto the following substrate: 5 pL of the catalytic ink, prepared in isopropanol (375
pL), water (125 pL), and (30 pL) Nafion® suspension (5 wt.% in aliphatic alcohols, Aldrich).
CO adsorption was conducted by bubbling CO into 0.10 mol L™* NaOH during 5 min at 0.10 V
vs. RHE potential control. Sequentially, free remaining CO in solution was removed with
nitrogen purge for 25 minutes. Finally, the CV was recorded to perform the oxidative behavior
of the adsorbed CO monolayer between 0.10 and 1.2 V vs. RHE at 1 mV s scan rate. The
results are presented as a function of AR/Ro vs. wavenumber (cm). The reflectance ratio AR/Rg
was calculated, where R and Ro are the reflectance measured at the sample and reference
potentials, respectively. These data manipulation results in spectra in which peaks pointing up

arise from species consumption and peaks pointing down indicate species formation.

3. Results and discussion

3.1 Physicochemical characterization of Rh/C

The metal loading was confirmed using TG analysis. Figure la shows a typical Rh/C

thermogravimetric profile [60]. Firstly, the water adsorbed on the surface was removed and



detected up to 302 °C. The carbon support combustion starts at 302 °C and the intended metal
weight was reached after 600 °C.

The Rh crystal phase is identified by XRD and Figure 1b depicts the Rh XRD pattern. Peaks
at 39.7°, 46.3° and 67.4°, respectively, correspond to (111), (220), and (311) Rh face-centered
cubic (fcc) reflection planes. The diffraction peak at around 25° corresponds to the carbon
Vulcan XC-72 (002) plane. As described previously, the mean crystallite size was estimated
using the Rh (111) peak according to the Debye Scherrer’s equation [17]. The obtained mean
size for Rh was 2.9 nm. Compared to the literature, the proposed synthetic method displays a
good crystallite size correlation. For example, Ehab Sawy and Peter Pickup [61] prepared Rh/C
catalyst by polyol method and the Rh average crystals were about 4.5 nm size. Additionally,
Rh lattice parameter was calculated from the (111) diffraction peak positions in the XRD
patterns. The Rh/C catalyst experimental lattice parameter of Rh/C is 0.3790 nm, which is very

close to the theoretical value (0.3831 nm) [62].
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3.2 Electrochemical characterization

In order to evaluate the Rh/C electrochemical behavior, cyclic voltammetry (CV) was carried
out. Figure 2 depicts the typical CV curve in 0.10 mol L™ NaOH at 10 mV s. The CV profile
shows three distinct potential regions; i) 0.05 —0.35 V (vs. RHE) hydrogen desorption; ii) after
0.35V (vs. RHE) the surface oxidation starts immediately evidencing the double layer charging
region absence. RhO and Rh(OH) formation followed by Rh(OH)s are reported in the initial
oxidation stages [63, 64]; iii) the peak at 0.40 V (vs. RHE) in the cathodic scan corresponds to
the oxide reduction process. Additionally, after this peak it is clearly observed that the process
is superimposed with the hydrogen adsorption region.

The CO is broadly studied as a probing molecule in order to evaluate the material ability to
catalyze the alcohol oxidation reaction. To estimate the Rh effects on CO adsorption modes,
CO stripping experiments were coupled with in situ infrared reflectance spectroscopy by the
SPAIRS method, which consists in acquiring FTIR spectra at 50 mV intervals during linear
scanning at 1 mV s, Figure 2b depicts the representative SPAIRS spectra recorded in the
region between 2400 and 1000 cm™* during the CO stripping. The CO spectra were calculated
taking as reference a spectrum at 1.15 V (vs. RHE), where CO is completely oxidized, and the
intensities of the negative-going bands are proportional to the CO coverage at the respective
potential (Figure 3S). The water O—H bending mode band appears at 1640 cm™! [65]. The main
bands observed at 1965 and 1856 cm™ are attributed to linearly adsorbed CO (CO.) and the
bridged bonded one (COg) on Rh sites, respectively [66-69]. The COg adsorption was reported
previously in the bridging carbonyls band on Rh° [67], while the CO_ adsorption mode is
associated with the reduction process of Rh**to Rh*, which occurs on the catalyst surface during
the CO adsorption at low temperatures [67, 70]. This is in good agreement with the XPS results

(Figure 2S) that revealed these two oxidation states for Rh (Rh®*" and Rh°).
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Figure 2 — (a) Typical Rh/C voltammogram (CV) recorded in 0.10 mol L' NaOH at 10 mV's°
1 (b) SPAIR spectra of the species from CO oxidation in 0.1 mol L' NaOH on Rh/C. Reference
spectrum taken at 0.10 V vs. RHE;

3.3 Ethanol Oxidation Reaction (EOR)

Figure 3a shows the EOR linear polarization curve in the potential range of 0.05 — 1.2 V vs.
RHE. Firstly, it is possible to confirm that Rh/C is active for EOR in alkaline medium,
indicating the Rh ability of generating hydroxyl (HO") species on the surface. The EOR starts
at 0.17 V, and two different peaks were observed during the forward scan at 0.60 VV and 0.76 V
vs. RHE in agreement with previous studies and are related to the chemisorbed species
oxidation from ethanol adsorption [19, 41, 71].

The reaction pathways investigation was carried out by electrolysis coupled with HPLC and in
situ FTIR analyses. The chronoamperometry tests were performed in a 0.10 mol L™ NaOH N;-
deoxygenated solution containing 0.20 mol L ethanol during 4 hours in two different potential
regions: 0.55 V and 0.85 V vs. RHE. The HPLC set-up was equipped with a refractive index
detector, which allowed us to use external calibration to determine the concentration of
carbonate that was produced. Table 1 shows the reaction products distribution resulting from
the ethanol conversion after 4 hours of electrolysis. The ethanol consumption reaches 20 and

27% at 0.55 and 0.85 V vs. RHE, respectively. The acetate ion (CH.COO-) was the major



product and for both applied potential conditions, the CO3? formation ability was confirmed.
Based on previous reports, the acetaldehyde detection is difficult in alkaline medium due to the
aldolization reaction [72]. Nevertheless, the mass balance on Table 1 suggests the acetaldehyde
compound presence in the electrolytic solution, even though in a low amount. The main
explanation might be due to the acetaldehyde electrochemical transformation into acetate or a
nucleophilic attack by HO™ leading to acetate [73]. By comparing the reaction products, it was
possible to verify that at high potential values (0.85 V vs RHE) the CH3COO™ formation

increases as well as the COs% one.

Table 1: Reaction products distribution issued from EOR on Rh/C at different potentials after 4
hours.

Eapp (V) Ethanol Reaction Products Mass

(vs. RHE) conversion (%) Acetate ion (%) CO3% (%) balance (%)
0.55 20 67 6 73
0.85 27 78 8 86

In Situ Infrared Reflectance Spectroscopy Measurements

The FTIR analysis is important to provide information on the reaction mechanism process.
Figure 3b displays the SPAIR spectra obtained during ethanol oxidation in the potential range
of 0.05 - 1.20 V vs. RHE. The ethanol consumption due to the oxidation is indicated by the
up-going IR band at 1049 cm™! characteristic of ethanol (C—O stretch) vibration [51]. On the
same time the band assigned around 2614 cm™ is also associate to the ethanol oxidation due to

OH- species consumption [31].



At 0.15 V vs. RHE a down-going band at 1815 cm™ is assigned to COg on Rh [72]. Moreover,
acetate ion (CH3COO") formation is confirmed by the bands at 1409, and 1553 cm™ [52, 72-
74], starting at 0.45 V vs. RHE. Nevertheless, it is easily observed that the band shape at 1553
cmis affected by the water O—H bending mode (1645 cm™'). As a consequence, Figure 3b is
not convenient to evaluate the CO3s* formation based on relative intensities of the bands at
1409 cm™" and 1553 cm™, since the water O—H bending distorts the natural shape on the acetate
band at 1553 cm™ [72].

Thereafter, we accomplished FTIRS measurements to obtain additional evidence of the reaction
products detected by HPLC. For this purpose, we employed SPAIRS by coupling with a
chronoamperometry experiment at 0.55 and 0.85 V vs RHE for 30 min in the presence of 0.20
mol L™! ethanol in 0.10 mol L™t NaOH. Figure 3c shows the resulting spectra obtained during
3 to 30 min of reaction at 0.55 V vs. RHE. Firstly, it is observed that a band at 1836 cm™
indicates that COg is still adsorbed at the catalyst surface at this potential. This emphasizes the
C-C bond cleavage and the dissociative ethanol adsorption on Rh/C at low potentials. Sheng
et.al [75] demonstrated that the Rh contribution is related to the OH* formation, which
increases the COs? surface selectivity. Furthermore, under high potentials the OH* coverage
on Rh sites is more accentuated than that on Pt. Consequently, the B-dehydrogenation [75] is
facilitated at low potentials increasing the electrochemical oxidation on Rh surface. At 0.55 V
vs. RHE CH3COO™ remains the main reaction product. However, it is possible to verify that the
band shape at 1409 cm™! is not symmetrical compared with the reference material (Figure 4S),
and its intensity is significantly higher than the band at 1553 cm™' [52], while these intensities
are quite similar in the reference spectrum. This change in the band’s shape and relative
intensity is associated with CO3? species formation when ethanol is oxidized [72]. Indeed, the
CO3% ion shows a band at 1390 cm™ (reference spectrum in Figure 4S), which is therefore

hidden by acetate ions band at 1409 cm™. Figure 3d shows the FTIR spectra acquired during



ethanol oxidation on Rh/C at 0.85 V vs. RHE during 30 min, and the same compounds to those
obtained at 0.55 V vs. RHE are detected. It is important to stress that the COg is still adsorbed
on the Rh surface at this potential, emphasizing the catalyst C-C bond cleavage ability during
all the studied potential ranges.

The ethanol oxidation mechanism is complex, involving many intermediates. However,
combining the HPLC results with the FTIR in situ investigations, the two main reported EOR
pathways must be considered for EOR on Rh/C [37, 49, 76-78]:

(1) The acetate pathway involving 4 electrons keeps the molecule skeleton -C-C
bond [79, 80]. Herein the intermediate is acetaldehyde which could not be
directly observed but its presence was suggested by mass balance of the
remaining reaction products from HPLC results of Table 1;

(i)  The second route involves the C-C bond cleavage, herein revealed by FTIR
results, the COg presence during the EOR evaluation was the evidence of the
Rh ability to enable the C; products selectivity [72, 78].

Additionally, another influence in the reaction pathway is the water adsorption on the Rh site,
which is stronger than that observed on Pt site. This can affect the dehydrogenation reaction

decreasing the acetate pathway efficiency and favors the complete ethanol oxidation [75].
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Figure 3: (a) EOR polarization curve oxidation on Rh/C catalyst at 10 mV s ! in 0.1 mol
L' NaOH electrolytic solution containing 0.2 mol L™! Ethanol; (b) SPAIR spectra
recorded in 0.1 mol L™! NaOH electrolyte containing 0.2 mol L™! of ethanol at 1 mV s
in the potential range 0.10 - 1.20 V vs RHE; (c¢) FTIR spectra recorded during
chronoamperometry in 0.1 mol L' NaOH + 0.2 mol L™! ethanol at 0.55 V vs. RHE; (d)
FTIR spectra recorded during chronoamperometry in 0.1 mol L' NaOH + 0.2 mol L'
ethanol at 0.85 V vs. RHE.

3.4 Glycerol oxidation Reaction (GOR)

Figure 4a depicts the polarization curve of glycerol oxidation on the Rh/C material. The
GOR was investigated in 0.10 mol L™ NaOH containing 0.20 mol L glycerol between
0.05 - 1.2 V vs. RHE potential range. Firstly, it is essential to note that Rh/C was active
towards glycerol oxidation at low onset potential, starting at 0.26 V vs. RHE, and the
main oxidation peak is observed during the forward scan at 0.60 V vs. RHE. Therefore,
the GOR reaction products were evaluated by HPLC and FTIR analyses. Thus, the

qualitative products distribution obtained with the UV-Vis detector after 4 hours of
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electrolysis at 0.55 V vs. RHE is shown in Figure 4b. This potential value was chosen
taking into consideration the prospective effect of the Rh on fuel cell devices application.
The main identified product was glycerate (29%), however, formate (13%), tartronate
(8%), and oxalate (6%) are detected at low concentrations. This result is consistent with
the products distribution reported in heterogeneous catalysis on the same type of material
[50]. The presence of the formate ions clearly highlights the ability of Rh for the C-C
bond cleavage in the glycerol molecule at low potential. Nevertheless, the presence of
hydroxypyruvic acid during the electrolysis performance was not conclusive due to the
retention time being very close to the tartronic acid in our chromatographic operation

conditions.

The accepted GOR reaction mechanism follows two pathways involving glyceraldehyde
and/or DHA (dihydroxyacetone) routes [81, 82]. Consequently, as confirmed in Figure
4b, the large glycerate amount indicates that the GOR on Rh/C follows the
glyceraldehyde pathway. However, both species (DHA and glyceraldehyde) are unstable
in high pH conditions due to the aldolization reaction [59], which difficultes their
detection by HPLC [83]. Otherwise, we accomplished FTIRS measurements to identify

the intermediate species resulting from glycerol oxidation on Rh/C.

In Situ Infrared Reflectance Spectroscopy Measurements

Figure 4c shows the SPAIR spectra during the 0.20 mol L™ glycerol oxidation in 0.10
mol L™ NaOH. The band around 1845 cm™ at 0.15 V vs. RHE indicates the COg adsorbed
formation, which confirms the glycerol dissociative adsorption at low potentials [84]. The
band at 2345 cm™ (starting at 0.15 V vs. RHE) corresponds to the CO, formation, which

is related to the pH change in the thin layer, promoting a decrease in the OH" concentration
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and, consequently, glycerol is forced to react with water [85]. Later on, at 0.55 V vs. RHE
a band appears at 1583 cm, indicating the presence of different carboxylate ions in this
potential region, notably glycerate [47, 84-86]. Additionally, it is important to stress that
this band is also characteristic of tartronate and/or mesoxalate [87]. The band at 1386 cm”
! can be assigned to COs? formation at the beginning of the glycerol oxidation (Reference
spectrum is presented in the supplementary material (Figure 4S)). Furthermore,
carbonate formation at lower potentials was previously associated with the glycolate and
oxalate production [88]. Indeed, still at 0.55 V vs. RHE, the sharp band at 1308 cm™ can
be assigned to oxalate confirming its formation [89]. Afterwards, at 0.65 V vs RHE, the
formation of glycerate (1111 cm™') and glycolate (1074 cm™) increases [47, 84, 85].
Finally, at higher potentials (0.80 — 1.20 V vs. RHE), the shape of the broad band in the
spectral range around 1300 cm* changes and the vibration bands characteristic of formate
become visible namely the band at 1352 cm™.

Thereafter, we employed the SPAIRS method accumulation of spectra by coupling with
a chronoamperometry experiment recorded in the spectroelectrochemical cell under the
same conditions of electrolysis. Figure 4d depicts the FTIR spectra for glycerol oxidation
at 0.55 V vs RHE during 30 min. At this potential characteristic bands to COg adsorbed
on Rh site (1846 cm™), oxalate (1308 cm™), glycolate (1074 cm™'), and glycerate (1583
cm) were observed [47, 84-86]. Moreover, the herein observed band at 1220 cm™ was
attributed to adsorbed glyceraldehyde by Holade et al. [59].The presence of COg
emphasizes the ability of Rh to improve the C-C bond cleavage at low potentials [50].
Based on these results, we can conclude the glyceraldehyde pathway for the glycerol
electroconversion in alkaline medium on Rh/C highlighting adsorbed glycerate and

glyceraldehyde as intermediates.
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Additionally, the glycerol oxidation reaction scheme over Rh/C catalyst was proposed
and illustrated in Figure 5. Firstly, during the beginning of GOR, Glycerol is initially
converted into glyceraldehyde, unstable in alkaline medium, and sequentially oxidized to
glycerate. Eventually, the glycerate was rapidly oxidized into tartronate and/or glycolate,
indicating C-C cleavage. The formed glycolate is then converted to oxalate with
carbonate formation at low potentials [88]. Nevertheless, the glycerate conversion also
allows the formate production [90]as also confirmed by HPLC quantification.
Furthermore, Holade et al. [59] described that the formate also occurs on CO adsorbed
conditions as herein demonstrated COg presence (0.55 V vs. RHE) in Figure 4d at same

time that HPLC formate quantification in Figure 4b (0.55 V vs. RHE).
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Figure 4: (a) Polarization curve of glycerol oxidation on Rh/C at 10 mV s ! in 0.1 mol
L~! NaOH electrolytic solution containing 0.2 mol L™! of glycerol; (b) SPAIR spectra
recorded in 0.1 mol L™' NaOH electrolyte containing 0.2 mol L™" glycerol at 1 mV s and
in the potential range 0.10 - 1.20 V vs RHE; (c) FTIR spectra recorded during
chronoamperometry in 0.1 mol L™! NaOH + 0.2 mol L™! glycerol at 0.55 V vs. RHE.
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4 Conclusion

In the present study, Rh/C catalysts were successfully prepared following the BAE
method and applied for ethanol and glycerol electro-oxidation. The physical
characterizations showed that the obtained materials were composed of 2.9 nm crystallite
size. XPS measurements revealed the presence of Rh? and Rh'!" on the catalyst surface.

The CO striping measurement coupled with in situ FTIR experiments revealed the
presence of two well-defined bands attributed to the linearly adsorbed (CO.) and bridged
bonded CO (COg) on Rh sites. The potential dependence of v(CO) frequencies for COL
and COg demonstrated that the COL oxidation starts first at 0.35 V vs. RHE. The Rh effect
in EOR consists of the dissociative ethanol adsorption favoring the C-C bond cleavage at
low potential. The major intermediate species detected were acetate and CO3z? in both
applied potential conditions (0.55 and 0.85 V vs. RHE). Therefore, on Rh/C, EOR follows
two pathways in the alkaline medium. The GOR results evidenced that Rh was active
towards this reaction in an alkaline medium. The reaction products obtained by two
complementary techniques (HPLC and in situ FTIRS) revealed that glycerate was the
main product. The results indicate that on Rh/C catalysts, the reaction follows the
glyceraldehyde pathway. Overall, these insights will contribute to developing fuel cell

materials for energy conversion and value-added chemicals cogeneration systems.
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