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Abstract: We have investigated the promoting effect of Rh addition
to Pd-based materials in the electrooxidation of ethanol and glycerol.
Physicochemical characterizations (XRD, EDX, TEM, and XPS) of the
PdxRhy/C materials, prepared by Bromide Anion Exchange (BAE),
showed that the experimental bimetallic compositions were close to
the targeted ones. PdxRhy/C particle sizes ranged from 2.2 to 3.8 nm.
The ethanol oxidation reaction (EOR) on the PdxRhy/C catalysts
yielded four times larger carbonate (CO3?) amount. As for the glycerol
oxidation reaction (GOR), the onset potential on the PdsoRhso/C
catalyst occurred at lower potentials. Chromatographic analysis
combined with in situ Fourier transform infrared (FTIR) spectroscopy
showed that GOR on the PdsRhso/C catalyst selectively and
quantitatively produced glycerate and tartronate. The outstanding
ability of the PdsoRhso/C catalyst toward EOR and GOR was
correlated to the electronic effect expressed by a negative potential
shift (200 mV) and the 47% alloying degree in the PdsoRhso/C
structure.

Introduction

Direct alcohol fuel cells (DAFCs) are an attractive and promising
technology for transportation and portable electronic devices that
run on fuels obtained from biomass valorization - 2. Ethanol (C,)
and glycerol (C3) are advantageous organic molecules in terms of
energy density, distribution, fuel cost, and lower toxicity & 4,
Ethanol is an attractive fuel: it can be obtained from renewable
sources and presents low toxicity and high-energy density (8 kWh
kg?) 8l Glycerol is a byproduct of biodiesel production and is a
valuable feedstock for fuel cell devices because it allows energy
to be generated and value-added products to be
electrosynthesized 14, Although DAFCs are environmentally
friendly and present sustainable characteristics, these energy
devices have slower reaction kinetics at the low temperature of
cell operation [* %91, For alcohols bearing more than two carbons,
complete oxidation to CO; (or carbonate) is limited by C—C bond
cleavage. In addition, formation of species such as carbon
monoxide (CO) diminishes oxidation efficiency [ 6171, Therefore,
designing more selective and effective catalyst materials for
DAFCs is crucial to this technology.

In alkaline medium, palladium-based catalysts are an interesting
alternative to platinum-based catalysts when it comes to catalytic
properties 18 19, When the Pd electrode is used as a mono-metal
electrode in alkaline medium, its catalytic properties resemble or
are even better than the catalytic properties of the Pt electrode I,
The electrocatalytic performance of Pd improves in the presence
of a co-catalyst: Pd activity and durability increase considerably
due to the synergistic effect arising from the electronic effect of
the added metal on the Pd d-band center, to the resulting
bifunctional catalyst, or to both  19-26],

When rhodium is added to Pt-based catalysts, it promotes C-C
bond cleavage in the Ethanol Oxidation Reaction (EOR) 3% and
Glycerol Oxidation Reaction (GOR) at low potentials [,
Nevertheless, there are few reports on the beneficial effects of Rh
addition to Pd-based catalysts for alcohol oxidation. Ferreira Jr et
al. M9 investigated GOR on a non-supported Pd;oRhso catalyst by
in situ FTIRS in alkaline medium. They concluded that carbonate
(C0O3?) was the main product of glycerol electrooxidation, and that
Rh favored C-C bond cleavage at low potentials. However, the
authors did not evaluate the physicochemical characterization
data. Recently, Fontes and co-workers !l studied the activity of a
PdRh catalyst on EOR in alkaline medium and demonstrated how
Rh addition affected product distribution by in situ FTIR analyses.
These authors found that acetate and carbonate ions emerged
along all the applied potential range, at larger amounts than those
obtained for Pd catalysts, which indicated the presence of an
associative character regarding ethanol adsorption on the PdRh
catalyst. Maksi¢ et al. B4 studied how Rh deposited onto
polycrystalline Pd impacted EOR in alkaline medium. They
noticed that Rh addition to the Pd catalyst accelerated the
reaction via an electronic effect. Nevertheless, more contributions
are necessary to understand the effects of Rh addition.
Improvement in catalytic properties is also related to the synthesis
process 1152433361 |n terms of applicability, using clean, simple,
low-cost, and lowly toxic methods to prepare catalysts is essential
37 In this context, our research group developed the bromide
anion exchange (BAE) method. In BAE, chloride ions are replaced
with bromide ions in the complex structure of the metal cation,
followed by a reduction process [ 37 3l This provides more
efficient particle growth because bromide has larger atomic radius
than chloride. Compared to other synthesis methods, like the
borohydride reduction method [8 3941 BAE allows nanoparticle
size and shape to be controlled, which reflects directly on the
activity of the catalyst material. The use of BAE to obtain Pd-
based catalysts has enabled catalysts containing gold B7], silver
(12 “iron 38 manganese 8, and nickel 2 %31 to be prepared. There
are no studies on Rh-containing catalysts obtained by this
synthesis protocol. In this scenario, we aim to evaluate how Rh
addition to Pd catalysts influences catalyst structure,



electrooxidation performance, and reaction product distribution.
We will identify the products and intermediates from EOR and
GOR by high-performance liquid chromatography (HPLC)
coupled with ultraviolet-visible (UV-VIS) detector followed by
refractive index detector (RID) (HPLC-UV/RID), and by in situ
Fourier transform infrared (FTIR) spectroscopy.

Results and Discussion

Physicochemical characterization

We characterized the PdxRh,/C nanocatalysts to determine their
effective metal loading, crystallographic structure, and elemental
and surface composition. Figure S1 shows the representative
thermogravimetric analysis. The metal loadings were close to the
target theoretical values (20 %) (Table 1). Figure S2a depicts the
XRD patterns of the PdRh,/C nanocatalysts. All the samples
displayed a peak at 26 = 25°, assigned to the (002) reflection
plane of carbon Vulcan, used as substrate. Compared to the
diffractograms of the Pd/C and Rh/C catalysts, the diffractograms
of the Pd,;Rh,/C catalysts presented the Pd face-centered cubic
(fcc) profile with the main facets (111), (200), and (220). The
crystallite size (Lv), determined with the Scherrer equation by
using the reflection plane (111) ¥4, decreased in the bimetallic
compositions and tended toward Lv of Rh as the Rh content
increased (Table 1). The crystallite sizes obtained by BAE were
satisfactory for EOR and GOR applications. For example, Fontes
et al. B4 prepared PdsoRhso by the borohydride reduction method
and obtained particle size close to 10 nm, while herein the same
composition had particle size of 2.4 nm. Additionally, a decrease
in particle size increases the active surface, thereby increasing
the catalytic activity. Figure S2a depicts a positive shift in the 26
values that matches with the increase in the Rh amount in the
bimetallic compositions, suggesting that an alloy between Pd and
Rh was formed during the synthesis. To confirm this effect, we
estimated the crystal lattice parameter (ank) of each catalyst as
described previously ' 45 Figure S2b shows the relation
between the lattice parameter and the Rh content in the catalysts.
Above 20% Rh content, the lattice parameter values decreased
linearly, indicating alloy formation according to the Vegard’s law
(Table 1). The PdsoRhso/C catalyst had the highest alloying
degree, 47%. Moreover, the Pd/C and Rh/C catalysts presented
experimental lattice parameters of 0.3817 and 0.3801 nm,
respectively, which were very close to the theoretical values
0.3890 nm for Pd and 0.3803 nm for Rh [27:46], We also determined
the atomic ratio in the PdxRh,/C catalysts by EDX analysis. Table
1 shows that the experimental compositions were very close to
the theoretical ones.

Table 1. Physicochemical parameters determined for the PdxRhy/C catalysts.

Electrocatalytic reactions, such as those considered in this work,
are surface reactions 2447481, This requires that the surface layer
of each prepared catalyst is examined to gain insight into the
surface composition that will be in contact with the organic
molecules under investigation. Accordingly, we resorted to XPS
measurements to characterize the surface layers of the prepared
catalysts. We took the PdsoRhso/C catalyst as example to
determine impurities and performed fine deconvolution analyses
on the 3d bands of Pd and Rh in the bimetallic material. Figure
S3 illustrates the XPS spectra of Pd3d and Rh3d fittings to the
surface chemical composition, and Table 2 lists the intensities of
the XPS peaks for the oxidation states of the constituents.
Analysis of the surface chemical composition revealed the
presence of oxides of both metals. Oxides can interact favorably
to activate the catalyst material by oxidative removal of the

reaction intermediates (L-H mechanism or bifunctional catalysis)
[49]

Table 2. Experimental data from the XPS spectra fitting related to analysis of
the PdsoRhso/C catalyst.

Binding Correspondin Species Relatiye Binding
Energy / eV g Band atomic Energy / eV
percentage
1%

335.4 Pd 3d Pd 0.3 335.4
metallic

336.9 Pd?* 13 336.9
(PdO)

348.3 Pd oxide 0.4 348.3
(PdO2)

307.2 Rh 3d Rh 0.4 307.2
metallic

308.4 Rh3* 1 308.4
(Rh203)

Experimental 20 theta ggjtg::fs Lattice Alloying
Catalyst Composition (degrees) paramete Degree
(EDX %) (XRD) r (nm) (%)
Pd/C 39.824 3.6 0.3917
Rh/C 41.109 22 0.3800
PdsoRhso/C PdssRhas 40.269 24 0.3876 47
PdsoRh4o/C PdsRhas 40.121 2.2 0.3889 34
Pd7oRhso/C Pd70Rhao 39.973 3.8 0.3903 23
PdgoRh20/C Pd7sRhz> 39.824 3.6 0.3917

Electrochemical Characterization of PdxRhy/C catalysts

To evaluate how Rh affected the catalytic behavior of the Pd-
based catalysts, we conducted a series of electrochemical
measurements, which consisted of characterizing each catalyst
by cyclic voltammetry, assessing their electrocatalytic activity
through a probe molecule (CO-stripping), or coupling
electrochemical polarization to the in situ infrared spectroscopy
technique.

CO-stripping experiments coupled with FTIR spectroscopy

CO-stripping is an electrochemical method for probing the activity
of a catalyst when an organic fuel such as ethanol or glycerol is
studied. Indeed, CO is the poisoning species at the anode during
fuel oxidation M1, so this type of characterization allows the ability
of the Pd«Rh,/C catalysts to resist active site poisoning by CO to
be evaluated in real time. Figure 1a depicts representative cyclic
voltammograms of the prepared catalysts in 0.10 mol L' NaOH,
as supporting electrolyte. All the current densities were
normalized with the metal loading on the conducting substrate.
The Pd/IC and Rh/C catalysts exhibited the typical
voltammograms of Pd and Rh nanoparticles supported on carbon,
recorded in an alkaline medium B, For the bimetallic catalysts,
Rh clearly influenced the CV profile. The hydrogen
adsorption/desorption region expanded as the Rh content
increased. Figure 1b displays the first forward linear scan during
the CO stripping experiment at 10 mV s. The CO-to-carbonate



oxidation strongly depended on the catalyst composition. More
importantly, the CO oxidation peak shifted toward lower potentials
as the Rh content increased. The shift was as high as 300 mV for
CO oxidation on the Pd/C catalyst as compared to the PdsoRhse/C
catalyst.
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Figure 1. (a) Voltammograms of the PdxRh,/C catalysts at 10 mV s*; (b) CO
stripping on the Pd-based catalysts at 10 mV s; (c) SPAIR spectra recorded
during CO stripping measurement on the PdsoRhso/C catalyst. Reference
spectrum taken at 0.10 V vs RHE; (d) FTIR spectra obtained during CO stripping
at 0.20 V vs RHE on the Pd/C, Rh/C, PdsoRh2o/C, and PdsoRhso/C catalysts.
Supporting electrolyte is 0.10 mol L™* NaOH at room temperature.

Figure 1c shows the IR spectra of CO vibrations at the surface of
the reference catalyst (PdsoRhso/C). When the potential varied
from 0.1 to 1.15 V vs RHE at low scan rate (1 mV s%), it was
possible to notice the different modes of CO adsorption at the
active sites of Rh and Pd. Indeed, the CO-to-COs% oxidation
(band at 1392 cm!) occurred through linear adsorption (CO.) on
Rh (band at 1987 cm™) and through bridged-bond CO (COsg) on
Pd (band at 1909 cm™) and Rh (band at 1863 cm™) 1501,

Figure 1d shows that the presence of Rh completely modified CO
adsorption on the PdsRh2/C and PdsoRhso/C catalysts as
compared to CO adsorption on the Pd/C catalyst (Figure S4).
Increasing Rh content decreased the intensity of the bands due
to CO adsorption, which were divided into two modes (COg on Pd,
COg on Rh, and CO. on Rh) instead of COg alone on the Pd/C
catalyst. Increasing Rh content also shifted the band due to COg
in the Pd/C catalyst from 1909 to 1896 cm™, with an additional
band arising at 1863 cm for COg on Rh, as though the trend
toward low wavenumbers is strongly related to earlier oxidative
removal. As a result, the behavior of the probe molecule CO at
the PdsoRhso/C surface highlighted the effect of Rh binding to Pd
during alloy formation, which weakened the Rh-COags interaction
for CO oxidation at lower potentials [51-561,

Ethanol Oxidation Reaction (EOR) on PdxRh,/C catalysts

Figure 2a shows the EOR polarization curves on the Pd«Rh,/C
catalysts. First, Rh addition to the Pd/C catalyst raised the current
densities considerably. The EOR at low Rh content improved the
structural effect on the anode material, increasing the current
densities!*?l. When the Rh content reached 50%, not only did the
oxidation peak increase (two-fold at 0.7 V vs RHE), but the
aforementioned ligand effect improved the catalyst, shifting the
ethanol oxidation peak to 0.14 V vs RHE compared to 0.35 V vs
RHE for the Pd/C catalyst.
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Figure 2. (a) Cyclic voltammograms of the PdxRhy/C catalysts recorded in 0.10
mol L't NaOH in the presence of 0.2 mol L' ethanol at room temperature and
10 mV s%; (b) Ethanol conversion on the Pd/C and PdsoRhso/C catalysts after
electrolysis for 2 and 4 hours at 0.60 V vs RHE; (c) Carbon dioxide (or CO3z?%)
formation on the Pd/C and PdsoRhso/C catalysts as a function of electrolysis
time.

Several studies have shown that EOR is incomplete when an
average of four electrons are involved instead of the 12 electrons
that are needed for total ethanol oxidation to CO, [6 27. 57-61],
Incomplete EOR is due to the ethanol structure, which is
composed of two carbons that do not have the same oxidation
states, namely methyl group that is difficult to convert to CO, and
a primary alcohol function that is easy to convert to acetaldehyde
and then to acetate [62, However, Kowal et al.’®% %4 found that the
presence of Rh favors C-C bond cleavage, whilst Sn as a co-
catalyst promotes acetate production. Figure 2c¢ shows that
ethanol conversion increased with the residence time in a batch-
type electrolysis cell, and that the conversion rate was almost four
times higher on PtsoRhso/C than on the Pd/C catalyst.
Chromatographic analysis of the electrolytic solution at 0.6 V vs
RHE revealed that acetate was the predominant product (Table
3). 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 (Figure 2C). In
particular, carbonate appears as a negative peak on the
chromatogram because its refractive index is lower than the
refractive index of water, which was the solvent. Carbonate ions
emerged at fourfold larger amount during oxidation on the
PdsoRhso/C catalyst, which meant that the presence of Rh in
oxidation states Rh®* and Rh3* (see Table 2) promoted and even
enhanced dissociative ethanol adsorption and removal of CO-

type species as CO, (or carbonate) from the electrode surface 15
49].

Table 3: Distribution of the reaction products arising from EOR in alkaline
electrolyte and on the Pd/C and PdsoRhso/C catalysts.

Ethanol Reaction Products Mass
Catalyst conversion Acetate balance
COs% (%)
(%) (%) (%)
Pd/C 27.1 83 5 88
PdsoRhso/C 47.3 55 20 75




FTIR spectroscopy is an advanced and powerful in situ technique
for identifying reaction products and intermediates in real time;
i.e., during their adsorption on or at the vicinity of the working
electrode. Figure 3 shows the data obtained for the PdyRh,/C
catalysts. The main band assigned to the carbonate ions (1392
cm) appeared in the same spectral vibration region of acetate,
which has three characteristic bands: at 1550, 1410, and 1345
cm? B 81 Acetate formation was so dominant that the final
spectrum resembled the reference spectrum recorded in alkaline
medium (Figure S5). The only difference was a weak band at
1836 cm™?, ascribed to COg, indicating that the ethanol C-C bond
was cleaved (Figure 3a). Figure 3b illustrates the FTIR spectrum
obtained during the chronoamperometric experiment, recorded in
the spectroelectrochemical cell under the same conditions of
electrolysis; that is, 0.6 V vs RHE. Analysis of the data showed
that ethanol oxidation on the PdRh/C catalyst produced mainly
acetate. Double analysis of the electrolytic solution by HPLC and
FTIRS revealed that a small part of ethanol underwent C-C bond
cleavage, to form carbonate through oxidation of the COags
intermediate.
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Figure 3: (a) SPAIR spectra recorded in 0.1 mol L™ NaOH containing 0.2 mol
Lt ethanol at 1 mV s on the PdsoRhso/C catalyst at potentials ranging from 0.10
to 1.20 V vs RHE. (b) FTIR spectra recorded during chronoamperometry in 0.1
mol LY NaOH + 0.2 mol L ethanol on the Pd/C, PdsoRh20/C, and PdsoRhso/C
catalysts at 0.6 V vs RHE; reaction time = 3 min.

Glycerol Oxidation Reation (GOR) on PdxRh,/C catalysts

Figure 4a shows the glycerol electrochemical profile during its
electrooxidation on the PdxRh,/C catalysts. The glycerol current
density peak on the Pd/C catalyst was much higher than on the
Rh/C catalyst, but the onset potential for the Rh/C and PdxRh,/C
catalysts shifted towards less positive potential. This behavior
resembled the behavior observed for EOR. When the Rh content
was low (< 40%), the oxidation peak increased, and there was an
overlay at the Pd peak position. The PdsoRhso/C catalyst
displayed a large oxidation peak, which suggested that glycerol
reacted simultaneously on Rh sites (marked by a shoulder at 0.6
V vs RHE) and on Pd sites (peak centered at 0.83 V vs RHE).
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Figure 4 (a) Linear scan voltammograms of the PdxRh,/C catalysts recorded in
the presence of glycerol at 10 mV s%; (b) Glycerol conversion on the Pd/C and
PdsoRhso/C catalysts after electrolysis for 2 and 4 hours at 0.70 V vs RHE; (c)
HPLC after electrolysis for 4 h on the Pd/C and PdsoRhso/C catalysts. Supporting
electrolyte = 0.10 mol L™* NaOH; Gly concentration = 0.2 mol L*

We performed glycerol electrolysis at 0.7 V vs RHE on the
PdsRh,/C catalysts (Figure 4b). Electrocatalytic glycerol
conversion was 1.6 times faster on the PdsoRhso/C catalyst than
on the Pd/C catalyst, which facilitated recovery of more reaction
products for further chromatographic analyses. Figure 4c shows
that glycerol was transformed into glycerate and tartronate, and
that it underwent C-C bond cleavage to yield oxalate, glycolate,
and formate. We did not detect the characteristic carbonate peak
in the chromatogram probably because of the low concentration
of this ion, the low sensitivity of RID, or both.

Thereafter, we accomplished FTIRS measurements to obtain
additional evidence of the reaction products detected by HPLC.
For this purpose, we employed two SPAIRS methods:
accumulation of interferograms with spectra being recorded every
50 mV (Figures 5 and S7) and accumulation of spectra by
coupling with a chronoamperometry experiment at 0.55 and 0.70
V vs RHE for 30 min (Figures 5b-d). Given that the expected
products have the same functional groups (carboxyl, hydroxyl...)
and that the main bands appear in a very narrow spectral range;
we made comparisons with standards recorded in the same
electrolytic medium (Figure S8). Assignments were established
as follows: 1575 cm™ (tartronate), 1363 cm™ (formate), 1420 &
1111 cm™ (glycerate), and 1069 cm™ (glycolate). We attributed
the band at 1220 cm to glyceraldehyde, according to Holade et
al. 3, This aldehyde is very difficult to determine by HPLC in
alkaline medium because it undergoes nucleophilic attack on the
carbonyl function, to give glycerate. Electrocatalytic glycerol
oxidation also produces COg (1902 cm™) and CO; (2340-2345
cm?) (Figure 5). Although we carried out the reaction in basic
solution, the appearance of the CO, band could be explained by
the acidity of local pH; i.e., the pH in the vicinity of the electrode
confined in an electrolytic film, which allowed time for CO, to
diffuse into the bulk to be transformed into carbonate.
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Figure 5: (a) SPAIRS spectra recorded in 0.1 mol L™ NaOH containing 0.1 mol
L™ glycerol at 1 mV s™ on the PdsoRhso/C catalyst; (b) FTIR spectra recorded
during chronoamperometry experiment on the PdsoRhso/C catalyst at 0.55 V vs
RHE; (c) FTIR spectra recorded during chronoamperometry experiment on the
PdsoRhso/C catalyst at 0.70 V vs RHE; (d) FTIR spectra recorded during
chronoamperometry experiment on the Pd/C catalyst 0.70 V vs RHE.

Conclusion

We have successfully prepared Pd.Rh,/C catalysts by the BAE
method and used them as anodes during ethanol and glycerol
electrooxidation. We have correlated a series of electrochemical
measurements coupled with spectroelectrochemistry (FTIRS) to
physicochemical characterizations to understand and to interpret
the reaction pathways of ethanol and glycerol oxidation on the
PdyRh,/C nanocatalysts. Taking the PdsoRhso/C catalyst as the
reference anode for these investigations, the CO-
stripping/SPAIRS experiments showed that this probe molecule
adsorbs on Pd in a bridged form. When Rh is added to Pd, CO
adsorption takes place under three modes (COg on Rh and Pd
sites, and CO_ on Rh). The XRD and XPS characterizations
revealed that the alloying degree reaches 47% in the PdsoRhse/C
catalyst, which provides Pd with a beneficial ligand effect that
helps to deplete the poisoning CO species strongly adsorbed on
the catalyst surface. On the other hand, in the bimetallic catalysts,
Rh is available in three oxidation states — Rh® and Rh3" — which
are known to participate in C-C bond cleavage and to promote
transformation of COgs into CO, (or carbonate in alkaline
medium). Chromatographic analyses undertaken to determine
the ethanol conversion products indicated that, apart from acetate
as the main product, the carbonate concentration is four times
higher in the presence of the PdsoRhso/C catalyst compared to the
Pd/C catalyst. In the case of glycerol, its selective oxidation allows
valorization of this molecule, which results from the synthesis of
biodiesel into value-added chemicals. Thus, electrochemical
studies performed and coupled with analytical and spectroscopic
methods revealed that electrocatalytic glycerol oxidation on the
PdsoRhso/C catalyst affords tartronate and glycerate. Additionally,
we identified C-C bond cleavage products (oxalate, glycolate,
formate, and carbonate).

Experimental Section

Chemicals

Potassium tetrachloropalladate (K.PdCls, 99%), rhodium (lII)
chloride hydrate (RhCl;.xH,O Rh basis > 38 %), sodium

borohydride (NaBH., 99%), and potassium bromide (KBr, 99%)
were purchased from Sigma-Aldrich and used as received during
the synthesis of the PdyRh,/C catalysts. To prepare well-
dispersed nanoparticles supported on a conducting substrate,
Vulcan carbon XC 72R from Cabot was added to the synthesis
solution. Two alcohols were investigated as potential fuels,
ethanol (C,HsO, 99%) and glycerol (ReagentPlus > 99%), which
were acquired from Merck and Sigma-Aldrich, respectively.
Standards of all the molecules that were likely to be formed during
EOR or GOR; i.e. acetic, tartronic, glyceric, glycolic, glyoxylic,
oxalic acid, and formic acids, as well as sodium carbonate were
supplied by Sigma-Aldrich and employed for HPLC internal
calibration. All the solutions were prepared with Millipore Milli-Q
water (18.2 MQ cm at 20 °C), and the supporting electrolyte was
prepared with sodium hydroxide (NaOH, 97%, from Sigma-
Aldrich).

Catalyst synthesis

During the BAE synthesis, the metal precursor is reduced in
aqueous solution by using bromide ion as capping agent 12 37,
Bromide has larger ionic radius than chloride, so it forms a more
stable and sterically hindered complex, which is advantageous
during reduction of the central metal cation. BAE is
straightforward to implement, and its optimization consists in
controlling the ¢ ratio (or n(KBr)/n(metal (s)), the amount of
reducing agent (15-fold excess), and the reaction temperature
(40.0 °C) [*2:37_ Here, different Pd«Rh,/C compositions (x:y atomic
ratio = 100:0, 80:20, 70:30, 60:40, 50:50, or 0:100) were prepared
by the reaction protocol described as follows. Pd salt, Rh salt, or
both were dissolved in 100.0 mL water, and then KBr was added
under vigorous stirring for 1 h. After that, carbon Vulcan was
added, and the system was kept in an ultrasonic bath for 45 min
for the reaction mixture to become thoroughly homogeneous.
NaBH, in cold water was added to the mixture dropwise, and the
mixture was stirred at 40 °C for 2 h. Finally, the PdxRh,/C catalysts
were filtered and exhaustively washed with ultrapure water. The
resulting powder was dried at 40 °C for 24 h. All the catalysts were
prepared so that a 20 wt.% metal loading would be achieved ?7],

Physicochemical characterization

Thermogravimetric analysis (TGA) was used to confirm the metal-
loading in the PdxRh,/C catalysts and was conducted on a Q600
TA Instruments SDT2960 under synthetic air atmosphere, at a
heating rate of 10 °C min™, from 20 to 900 °C. X-ray
diffractograms were obtained on an X-ray diffractometer (Bruker
- D2 Phaser) with Cu Ka radiation (A = 0.15406 nm) generated at
30 kV and 10 mA. Diffraction patterns were collected for 26 values
ranging from 20 to 90°, at 0.025° s1. Phase composition was
determined 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). To estimate
crystallite size, the Debye-Scherrer equation was employed.
Energy-dispersive X-ray spectroscopy (EDX) was performed on a
Leica Zeiss LEO 440 apparatus to check the homogeneity of the
local elemental bimetallic compositions of the catalyst materials.
X-ray photoelectron spectroscopy (XPS) was used to probe and
to characterize the surface and oxidation states of the prepared
PdxRh,/C nanocatalysts and was accomplished on a Kratos Axis
Ultra DLD spectrometer equipped with a monochromatic Al Ka X-
ray source operating at 15 kV and 10 mA. The base pressure of
the instrument was 9 x 108 Pa. The XPS results are demonstrated
by using fitting carried out with the CasaXPS software (version
2.3.17). The internal reference for Cls spectra is centered at
284.6 eV. The Shirley background was chosen, and asymmetric
Gaussian-Lorentzian profile functions were used to fit the spectra.



Electrochemical characterization of catalyst materials

Electrochemical measurements were performed in a conventional
three-electrode cell, on an Autolab Potentiostat (PGSTAT 302N,
Metrohm). Hg/HgO/OH- (0.1 mol L?* NaOH) was used as
reference and the counter electrode was a glassy carbon slab.
The working electrode was a glassy carbon (GC) disk (3-mm
diameter), onto which 5 pL of catalytic ink was uniformly
deposited. This ink was prepared by mixing isopropanol (200 pL),
water (125 pL), and a Nafion® suspension (30 pL) (5 wt.% in
aliphatic alcohols, from Aldrich) and then adding 2.0 mg of the
PdyRh,/C catalyst powder. The dispersion was homogenized in
an ultrasonic bath for 30 min. All the electrolytic solutions were
purged with N, gas for nearly 15 min before any cyclic
voltammetry or chronoamperometry measurement. For practical
handling and further stability in alkaline environment, Hg/HgO (E
= -0.965 V vs RHE) was used as reference electrode, but the
results were referred to a reversible hydrogen electrode (RHE) for
comparison with literature data. Electrocatalytic performance was
evaluated by cyclic voltammetry and chronoamperometry at a
scan rate of 10 mV s in solution containing 0.20 mol L ethanol
or glycerol. The supporting electrolyte was a 0.10 mol L' NaOH
solution. Cyclic voltammograms were recorded between 0.12 and
1.15 V vs RHE. Chronoamperometry tests were conducted at
0.60 V vs RHE and 0.70 V vs RHE for ethanol and glycerol,
respectively, for 30 min. The current densities expressed in the
present work were normalized with the total metal loading (Pd +
Rh) in the catalyst composition.

Reaction product analysis and identification

Reaction products arising from EOR and GOR on the Pd«Rhy
catalysts after electrolysis were characterized and identified by
HPLC and in situ FTIR spectroscopy. Potentiostatic electrolysis
experiments were carried out by setting the electrode potential at
0.60 V and 0.7 V vs RHE for ethanol and glycerol, respectively,
for 4 h. Every 60 min, a sample of the solution was collected from
the anodic compartment for injection into the HPLC apparatus
(Shimadzu model LC-10AT), which consisted of a double on-line
detection system; i.e., a UV-VIS (A = 210 nm) detector followed
by a refractive index detector (RID-10A). The ion exclusion
column (Aminex HPX-87H, from BioRad) was used, and the
mobile phase was a diluted sulfuric acid solution (3.33 mmol L*
H,SO, at a flow rate of 0.6 mL min'). The automatic injector was
equipped with a 20-yL sample loop, which allowed reaction
products to be quantitatively determined by external calibration
with pure commercial standards injected under the same
analytical conditions.

Electrochemical measurements such as CO stripping, cyclic
voltammetry, and chronoamperometry were coupled with the
SPAIRS (Single Potential Alteration Infrared Reflectance
Spectroscopy) technique to monitor the presence of reaction
intermediates and the formation of reaction products. Spectra
were recorded from 1000 to 4000 cm; the target region lay
between 1000 and 2500 cm™. The spectra were recorded with 8-
cm? spectral resolution and 50-mV intervals between 0.1 and 1.2
V vs RHE at a scan rate of 1 mV s, Reflectance spectra were
calculated for the different potential values as changes in the
reflectivity (Ri) relative to a reference single-beam spectrum (Ro),
as follows: AR/R = (Ri-Ro)/Ro. As already reported [,
simultaneous acquisition of SPAIR spectra during the
voltammetric sweep enables the adsorbed CO IR spectra to be
monitored at electrode potentials where alcohol electrooxidation
occurs. As pointed out above, two other SPAIRS methods were
applied in this work. The classic one consisted in acquiring
spectra at 50-mV intervals at 1 mV s and in a potential domain.
The second technique was coupling chronoamperometry
measurements with FTIRS acquisition at a fixed electrode
potential (0.60 V and 0.70 V vs RHE for ethanol and glycerol,

respectively) for 3 min. Regardless of the applied method and for
each spectrum, a set of 528 interferograms were accumulated
and treated by Fourier-transform. Two different working
electrodes were used in this work: a vitreous carbon substrate (8-
mm diameter) for GOR, and a gold substrate (disk with 7-mm
diameter) for EOR and CO stripping experiments. To improve
reflectivity at the electrode/solution interface, the catalytic ink
composition was slightly modified by raising the volume of
isopropanol (375 pL instead of 200 pL, as described above in
section 2.4).

CO-stripping experiments in a 0.1 mol L NaOH solution were
conducted with the same FTIRS data acquisition technique.
Carbon monoxide was adsorbed at 0.2 V vs RHE for 5 min under
potential control; then, the solution was deaerated with inert gas
(N2) for 20 min (to expel all free CO) before the cyclic
voltammogram experiments.
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Electronic effect within PdxRhy/C nanomaterials during EOR and GOR: Rh as co-catalyst shifts the
fuel oxidation towards lower potentials. On PdsoRhso/C catalyst, the beneficial ligand effect helps to
deplete the poisoning CO species strongly adsorbed on the catalyst surface. The identification of the
reaction products by spectroelectrochemistry and chromatographic analyses demonstrated the ethanol C-
C bond cleavage on EOR. Similarly, for GOR, the C-C bond cleavage products (oxalate, glycolate,
formate, and carbonate) were identified.



