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Abstract

In this study, we report the synthesis, characterization, and performance evaluation of a
series of bimetallic PtxRhy/C electrocatalysts with systematically varied Rh content for
glycerol electrooxidation in acidic and alkaline media. The catalysts were prepared via a
polyol reduction method using ethylene glycol as both a solvent and reducing agent, with
prior functionalization of Vulcan XC-72 carbon to enhance nanoparticles (NPs) dispersion.
High-resolution transmission electron microscopy (HRTEM), energy-dispersive X-ray spec-
troscopy (EDS), and X-ray diffraction (XRD) analyses indicated the spatial co-location of Rh
atoms alongside Pt atoms. Electrochemical studies revealed strong composition-dependent
behavior, with Pt95Rh5/C exhibiting the highest activity toward glycerol oxidation. To
elucidate the origin of raised results, density functional tight binding (DFTB) simulations
were conducted to model atomic distributions and evaluate energetic parameters. The
results showed that Rh atoms preferentially segregate to the surface at higher concentra-
tions due to their lower surface energy, while at low concentrations, they remain confined
within the Pt lattice. Among the series, Pt95Rh5/C exhibited a distinctively higher excess
energy and less favorable binding energy, rationalizing its lower thermodynamic stability.
These findings reveal a clear trade-off between catalytic activity and structural durability,
highlighting the critical role of the composition and nanoscale architecture in optimizing
Pt-based electrocatalysts for alcohol oxidation reactions.

Keywords: PtRh nanoparticles; glycerol electrooxidation; DFTB; stability

1. Introduction
The electrooxidation of polyols has attracted increasing attention as a promising

pathway for energy conversion and the valorization of biomass-derived molecules in
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low-temperature fuel cells [1,2]. Such an approach aligns with ongoing efforts to de-
velop environmentally sustainable energy processes, employing nanostructured systems
to enhance accessibility and address cost-related challenges [3–6]. Among these polyols,
glycerol stands out due to its low cost, high hydrogen content, and the fact that it is a major
byproduct of biodiesel production, representing an abundant and renewable feedstock.
Generally speaking, the glycerol electrooxidation proceeds through adsorption on the cata-
lyst, stepwise removal of hydrogen, formation of surface intermediates, and their oxidation
assisted by OH species, ultimately yielding either partially oxidized products or complete
oxidation to CO2. In alkaline medium, the higher availability of OH− ions facilitates the
oxidation of poisoning intermediates (e.g., *CO), improves catalyst tolerance, and often
results in higher activity and stability compared to acidic conditions [7]. Within this sce-
nario, while several research groups are focused on developing selective pathways for
alcohol electrooxidation [8,9], others have directed their efforts toward understanding how
electrocatalysts could present enhanced resistance to CO poisoning and surface passivation
by reaction intermediates [10,11].

Platinum (Pt)-based materials have long been regarded as benchmark electrocatalysts
for alcohol oxidation reactions (AOR) owing to their superior intrinsic activity and electrical
conductivity. Nevertheless, the catalytic performance of pure Pt is hindered by the strong
binding of reaction intermediates and limited resistance to poisoning, which compromises
both activity and long-term durability [12]. To overcome these limitations, mixing Pt with
a second metal has emerged as an effective strategy to modulate its electronic structure and
surface chemistry [13–15]. In particular, bimetallic Pt-based catalysts have demonstrated
improved catalytic properties through synergistic and bifunctional mechanisms, including
modified d-band center alignment and enhanced generation of surface hydroxyl groups
for oxidative removal of adsorbed species [15].

Among potential metals, rhodium (Rh) offers a compelling combination of properties,
also observed in several (electro)catalytic processes [16–19]. Rh exhibits a smaller atomic
radius and lower surface energy compared to Pt, which affects atomic distribution and
favors surface segregation under certain conditions [20,21]. More importantly, Rh is known
for its oxophilic nature, enabling it to activate water molecules and form surface hydroxides
at lower potentials. This property is especially beneficial for the oxidation of polyols, as it
facilitates the cleavage of C–C bonds [22]. Additionally, this process could be performed via
a bifunctional pathway where Rh provides oxidative species and Pt acts as the primary site
for substrate adsorption and initial dehydrogenation [23,24]. PtRu/C is a well-established
catalyst in alcohol electrooxidation, particularly valued for its high CO tolerance and ability
to promote C–C bond cleavage. Several studies show that PtRu/C achieves lower onset
potentials and higher current densities in glycerol oxidation than Pt/C alone [25]. For
example, Kim et al. showed that a Pt5Ru5/C catalyst had an onset potential of ~0.448 V
vs. RHE for glycerol oxidation (0.5 M H2SO4) compared to ~0.635 V vs. RHE for Pt/C, as
well as superior stability and product distribution toward both C3- and smaller oxidation
products [26]. Thus, the literature lacks exploration of PtRh nanomaterials. And, despite
these promising attributes, understanding how varying Pt:Rh ratios influence the balance
between catalytic activity and durability remains limited. In this context, the rational design
of PtRh bimetallic nanostructures requires a comprehensive analysis of how composition
and energetics interplay to define performance under electrochemical conditions.

Therefore, in this work, we report the synthesis, characterization, and electrochemical
evaluation of a series of PtxRhy NPs (with different Pt:Rh ratios) supported on function-
alized carbon (PtxRhy/C) with systematically varied Rh content (5 to 20 at.%), prepared
via a polyol route. An experimental strategy was employed to assess the morphology
and spatial distribution of the metals of the support, while electrochemical measurements
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probe catalytic activity and durability in glycerol oxidation. Additionally, density func-
tional tight-binding (DFTB) simulations provide atomic-level insight into stability, surface
segregation, and binding energetics. Our results reveal a composition-dependent trade-off,
with Pt95Rh5/C displaying the highest activity, while Pt90Rh10/C demonstrates superior
long-term stability. These findings highlight the critical role of metals’ composition and
surface arrangement in guiding the design of bimetallic electrocatalysts for sustainable
energy applications.

2. Materials and Methods
2.1. Materials and Reagents

Most of the reagents used here were of analytical grade, acquired from Sigma-Aldrich
(St. Louis, MO, USA), and utilized without additional purification. Carbon Black Vulcan
XC-72 was sourced from Cabot Corporation (Boston, MA, USA). Commercial Pt/C 20 wt.%
was purchased from Johnson Matthey Fuel Cells (Wiltshire, UK). Deionized water with
a resistivity of 18.2 MΩ cm−1 (Millipore®, Burlington, MA, USA) was used to prepare all
solutions. Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
analyses were performed using a JEOL JEM-2100F microscope (JEOL Ltd., Tokyo, Japan) op-
erating at an accelerating voltage of 200 kV. For enhanced imaging resolution and elemental
distribution analysis, additional HRTEM and energy-dispersive X-ray spectroscopy (EDS)
mapping were conducted using a Talos F200X G2 microscope (Thermo Fisher Scientific,
Waltham, MA, USA), equipped with a high-sensitivity EDS detector. X-ray diffraction
(XRD) patterns were acquired on a D8 Discover diffractometer (Bruker Corporation, MA,
USA) utilizing Cu Kα radiation (λ = 1.5406 Å), operated at 40 kV and 40 mA. A nickel
filter was applied to suppress the Cu Kβ component, and a LynxEye position-sensitive
detector enabled high-resolution data collection. Scans were conducted over a 2θ range
of 10–100◦, with a step size of 0.5◦ and a counting time of 5 s per step. The metal loading
on the carbon support was determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) using an Arcos spectrometer (SPECTRO Analytical Instruments,
Kleve, Germany).

2.2. Synthesis of PtxRhy/C NPs

The NPs synthesis followed a previously reported method with modifications [13].
Four different compositions of PtxRhy NPs were prepared, aiming to increase Rh content
(with a total mass of metal of 20 wt.%). s an illustration, the synthesis of Pt:Rh (80:20) is
detailed: 1.00 g of Vulcan XC-72 (pretreated with 5 mol·L−1 HNO3 in an ultrasonic bath for
30 min) was added to a volumetric flask containing a solution of 424.9 mg of H2PtCl6·6H2O
and 102.3 mg of RhCl3·3H2O dissolved in 50 mL of ethylene glycol (EG). This suspension
was stirred under reflux at 80 ◦C for 2 h to promote metal reduction and nanoparticle
deposition onto the carbon support. After completion, the resulting material was cooled to
room temperature, thoroughly washed with deionized water and ethanol, and dried in an
oven at 60 ◦C for 2 h.

2.3. Electrochemical Measurements

The electrochemical measurements were conducted using Autolab PGSTAT 302 N
equipment (Metrohm, Herisau, Switzerland) coupled to a computer with the NOVA 2.0
software. A three-electrode cell was utilized, where the glassy carbon electrode (GCE—
3 mm) was used as the working electrode, and a saturated calomel electrode (SCE) and
a platinum foil were used as the reference and counter electrodes, respectively. Before
performing the electrochemical measurements, the GCE was modified with a previously
prepared catalytic ink. For this, 2.5 mg of each catalyst was dispersed in 725 µL of deionized
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water, 520 µL of methanol, and 30 µL of Nafion. The resulting suspension was placed in
an ultrasonic bath for 1 h to ensure thorough homogenization. Afterwards, 5 µL of this
suspension was drop-cast onto the surface of the GCE. The electrocatalysts were subjected
to cyclic voltammetry (CV) in a saturated solution of N2 with HClO4 0.5 M and KOH 0.1 M
for 20 cycles before the addition of glycerol to the electrolyte, in the potential range of
0 to 1.6 V vs. RHE (acidic) and 0.09 to 1.7 V vs. RHE (alkaline) with a sweep speed of
50 mV.s−1. Glycerol electrooxidation studies were carried out in 5–30 mM solutions under
acidic conditions, and in 5–30 µM solutions under basic conditions. In the CO stripping
experiment, the catalysts were subjected to CO adsorption for 10 min, and then the removal
of CO gas dissolved in the electrolyte via N2 purging for 20 min. CO stripping voltammetry
was performed in the potential range of 0.05–0.9 V vs. RHE at a sweep rate of 50 mV/s.
In this article, current densities were normalized by electrochemical surface areas (ECSA)
measured via CO stripping, except for special instructions. The ECSA is calculated by:

ECSA =
QCO

0.42µm/cm2 (1)

2.4. Density Functional Tight-Binding (DFTB) Methodology

The construction of the PtxRhy NPs was performed using the OpenMD software
(version 3.0) utility. This approach involves expanding the fractional coordinates of Pt
atoms to generate a nanoparticle with spherical geometry. Subsequently, Rh atoms were
randomly introduced into the structure following the experimental compositions, replacing
Pt atoms to yield a bimetallic system. Following the structural construction, the resulting
PtxRhy NPs were subjected to geometry optimization at the DFTB level using the GFN1-
xTB Hamiltonian, as implemented in the xTB methodology and code [27,28]. To assess the
stability of the systems, two key energetic descriptors were calculated.

Binding Energy (Eb):

Eb = E(PtmRhn)− mEatom(Pt)− nEatom(Rh) (2)

Excess Energy (Eexc):

Eexc = E(PtmRhn)−
mE(PtN)

N
− nE(RhN)

N
(3)

where N is the total number of atoms in the monometallic Pt and Rh reference NPs (here,
201 atoms), m and n are the numbers of Pt and Rh atoms in the cluster, respectively, and
E(PtmRhn) is the total energy of the bimetallic nanostructure.

3. Results and Discussion
We started our investigation by synthesizing a series of bimetallic electrocatalysts

using the polyol method, in which EG acts both as a solvent and a mild reducing agent.
Importantly, we have introduced oxygen-containing functional groups onto the Vulcan XC-
72 carbon black surface before the metal deposition, creating anchoring sites that promote
NPs dispersion and adhesion. The reduction mechanism in this polyol process involves
the oxidation of EG to glycolate or oxalate species, which in turn donate electrons to the
metal ions: Pt4+ and Rh3+ ions are reduced to Pt0 and Rh0, respectively. Thus, the co-
reduction in Pt and Rh precursors in the presence of the functionalized carbon allows the
formation of NPs on the carbon surface, without the need for additional stabilizing agents.
According to ICP-OES analyses, all samples exhibited metal loadings close to 20 wt.%,
which is important since our catalytic results will be compared to the commercial Pt/C
electrocatalyst, which holds this metal quantity. Moreover, Pt/C is widely recognized as
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a benchmark material, serving as the standard reference for evaluating the activity and
stability of newly developed catalysts. The Pt:Rh ratios determined by this technique were
used to designate each catalyst as Pt95Rh5/C, Pt90Rh10/C, Pt85Rh15/C, and Pt80Rh20/C.

The TEM images (Figure 1A–D) illustrate differences in PtxRhy NPs supported on car-
bon Vulcan XC-72 with increasing rhodium content across the series. In all images, the car-
bon support displays a structure composed of aggregated carbon spheres with low contrast,
over which the PtxRhy NPs are dispersed as darker, high-contrast features. In Figure 1A
(Pt95Rh5/C), the spherical-like NPs appear relatively well distributed across the support,
although some regions display clustering or agglomeration. Figure 1B (Pt90Rh10/C) re-
veals more pronounced agglomeration. However, one can see that as the Rh content
increases further, the NPs dispersion improves. In Figure 1C (Pt85Rh15/C), the NPs are
more evenly distributed with reduced clustering compared to Figure 1A,B The trend con-
tinues in Figure 1D (Pt80Rh20/C), which exhibits the most homogeneous dispersion. Such
a feature suggests that the increased Rh content modulates the metal nucleation process,
possibly enhancing reduction homogeneity and limiting particle growth. The NPs for
the higher Rh content are well dispersed across the carbon matrix, with minimal signs
of agglomeration, indicating that the higher Rh content plays a critical role in stabilizing
particles and promoting uniform deposition following our synthetic methodology. The
Pt80Rh20/C sample (Figure S1) was taken as a representative example for nanoparticle size
evaluation, as it presents less agglomeration, yielding an average diameter of XX ± XX nm.
The observation of the nanoparticle sizes was generally comparable across the different
compositions; however, as previously noted, partial agglomeration was observed in certain
samples, which limited the precise determination of their individual sizes in some samples.

 

Figure 1. TEM images of PtxRhy NPs supported on carbon Vulcan XC-72. (A) Pt95Rh5/C,
(B) Pt90Rh10/C, (C) Pt85Rh15/C, and (D) Pt80Rh20/C.
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The HRTEM image shows a nanoparticle deposited on the carbon support, where
the darker contrast region at the center corresponds to the nanoparticle (Figure 2A). The
elemental mapping images (Figure 2B–D) show that the C signal (Figure 2B) appears
intense and uniformly distributed across the region, while the Pt (Figure 2C) and Rh signal
(Figure 2D) are also uniformly dispersed, albeit with the latter showing a lower intensity,
as expected given the low Rh content. The co-localization of Pt and Rh within the same
regions, without indications of Rh-rich clusters or separate domains, strongly suggests that
Rh atoms are spatially distributed in close association with Pt atoms.

Figure 2. (A) HRTEM images of the Pt95Rh5/C electrocatalyst and elemental mapping of (B) C, (C) Pt,
and (D) Rh.

In Figure 3, we can observe that each sample exhibits the characteristic diffraction peaks
of the face-centered cubic (fcc) structure of platinum, with reflections corresponding to the
(111), (200), (220), and (311) planes observed at approximately 39.8◦, 46.2◦, 67.4◦, and 81.3◦

(2θ), respectively [29]. Such data was compared with the commercial Pt/C electrocatalyst.
These reflections are consistent with metallic Pt and are maintained across all bimetallic
samples, indicating that the fcc crystalline structure is preserved upon the incorporation of Rh.
Additionally, no secondary peaks attributable to metallic Rh or rhodium oxides are detected,
suggesting that there is no phase segregation. The broad peak near 25◦, associated with the
(002) plane of amorphous carbon, confirms the presence of the Vulcan XC-72 support [30].
Importantly, the lack of any noticeable shift in the Pt diffraction peaks with increasing Rh
content indicates that no significant lattice contraction or expansion takes place, and therefore,
the formation of a true Pt-Rh alloy cannot be confirmed from the XRD results. This observation
is consistent with the EDS analyses, which revealed that Pt and Rh are co-localized in the same
regions but not necessarily forming an alloy. Further theoretical calculations will provide
additional insights into this issue.
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Figure 3. XRD pattern of the studied electrocatalysts.

Figure S2 shows the CO stripping peaks observed for the Pt/C and PtxRhy/C elec-
trocatalysts in 0.5 M H2SO4 solution in a potential window of 0.05 to 0.90 V vs. RHE. It is
observed that there is no significant variation in the potential for the onset of oxidation of
the adsorbed CO, occurring at approximately 0.66 V for all samples. However, the load asso-
ciated with CO stripping in the catalyst Pt95Rh5/C is substantially higher compared to the
other samples, followed by the sequence Pt/C, Pt90Rh10/C, Pt80Rh20/C, and Pt85Rh15/C.
This result indicates that Pt95Rh5/C is more susceptible to CO adsorption, unlike the other
PtxRhy/C compositions, which present a relatively more resistant or tolerant behavior to
CO poisoning. It can be suggested that, in catalysts with higher Rh content, the Pt-CO
interaction becomes weaker, which facilitates the faster desorption of CO species from the
surface and helps maintain Pt active sites available for subsequent reactions. The ECSA
values, obtained through the CO stripping analysis, show that Pt95Rh5/C has the largest
area (7.27 cm2), followed by Pt/C (6.55 cm2), Pt90Rh10/C (4.98 cm2), Pt85Rh15/C (4.06 cm2),
and Pt80Rh20/C (3.96 cm2).

Following, the electrocatalytic performances of the PtxRhx/C electrocatalysts were
initially performed in a 0.5 M solution of H2SO4 and a 0.1 M solution of KOH. The CVs of
the electrocatalysts at 0.5 M HClO4 and 0.1 M KOH without glycerol, both N2-saturated,
are shown in Figure 4A,B. In the potential range between −0.13 V and 0.27 V vs. RHE in
acidic medium, the hydrogen adsorption and desorption processes on the surface of the
electrocatalysts can be identified. In alkaline medium, these same processes are observed
within the potential window of 0.74 V to 0.42 V vs. RHE. Additionally, in the acid medium,
the onset of Pt and Rh surface oxide formation begins at approximately 0.78 V vs. RHE,
while oxygen evolution is observed from 1.49 V vs. RHE. In alkaline medium, these
processes occur at 0.50 V for oxide formation and 1.56 V vs. RHE for oxygen evolution.
In the cathodic scan, the reduction in the previously formed Pt surface oxide occurs from
0.94 V vs. RHE in both acidic and alkaline media. However, in the acidic environment, as
the Rh content increases, a distinct anodic peak emerges at approximately 0.5 V vs. RHE,
which may be attributed to the formation of Rh oxides and hydroxides, resulting from the
activation of water molecules at Rh-active sites [31–33].
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Figure 4. Electrochemical characterization of PtxRhy/C electrocatalysts. (A,B) CVs recorded in
N2-saturated 0.5 M H2SO4 and 0.1 M KOH without glycerol. (C) CVs in 0.5 M H2SO4 + 0.1 M glycerol.
(D) CVs in 0.1 M KOH + 0.1 M glycerol. (E,F) Chronoamperometry at 0.96 V (alkaline) and 0.69 V
(acid) for 1800 s.

Figure 4C shows the CV profile of electrocatalysts prepared in HClO4 0.1 M with 0.1 M
C3H8O3. As can be seen, the addition of Rh considerably increased the current density, with
the exception of Pt90Rh10/C. In addition, these catalysts not only increased their oxidation
peaks, but the effect of the Pt-Rh interaction improved the electrocatalysts, shifting their
potentials to around 0.3 V vs. RHE to Pt80Rh20/C, Pt95Rh5/, Pt85Rh15/C, and to around
0.5 V vs. RHE for Pt90Rh10/C, compared to 0.7 V vs. RHE for the Pt/C electrocatalyst. In
the reverse scanning, a distinct peak appears near 0.8 V vs. RHE, associated with metal
surface reactivation. This reactivation probably results from the reduction in adsorbed
intermediates formed during glycerol oxidation, which temporarily block the active sites
and are subsequently removed in the cathodic scan.

Figure 4D shows the CV profile of the electrocatalysts at 0.1 M KOH with 0.1 M
C3H8O3. Similarly to the acidic medium, glycerol electrooxidation occurs in the region
associated with the formation of metal oxides and hydroxides, starting around 0.5 V
vs. RHE. In alkaline media, however, the high concentration of OH− ions enhances the
oxidation process due to their direct involvement in the reaction mechanism and the
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intrinsically higher catalytic activity of the materials under these conditions. Contrary
to what was observed in the acid medium, all PtxRhy/C electrocatalysts showed higher
current density when compared to Pt/C, especially Pt85Rh15/C, being 2x higher than
Pt/C. A cathode peak close to 0.95 V vs. RHE in the reverse scan is attributed to surface
reactivation, indicating less surface poisoning compared to the acidic medium, probably
due to the more efficient removal of adsorbed intermediates.

Figure 4E,F present the chronoamperometric responses recorded over 1800 s at 0.96 V
vs. RHE in alkaline medium and at 0.69 V vs. RHE in acidic medium, respectively.
In the acid medium, only the electrocatalyst Pt95Rh5/C showed higher efficiency for
glycerol electrooxidation. In alkaline medium, except Pt90Rh10/C, all electrocatalysts were
more effective for glycerol oxidation, especially when compared to Pt/C. Although the
current densities obtained for the samples were relatively low, possibly due to the limited
regeneration of active sites during the reverse scan, the PtxRhy/C catalysts proved to be
more effective for glycerol oxidation. In general, they displayed higher efficiency in alkaline
medium, with only one composition showing significant activity in acidic medium, likely
as a result of the Pt-Rh interaction.

Durability tests were performed using CV after 30 min of electrooxidation on 0.1 M
C3H8O3 in 0.1 M electrolyte of HClO4 (Figure S3A–D). The current retention values were
102.59% for Pt95Rh5/C, 85.77% for Pt90Rh10/C, 80.27% for Pt85Rh15/C, and 90.86% for
Pt80Rh20/C. Using the 0.1 M KOH electrolyte (Figure S4A–D), the retention was 106.67% for
Pt95Rh5/C, 78.03% for Pt90Rh10/C, 95.94% for Pt85Rh15/C, and 85.77% for Pt80Rh20/C. In
the acidic medium, Pt/C exhibited a retention of 55.96% (Figure S5A), while in the alkaline
medium its retention increased to 75.69% (Figure S5B). In both electrolytes, however, the
PtxRhy/C electrocatalysts demonstrated markedly higher retention, indicating a lower
susceptibility to deactivation by adsorbed reaction intermediates. These results emphasize
the existence of a trade-off between catalytic activity and long-term stability, governed by
the specific Pt:Rh ratio.

Figure 5 shows the cyclic voltammetry profiles of the PtxRhy/C catalysts compared to
the Pt/C in acid (0.5 M HClO4) and alkaline (0.1 M KOH) media. In acid media, Pt95Rh05/C
showed the highest current density (29.35 A.mgPt-1), while Pt80Rh20/C exhibited lower
performance, suggesting blocking of active sites or unfavorable electronic effects. In
alkaline media, the currents were significantly higher, with Pt85Rh15/C (263.81 A·mgPt-1)
standing out as the most efficient composition due to a synergistic effect between Pt and
Rh. In both media, Pt/C presented the lowest values, confirming that the incorporation of
Rh substantially increases the electrocatalytic activity, with superior performance under
alkaline conditions.

 

Figure 5. CV profiles of PtxRhy/C electrocatalysts as a function of Pt mass in (A) 0.5 M HClO4

saturated with N2 and (B) 0.1 M KOH at 50 mV.s−1.
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The results presented in Table 1 highlight the distinct stability trends among Pt-
based catalysts for glycerol electrooxidation under chronoamperometric testing. The
Pt95Rh5/C catalyst (this work) stands out, with retention values of ≈100–105% after 1800 s
in both acidic and alkaline electrolytes. By comparison, PtRu/C catalyst shows retention
of ~70% under acidic conditions, reflecting its well-known bifunctional mechanism but
also revealing limitations in long-term stability. The mesoporous Pt catalysts reach ~80%
retention, showing that hierarchical porosity can delay deactivation relative to standard
Pt/C. On the other hand, PtAu/C displayed only ~60% retention, confirming the limited
stability of Au-containing systems despite improvements in onset potential and activity.

Table 1. Comparative chronoamperometric retention of Pt-based electrocatalysts for glycerol elec-
trooxidation in acidic and alkaline media.

Catalyst Medium Retention over the Chronoamperometric Test Period References

Pt95Rh5/C Acidic and Alkaline ≈100–105% retention after 1800 s (acid and alkaline); no
significant decay, indicating excellent stability This work

PtRu/C Acidic (H2SO4 + glycerol) ~70% retention after 1800 s; better than Pt/C (~50%) due to
higher CO tolerance [34]

PtAu/C Alkaline (NaOH + glycerol) ~60% retention after 1800 s; better than Pt/C but limited by
Au segregation [35]

Mesoporous Pt Alkaline (1 M
NaOH + glycerol)

~80% retention after 2000 s; hierarchical porosity delays
deactivation compared to Pt/C (~45%) [36]

Thus, this comparison indicates that while compositional (PtRu, PtAu, PtRh) strategies
contribute to improved durability compared to conventional Pt/C, the Pt95Rh5/C catalyst
surpasses these reported systems in stability under the tested conditions.

Figure 6 shows the Nyquist diagrams at a potential of 0.76 V vs. RHE in HClO4 0.1 M
and at 0.87 V vs. RHE in KOH 0.1 M, which reveal the resistance to the electrooxidation
process of the glycerol of the electrocatalysts. The diameter of the semicircle observed
in the diagrams, when apparent, represents the charge transfer resistance (Rct) at the
electrode/electrolyte interface. The smaller this diameter, the lower the Rct, thus indicating
a more efficient electrical conductivity. In the acid medium, it was not possible to observe
the diameter of the semicircles, probably due to the transfer resistance, and it was only
possible to observe it in the alkaline medium. Except for the electrocatalyst Pt90Rh10/C,
which did not present an apparent semicircle, the order of diameter for the others is
Pt95Rh5/C < Pt80Rh20/C < Pt85Rh15/C < Pt/C.

Figure 6. Nyquist diagram of the electrocatalysts in (A) 0.1M KOH and in (B) 0.1 M HClO4.
Electrolyte + 0.1 M glycerol. Frequency range: 1000–1 Hz.
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Table 2 identifies the Rct of the electrocatalysts. These results show that the electro-
catalyst with the lowest Rct was Pt90Rh10/C in the acid medium and Pt85Rh15/C in the
alkaline medium, after the addition of C3H8O3, which aligns well with the CV results,
suggesting that Pt80Rh20/C exhibits the lowest electron transfer resistance and the best
electrical conductivity in the acidic medium, as does Pt85Rh15/C, but in the basic medium.

Table 2. EIS parameters for electrocatalysts. Electrolyte: KOH 0.1 M + glycerol 0.1 M. Frequency
range: 1000–1 Hz. Potential: 0.76 V vs. RHE in HClO4 0.1 M and 0.87 V vs. RHE in KOH 0.1 M.

No Glycerol 0.1 M C3H8O3

Electrocatalysts
KOH HClO4 KOH HClO4

Rct (Ω.cm−2)

Pt/C 1.90 × 105 1.54 × 105 3.54 × 103 2.19 × 105

Pt95Rh5/C 2.82 × 106 2.61 × 105 2.64 × 103 3.54 × 105

Pt90Rh10/C 1.66 × 106 4.89 × 106 9.91 × 105 2.38 × 106

Pt85Rh15/C 7.27 × 106 2.82 × 105 1.44 × 103 2.34 × 105

Pt80Rh20/C 3.93 × 106 3.48 × 105 2.41 × 103 1.76 × 105

A theoretical optimization of the PtxRhy spherical NPs by DFTB (Figure 7) revealed
that, as the Rh content increases, a limited number of Rh atoms tend to migrate toward
the surface of the nanostructures. This behavior can be rationalized by considering the
lower surface energy of Rh atoms compared to Pt, which favors partial surface segregation
of Rh in Rh-rich systems. Furthermore, the smaller atomic radius of Rh compared to
Pt leads to a confinement effect, whereby Rh atoms are more strongly retained in the
inner regions of the NPs when present in low concentrations, as observed in Pt95Rh5. The
computed binding energies for PtxRhy NPs were found to be relatively similar across
the series, except for the Pt95Rh5 composition, which exhibited a significantly different
bonding energy, suggesting a less favorable alloy stabilization at very low Rh content
(Table 3). Such an observation is further corroborated by the analysis of the excess energy
of formation, which quantifies the relative stability of the NPs in comparison to the pure
constituents. Notably, increasing Rh content results in a progressive reduction in excess
energy, indicating that Rh-rich nanostructures are thermodynamically more stable and
less prone to phase segregation or surface restructuring under electrochemical conditions.
Therefore, the comparatively lower stability of the Pt95Rh5/C catalyst, as observed in
chronoamperometric measurements, can be attributed to its less favorable bonding energy
and higher susceptibility to surface modification or dissolution, reinforcing the importance
of the composition control in optimizing long-term electrocatalyst durability.

Table 3. Calculated binding and excess energies for PtxRhy catalysts with varying Rh content.

Metal Composition Energy (Binding) Energy (Excess)

Pt95Rh5 −0.313 −6.584
Pt90Rh10 −0.308 −5.710
Pt85Rh15 −0.304 −4.806
Pt80Rh20 −0.300 −4.140
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Figure 7. DFTB optimized PtxRhy NPs.

4. Conclusions
This study demonstrates that the composition and atomic-scale arrangement of PtxRhy

bimetallic NPs significantly influence their structural, electronic, and electrochemical
properties for glycerol electrooxidation. By employing a polyol-based synthesis strat-
egy combined with pre-functionalized carbon supports, we successfully obtained a series
of well-dispersed PtxRhy/C electrocatalysts, as evidenced by HRTEM, EDS, and XRD
analyses. Electrochemical evaluation revealed that catalytic activity is maximized in the
Pt95Rh5/C composition.

To rationalize these observations, DFTB simulations provided insight into the energetic
and structural origins of the composition-dependent behavior. The calculations indicate
that Rh atoms tend to undergo partial surface segregation at higher concentrations, while
remaining confined within the Pt lattice at lower levels. Importantly, Pt95Rh5 displays a dis-
tinct excess energy and binding energy profile compared to other compositions, consistent
with its higher catalytic activity but reduced structural robustness under electrochemical
stress. These findings show a trade-off between activity and stability that arises from subtle
changes in the composition and atomistic configuration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/hydrogen6040078/s1, Figure S1: Size distribution histogram
prepared after measuring about 150 particles of the Pt80Rh20/C catalyst; Figure S2: CV after CO
stripping voltammograms of catalysts in CO-free 0.5 M H2SO4 solution of the electrocatalysts.
The sweep rate was 50 mV/s; Figure S3: 1st (black) and after 30 min cyclic voltammograms of
glycerol oxidation (red) A) Pt95Rh5/C (B) Pt90Rh10/C (C) Pt85Rh15/C and (D) Pt80Rh20/C in 0.1M
HClO4 N2-saturated at 50mV.s-1 with 0.1 M glycerol; Figure S4: 1st (black) and after 30 min cyclic
voltammograms of glycerol oxidation (red) A) Pt95Rh5/C (B) Pt90Rh10/C (C) Pt85Rh15/C and (D)
Pt80Rh20/C in 0.1M KOH N2-saturated at 50mV.s-1 with 0.1 M glycerol; Figure S5: 1st (black) and
after 30 min cyclic voltammograms of glycerol oxidation (red) A) Pt/C in 0.1 M HClO4 and (B) Pt/C
in 0.1M KOH N2-saturated at 50mV.s-1 with 0.1 M glycerol.

https://www.mdpi.com/article/10.3390/hydrogen6040078/s1
https://www.mdpi.com/article/10.3390/hydrogen6040078/s1
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