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Abstract
Platinum–rhodium nanoparticles modified with cesium salt of phosphotungstic acid, CsPTA, have been tested for electro-
oxidation of 2-propanol in acidic medium. The resulting Pt-based nanoparticle-containing materials have been carried out using
X-ray diffraction (XRD), microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and different electrochemical techniques
combining with differential electrochemical mass spectrometry (DEMS). The experimental results such as cyclic voltammetry
and chronoamperometry exhibit that films on carbon electrodes composed of CsPTA-modified PtRh/Vulcan nanoparticles
improve the catalytic activity, in terms of potential and current densities recorded during electro-oxidation of 2-propanol, relative
to the CsPTA-free PtRh/Vulcan nanoparticles. Particularly, the boost in the catalytic current densities is observed at low potential
value (below 0.25 V vs. RHE). The differential electrochemical mass spectrometry measurements were utilized to recognize the
reaction intermediates as well as products created during the electro-oxidation of 2-propanol. The results indicate that contribu-
tions from a straightforward oxidation of 2-propanol to CO2 are small in comparison to acetone yield.
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Introduction

The tremendous consumption of fossil fuels in the last century
contributed to increased pollution and climate change, which
have harmful consequences to us as humans and our planet.
Fuel cells are one of the optional technologies to be able to
generate eco-friendly energy due to chemical energy is trans-
formed into electrical energy with almost no polluting emis-
sions. Fuel alternatives to hydrogen are various kinds of small
organic compounds such as alcohols, organic acids, and es-
ters. Among diverse alcohols, especially methanol, ethanol,
ethylene glycol, and 2-propoanol are taken into account to
be utilized as fuels because their low molecular weights mean
that they are easy to transport, store, and handle [1] as well as
are already in the liquid state. Furthermore, they possess rela-
tively high theoretical volumetric and gravimetric energy

densities, and better energy efficiencies, contrary to hydrocar-
bon and gasoline. Among the aforementioned alcohols, etha-
nol and 2-propanol have higher values of gravimetric energy
densities 8.0 and 8.6 kW h kg−1, respectively, and are compa-
rable to hydrocarbons and gasoline (10–11 kW h kg−1).
Furthermore, 2-propanol consists of three carbon atoms and
one hydroxyl group (–OH) bonding to themiddle carbon atom
exhibiting a lower permeability through exchange membranes
than other alcohols (i.e., methanol and ethanol) resulting in a
lower crossover current [2, 3]. Besides, the electro-oxidation
of 2-propanol generates a higher number of electrons (18 e−)
than ethanol (12 e−) and 2-propanol is less toxic than metha-
nol. Moreover, electro-oxidation of 2-propanol in contrast to
the primary alcohols does not yield CO as an intermediate
product due to the bond of the –OH group to the middle
carbon atom in 2-propanol leading to difficulties in carbon
bond cleavage. In consequence, it has decreased the oxidation
onset potential to lower value than, for example, in ethanol
and methanol. The anodic oxidation of alcohols consisting of
more than two carbon atoms has been investigated relatively
less intensively in acidic media than in alkaline ones due to
kinetic hindrance and the need for high overpotentials [4–9].
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Moreover, one drawback of the alkaline medium, for a long
electro-oxidation 2-propanol time, is that it is less stable owing
to the existence of carbonation effect.

To date, pure platinum (Pt) or Pt alloys have been com-
monly accepted as a highly efficient catalytic systems toward
oxidation of small organic liquid fuel at low temperature en-
ergy conversion [10–28], but adsorption of the oxidation
products mostly CO-type intermediate causes poisoning of
the catalyst surface requiring rather large overpotentials for
their withdrawal. At present, few papers have demonstrated
the electro-oxidation of 2-propanol when using Pt nanoparti-
cles or Pt alloys in acidic medium [29–32]. In accordance with
these studies, it was observed that 2-propanol oxidizes mainly
to acetone, as well as small amounts of CO2, but no CO was
detected in contrast to the primary alcohols’ oxidation (e.g.,
ethanol), using Fourier-transform infrared spectroscopy
(FTIR) and differential electrochemical mass spectroscopy
(DEMS) [4–6, 29–31]. It is generally assumed that the
electro-oxidation of 2-propanol produces acetone as a major
product and CO2 due to the preferred 2-propanol dehydroge-
nation process and rather relative sluggish reaction rate of
intermediate species [30, 31]. The presence of acetone is not
an advantage, as it may seem, because it also inhibits the
surface of platinum catalysts by strong adsorption in both
acidic and alkaline media [30, 33, 34]. Recent studies, on
the one hand, have shown that systems composed of Rh facil-
itates the C–C bond breaking, e.g., during electro-oxidation of
ethanol [35–40], while Rh itself does not display any activity
for electro-oxidation of small organic molecules. On the other
hand, there have been reports on the lack of useful role of
rhodium-containing systems toward C–C bond breaking.
Nart et al. investigated the electro-oxidation of 2-propanol
on the platinum–rhodium catalyst in acidic media using the
electro-deposition of Pt and Rh on gold substrate [30, 41]. The
outcomes showed better electrocatalytic activity toward
electro-oxidation of 2-propanol for bimetallic platinum–
rhodium electrodes but also increased efficiency for CO2 for-
mation alongwith the increase of rhodium content in catalysts.
They concluded that the observed effect is rather related to the
limited production of the acetone due to the presence of rho-
dium than enhanced formation of CO2. In this context, how-
ever, the precise role of Rh and how it affects toward C–C
bond breaking is complicated and still under strong debate at
the elementary level.

More recently, a new approach to attain better
electrocatalyst with boosted dissemination of platinum-based
nanoparticles has been reported, where the deliberate modifi-
cation of their surface by adsorption of polyoxometallates to-
ward the development of catalysts for electro-oxidation of
small organic compounds was employed [28, 42–45].
Polyoxometallates have several properties that are mutual
with transition metal oxide clusters, so they can be viewed
as their analogues. Interestingly, by converting heteropoly

acids to their salts, the acid–base and redox properties can be
changed and adapted to a desired level. In addition, pristine
heteropoly acids are often less stable than their salts. This fact
makes the salts of heteropolyacids attractive elements of cat-
alytic systems in electrochemical processes [46, 47], including
oxidation of small organic molecules [42–44]. Moreover, it is
noteworthy that heteropolyacid salts are generally considered
as catalytic materials in various organic reactions such as ox-
idation of alkanes and alkenes [48, 49], oxidation of carbonyl
compounds [50], alkylation of olefins [51], isomerization of
olefins [52], and oxidative dehydrogenation of alkanes
[53–56].

The purpose of this work was to utilize a catalyst for the 2-
propanol electro-oxidation in an acidic media, composed of
cesium salt of the Keggin-type heteropolyacid of tungsten
(CsPTA) and commercial Vulcan-supported PtRh to enhance
activity of electrocatalyst. DEMSmeasurement was employed
to identify the formation of various products (e.g., intermedi-
ates) over the electro-oxidation of 2-propanol on CsPTA-
modified PtRh/Vulcan nanoparticles and to elucidate the
mechanism of the electro-oxidation of 2-propanol under such
conditions.

Experimental

All chemical reagents used, if not otherwise mentioned, were
high purity and utilized without further purification.
Phosphotungstic acid, H3PW12O40 (PTA), cesium nitrate
(CsNO3), sulfuric acid (99.999%), and 2-propanol (> 99.9%)
as well as Nafion and 5% solution of the perfluorinated resin
were purchased from Sigma Aldrich. Commercially available
20% PtRh/Vulcan XC-72 nanoparticles (Premetek) were used
as catalyst. All electrolytes used were prepared by using
twice-distilled water which was finally purified on a
Mil l ipore Mil l i -Q system. Sal ts of Keggin- type
heteropolyacid-modified PtRh/Vulcan nanoparticles were
prepared according to the following recipe described in our
previous publication [57].

The ratio of platinum to cesium salt of heteropolyacid in
examined system was evaluated utilizing X-ray fluorescence
(XRF); the resulting ratio was found to be 1:1.2. A catalyst
layer on a glassy carbon substrate that was examined for its
catalytic activity was formed by dropping a suitable amount of
nanoparticle suspension using a pipette and allowing it to dry
at ambient conditions. Prior to depositing the catalyst layer on
the electrode substrate, the suspensions were sonicated for at
least 10 min in order to make uniform solutions. Afterwards,
the prepared electrodes with dried layers were modified by
dropping on the surface of catalytic layers a 2-μl aliquot of
Nafion (0.02% alcoholic solution) and permitting it to evapo-
rate at room temperature. Finally, the loading of platinum-
based catalyst was approximately 100 μg cm−2. Before
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electro-oxidation experiments were carried out, all catalytic
layers were subjected to complete oxidation/reduction cycles
in the potential range from 0.0 to 0.8 V in 0.5 mol dm−3

H2SO4 at a scan rate of 50 mV s−1 until steady-state
voltammetric responses were reached.

The electrochemical measurements were carried out in a
three-electrode arrangement employing an Hg/Hg2SO4 satu-
rated K2SO4 reference electrode, a carbon rod as counter elec-
trode, a glassy carbon with a surface area of 0.071 cm2 as a
working electrode, and using a CH Instruments 750A work-
station. All potentials in the present work were expressed ver-
sus the reversible hydrogen electrode (RHE). Furthermore, all
presented current densities herein were obtained in relation to
the geometric surface area of the working electrode. All mea-
surements were carried out in a thermostated cell at tempera-
ture of 22 ± 1 °C.

To examine the products’ electro-oxidation of 2-propanol
in real time, DEMS measurements were performed equipping
with a special electrochemical cell coupled to a mass spec-
trometer. The measurement cell was made based on those
proposed by Dube and Brisard [58]. The determination of
results of electro-oxidation of 2-propanol during DEMS mea-
surements needs the formation of the layer of catalyst onto a
semipermeable membrane with gold electrical contact acting
as an interface between two phases (liquid and gas), allowing
for the identification of electrode reaction products utilizing
MS. The DEMS measurements were performed using an
Ivium Stat potentiostat by Ivium Technologies connected with
OmniStar gas analysis system, equipped with PrismaPlus
QMA 200 M (0–100 amu version) mass spectrometer (MS)
from Pfeiffer Vacuum GmbH. To control the MS, Quadera
version 4.60 was utilized.

X-Ray photoelectron spectroscopy (XPS) experiments
were recorded on a Microlab 350 spectrometer while utilizing
Al Kα non-monochromatic radiation (1486.6 eV, 300 W) as
X-ray excitation. The obtained binding energies have been
referred to carbon signal with binding energy equal to
284.2 eV as the internal standard. Each XPS spectrum was
fitted to mix Gaussian–Lorentzian line shapes after back-
ground subtraction according to Shirley.

Physicochemical features of the used catalytic materials
were systematically examined to receive additional informa-
tion on their crystal structure, composition, and surface mor-
phology by diverse techniques such as transmission electron
microscopy (TEM), scanning electronmicroscopy (SEM), en-
ergy dispersion spectroscopy (EDS), and X-ray diffraction
(XRD). The TEM investigations were carried out using an
equipment operating at 200 keV. Samples for TEM investiga-
tions were formed by dropping a diluted suspension of cata-
lytic nanoparticles onto 400-mesh copper grids that supported
a Fromvar film (Agar Scientific) and then letting them dry in
ambient laboratory conditions. Determination of the crystallo-
graphic structure and phase analysis of the investigated

catalysts were performed by XRD using a Bruker D8
Discover system operated with a Cu Kα1 source (λ =
1.5406 Å) and a Vantec (linear) detector (k = 1.5406 Å).
The XRD patterns were recorded between diffraction angles
of 10° to 100° with a step size of 0.02° s−1. The full width at
half-maximum (FWHM) of the proper peak (220) were uti-
lized to find out the average particle size and lattice parameter
for each catalyst by the Scherer equation.

Results and Discussion

Figure 1 exhibits the TEM micrographs and corresponding
distributions of sizes of the unmodified (a) and modified (b)
PtRh/Vulcan nanoparticles. It was clearly displayed that the
distribution of fine Pt-based nanoparticles is homogeneous on
the surface of supportingmaterial, and the overall nanoparticle
sizes are in a narrow range distribution. The average size of
pristine PtRh/Vulcan nanoparticles lies in a range of 4–12 nm,
with a mean dimension of 8 nm. The average diameter of

Fig. 1 Transmission electron micrographs (TEMs) of (a) PtRh/Vulcan
nanoparticles, (b) CsPTA-modified PtRh/Vulcan
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CsPTA-modified PtRh/Vulcan nanoparticles was compara-
ble; they located in the scope of size 7 and 15 nm. The data
of Fig. 1 indicates the presence of cesium-substituted phos-
photungstic acid (dark gray structures of sizes of 30–50 nm).
The cesium salt of phosphotungstic acid structures seems to be
joined directly to carbon support materials. Both modified and
unmodified PtRh allow nanoparticles that have a quasi-
spherical or round shape.

The X-ray diffraction profile of PtRh/Vulcan modified by
CsPTA is shown in Fig. 2. The XRD patterns of CsPTA-
modified Pt-based catalyst nanoparticles exhibited reflection
at 2θ values of around 25°, which corresponded to the facet
(002) characteristic of face hexagonal carbon support material
[57, 59]. The reflections appeared at about 2θ = 39.3°, 45.3°,
66.7°, and 79.9°, and they should be attributed to the (111),
(200), (220), and (311) crystalline planes of Pt, respectively.
The recorded reflections, in comparison to the literature data
for bare Pt (JCPDS no. 04-0802), are slightly shifted to lower
2θ values indicating the influence of alloying [60, 61].
Furthermore, the diffraction peaks that originated from rhodi-
um are not observed directly because their position overlaps
with those from platinum [36, 62]. The X-ray diffraction pat-
tern of CsPTA-modified PtRh/Vulcan nanoparticles reveals
the additional diffraction peaks at 2θ = 10.6°, 18.4°, 23.8°,
26.1°, 30.3°, 35.6°, and 38.9°, which are assigned to the cubic
state of cesium-substituted phosphotungstic acid [57].
Moreover, the lattice parameter of the modified PtRh/Vulcan
nanoparticles was found to be about 0.3789 nm. The latter
value of lattice parameter displacement of PtRh nano-
particles resulting from the presence of cesium salt
phosphotungstic acid implies that there is no incorpora-
tion of metals (Cs and W) into the Pt lattice that oc-
curred. The average crystallite size of the catalytic ma-
terials was calculated from the analysis of Pt (220) peak
width analysis utilizing Scherrer’s equation. The average

PtRh particle size obtained from XRD patterns for mod-
ified catalyst was in narrow ranges of 6–11 nm and
correlated well with the data presented in our previous
work [57]. This outcome is consistent with TEM
measurements.

The composition of the surface region as well as the bond-
ing state of PtRh/Vulcan and CsPTA-modified PtRh/Vulcan
catalysts was verified using ex situ XPS analysis. As expected,
survey scan spectra for CsPTA-modified PtRh/Vulcan clearly
confirm the presence of assembled CsPTA on PtRh/Vulcan as
recognized by the detection of tungsten (W4f 36 eV) and
cesium (Cs3d 725 eV) signals (Fig. 3). The Pt4f region of
the spectrum for CsPTA-modified PtRh/Vulcan and pristine
PtRh/Vulcan nanoparticles are displayed in Fig. 3A. The
deconvolution of Pt 4f peaks were done by using three dou-
blets thus indicating the existence of different Pt chemical
state in all cases. In accordance with the literature [40,
63–65], the Pt 4f peak components occurring at binding ener-
gies 71.3, 72.0, and 73.9 eV are assigned to the metallic form
of Pt as well as various platinum oxides Pt(II) and Pt(IV).
Unfortunately, due to the interference of Pt 4d and Rh 3d
regions, the Rh 3d spectra, displayed in Fig. 3B, were fitted
in the deconvolution doublets for determining Rh amount.
Comparing the Rh 3d emission lines for modified and unmod-
ified PtRh/Vulcan nanoparticles, it can be noted that a positive
shift is observed. The corresponding XPS spectra of W 4f are
also displayed in Fig. 3C and reveal characteristic binding
energies of tungsten at 35.8 eV (4f7/2 element) and 33.5 eV
(4f5/2 element), which is consistent with that in pristine cesium
salt of heteropolyacid.

To evaluate the catalytic behavior of the test electrode to-
ward the electro-oxidation of 2-propanol, we have performed
the cyclic voltammetry measurements over the range 0.0–
0.9 V (at 10 mV s−1) and in argon-saturated 0.5 mol dm−3

H2SO4. The electrocatalytic materials composed of modified
PtRu/Vulcan nanoparticles and bare PtRu/vulcan nanoparti-
cles lodged on a glassy carbon electrode substrate were exam-
ined (Fig. 4). It is noteworthy that the cyclic current–potential
curves obtained in the supporting electrolyte of the studied
catalysts were essentially different in both shape and recorded
current density due to the presence of cesium-substituted
phosphotungstic acid. The voltammetric measurements on
bare PtRh/Vulcan nanoparticles on the electrode surface dis-
play two sets of peaks in the hydrogen adsorption–desorption
region in the potential lower than 0.3 V because of the oxida-
tion and reduction of hydrogen attached to the alloy surface.
At potential between 0.3 and 0.7 V, only capacitive charging
is recorded. Furthermore, the appearance of current increase at
potential above 0.7 V reflects the generation (at PtRh) of plat-
inum oxides at the platinum alloy surface being typical behav-
ior of systems containing Pt [29, 30]. Repeating the same
voltammetric measurements with CsPTA-modified PtRh/
Vulcan nanoparticles (red line) results in one peak in the

Fig. 2 X-Ray diffraction patterns for the CsPTA-modified PtRh/Vulcan
electrocatalyst
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hydrogen region. This outcome is a consequence of the over-
lap of the signal originated from the reduction process of
CsPTA with hydrogen region on Pt-based catalysts.

To comment on the electrochemical stability of these cata-
lytic materials considered here, the quick tests based on repet-
itive cyclic voltammetry in the range from 0.0 to 0.9 V in
argon-saturated 0.5 mol dm−3 H2SO4 electrolyte for a period
of 2.5 h (v = 50 mV s−1, not shown here) were executed.
Repeating the electrochemical stability test for unmodified
PtRh/Vulcan nanoparticles was also performed as a reference.
It is notable that, with catalytic layer containing CsPTA-
modified PtRh/Vulcan, the recorded catalytic current density
decreased by about 7% after 250 cycles relative to the initial
value. When the aforementioned experimental conditions uti-
lized the pristine PtRh/Vulcan nanoparticles, the respective

decrease was 13%. It therefore seems reasonable to conclude
that the presence of CsPTA on the surface of catalyst leads to
some improvement in the stability of the anodic current den-
sity response, but the more meaningful result of this modifi-
cation of Pt-based nanoparticles is higher recorded current
density for 2-propanol electro-oxidation.

The electrocatalytic activities of the outcome catalysts were
investigated during the oxidation of 2-propanol by using cy-
clic voltammetry. The voltammetric responses in argon-
saturated 0.5 mol dm−3 H2SO4 electrolyte containing 2-
propanol at 0.5 mol dm−3 concentration of these modified
and unmodified PtRh/Vulcan nanoparticles are displayed in
Fig. 5. The typical shape of curves show two peaks consistent
with the oxidation processes in both anodic and cathodic scans
in the considered potential range. The recorded current density

A

B

C

D

Fig. 3 A XPS survey scan for (a) pristine PtRh/Vulcan and (b) CsPTA-
modified PtRh/Vulcan. B XPS spectra of Pt 4f region recorded for (a)
bare Vulcan-supported Pt–Rh nanoparticles and (b) CsPTA-modified

PtRh/Vulcan. C XPS spectra recorded in the Rh 3d region for (a) bare
PtRh/Vulcan and (b) PtRh/Vulcan modified with CsPTA. D XP spectra
of the W 4f recorded for the CsPTA-modified PtRh/Vulcan
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of electro-oxidation of 2-propanol for CsPTA-modified PtRh/
Vulcan catalysts starts to rise at potential around 0.12 V
reaching the two sets of peak at potential around 0.47 and
0.78 V, which appeared at lower potential observed for un-
modified PtRu/Vulcan nanoparticles. The observed electro-
catalytic current density (measured at potential above 0.65
V) has a tendency to decrease due to formation of catalytically
inactive Pt oxides. In the backward scans, at potentials below
0.70 V, where platinum face is not coated with platinum oxide
and becomes once more available for oxidation of 2-propanol
or intermediate species, a positive electrocatalytic current is
recorded. An important issue also is that lower onset potential
of 2-propanol oxidation has been reported following modifi-
cation of PtRh/Vulcan nanoparticles by CsPTA. By compar-
ing the anodic current densities of alcohol oxidation in cyclic
voltammetry measurements in the presence and absence of 2-
propanol, the onset potentials of the electro-oxidation of 2-
propanol were found. The received values for bare and mod-
ified PtRh/Vulcan nanoparticles were 0.20 and 0.12V, respec-
tively. The outcome implies that the presence of CsPTA leads
to a shift in the onset potential toward a more negative value
for 2-propanol oxidation of ca. 80 mV. This enhancement
effect as well as the higher catalytic current may be caused
by a change in surface structure but also the modification of
intrinsic electronic structure is not excluded [45].
Furthermore, the obtained lower onset potential in cyclic
voltammetric measurements of 2-propanol oxidation with
CsPTA-modified PtRh/Vulcan nanoparticles on the electrode
substrate is ascribed to rapid dehydrogenation. It was deter-
mined that bare Pt or Pt alloy nanoparticles supported onWO3

or phosphotungstic acid promote a dehydrogenation process

[66, 67]. The factors, mentioned previously, referred to mod-
ification of Pt-based nanoparticles by CsPTA led to improved
mobility of proton and thus easier access to the proton on the
electrode surface, providing with a lower onset potential and a
higher current density for oxidation of 2-propanol in acidic
medium.

To gain some insight into catalytic performance of
these materials as electrochemical oxidation catalysts,
additional diagnostic experiments were carried out under
chronoamperometric conditions during longer periods of time.
The test systemwas 0.5 mol dm−3 2-propanol in 0.5 mol dm−3

H2SO4 upon employment of fairly low potentials, 0.2 and 0.3
V, in unstirred solution, and the corresponding curves are
shown in Fig. 6. The first value of potential was chosen as a
value adjacent to the onset potential for 2-propanol electro-
oxidation based on the voltammetry experiments, while 0.3 V
is matched for potential utilization in fuel cells. The outcomes
shown in Fig. 6 confirmed those of the voltammetry measure-
ments in 2-propanol electro-oxidation. It is apparent from Fig.
6 that the initial current density exhibits a rapid decrease with
the first period of time followed by an almost constant value
for a long time. At both potentials, the highest current density
during chronoamperometric measurements were obtained for
the catalytic system utilizing PtRh/Vulcan nanoparticles
admixed with CsPTA. The reason for this behavior can be
related to the presence of cesium-substituted phosphotungstic
acid on the surface that is able to either prevent this adsorption
or favor the creation of electro-oxidation products that have a
minor tendency to link to the active catalytic centers.

Fig. 5 Cyclic voltammetric responses for oxidation of 0.5 mol dm−3 2-
propanol at PtRh/Vulcan (blue curve) and CsPTA-modified PtRh/Vulcan
(red curve). Electrolyte: 0.5 mol dm−3 H2SO4. Scan rate: 5 mV s−1.
Arrows indicate the course of potential scan

Fig. 4 Cyclic voltammetric responses of PtRh/Vulcan (blue curve) and
CsPTA-modified PtRh/Vulcan (red curve). Electrolyte: 0.5 mol dm−3

H2SO4. Scan rate: 10 mV s−1
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To identify the formation of products during the 2-propanol
electro-oxidation, DEMS, in parallel with electrochemical
measurements, was utilized for modified and pristine PtRh/
Vulcan nanoparticles. To avoid the eventual changes in the
composition or structure alloys, the anodic potential was re-
stricted to 0.9 V throughout the DEMS and electrochemical
measurements [68]. The literature overview indicates that the
major products of 2-propanol electro-oxidation on Pt are not
CO2 but rather acetone [4–6, 29–31]. Having in mind this fact,
for all the catalysts, we examined a few possible products and
found only the mass signals m/z = 58 for detection of acetone
as well as CO2 m/z = 44 and no additional signals were

identified above the detection limit. Both mass signals, m/z
= 58 and m/z = 44, received during voltammetric experiments
are presented in Fig. 7 and they display a clear hysteresis
between forward and backward scan, which can be linked to
the different oxidation states of the catalyst. The m/z = 58 ion
currents, related to the possible acetone creation, have ap-
peared in the anodic forward scan at potential ca. 0.3 and
0.4 V for modified and unmodified PtRh nanoparticles, re-
spectively (Fig. 7b). It is apparent, upon comparison of typical
cyclic voltammetric responses and the ionic currents for bare
PtRh/Vulcan nanoparticles and CsPTA-modified PtRh/
Vulcan nanoparticles, that the current, obtained at higher po-
tential value (at 0.5 V), was lower for the unmodified sample

a

b

Fig. 6 Current–time responses at 0.2 V (a) and 0.3 V (b) for the oxidation
of 0.5 mol dm−3 2-propanol at PtRh/Vulcan (blue curve) and CsPTA-
modified PtRh/Vulcan (red curve). Electrolyte: argon saturated 0.5 mol
dm−3 H2SO4

a

b

Fig. 7 MSCV outcomes for (a)m/z = 44 (CO2) and (b)m/z = 58 (acetone)
recorded for pristine PtRh/Vulcan (black curve) and CsPTA-modified
PtRh/Vulcan (red curve) nanoparticles. Suitable CV is shown in Fig. 5.
Electrolyte: 0.5 mol dm−3 H2SO4 + 0.5 mol dm−3 2-propanol. Scan rate:
5 mV s−1
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in both experiments. Similarly, the m/z = 44 ion current sig-
nals, associated with the generation of carbon dioxide, are
presented in Fig. 7a. The observed mass signal intensity (m/z
= 44) occurs around 0.4 V in the anodic forward scan, and this
signal rises up to 0.9 V. In the reverse direction, CO2 is gen-
erated at potential above 0.5 V, with a peak at 0.5 V. On the
basis of the aforementioned outcomes, we can suppose that, in
case of cesium salts of phosphotungstic acid–modified sam-
ple, the most essential step is the dehydrogenation of adsorbed
2-propanol to form acetone that can further be oxidized to
CO2 with external oxygen from the water [6]. Moreover, these
data certainly do not allow us to claim that the rhodium-
containing systems facilitate the C–C bond breaking. Hence,
the modification of PtRh nanoparticles by CsPTA made some
enhancement effect, namely the increase of 2-propanol oxida-
tion current is almost perhaps due to higher acetone
production.

Conclusions

The oxidation of 2-propanol in acid medium (0.5 mol dm−3

H2SO4) was studied at surface of glassy carbon electrode with
CsPTA-modified PtRh/Vulcan nanoparticles. The outcomes
of the electrochemical diagnostic experiments exhibited that
the electrocatalytic activity of PtRh/Vulcan increased in the
presence of CsPTA in that lower onset potentials and higher
current densities in comparison to pristine Pt-based nanopar-
ticles were noted. The usefulness of the CsPTA is probably
related to the improved mobility of proton and availability at
the surface of catalysts. The observed improvement in elec-
trocatalytic current under chronoamperometric condition
proved the result of the cyclic voltammetric experiments.
The catalytic currents for modified and unmodified PtRh/
Vulcan nanoparticles have been correlated with the 2-
propanol oxidation main product yield. During the 2-
propanol electrochemical oxidation at the proposed samples,
acetone can be identified as the main product that begins at a
rather low potential, and CO2 is detected as well. The incor-
poration of cesium-substituted phosphotungstic acid on the
surface is able to either prevent this adsorption or favor the
creation of electro-oxidation products that have an insignifi-
cant tendency to link to the active catalytic centers.
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