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A B S T R A C T

Rhenium oxides are materials of interest for applications in the catalysis of reactions such as those
occurring in fuel cells and photoelectrochemical cells. This research work was devoted to the production
of rhenium oxide by means of pulsed current electrodeposition for the electrocatalysis of the hydrogen
evolution reaction (HER). Rhenium oxides were electrodeposited over a transparent conductive oxide
substrate (Indium Tin-doped Oxide – ITO) in an alkaline aqueous electrolyte. The electrodeposition
process allowed the production of rhenium oxides islands (200–600 nm) with the presence of three
oxidized rhenium species: ReIV associated to ReO2, ReVI associated to ReO3 and ReVII associated to H(ReO4)
H2O. Electrodeposited rhenium oxides showed electrocatalytic behavior over the HER and an increase of
one order of magnitude of the exchange current density was observed compared to the reaction taking
place on the bare substrate. The electrocatalytic behavior varied with the morphology and relative
abundance of oxidized rhenium species in the electrodeposits. Finally, two mechanisms of electro-
catalysis were proposed to explain experimental results.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rhenium oxides are of interest in industrial and technological
applications. Re2O7, ReO3 y ReO2 have been mostly used in
heterogeneous catalysis and fuel cells [1,2]. Recently there has
been an increased interest in applying these oxides to electro-
chromic devices [3], liquid crystal cells [1], fuel cells [4–6], and
photoelectrochemical cells [7–9]. This is because their cost is lower
than that of other materials, such as Pt, Pd or Rh.

In fuel cells and photoelectrochemical cells it is expected that
electrode materials exhibit the capability of sustaining high
current densities with low over potentials, which is to say, high
process rates [10,11]. In particular, ReO2 has proved capable of
activating the hydrogen evolution reaction (HER), with a behavior
similar to that of a Pt electrode [12,13].

This work deals with tuning process conditions for the
production of Re oxides for electrocatalytic applications such as
HER. A quick pulsed electrodeposition process (able to produce the
desired results in about 5 minutes) is proposed to develop
materials with the required surface characteristics (morphology
and composition) for the electrocatalysis of the HER. Re-oxides
were electrodeposited on Indium Tin-doped Oxide (ITO) from an
alkaline electrolyte in order to test the potential of these materials
for the production of H2. This paper also aims to show the efforts in
understanding the electrocatalysis mechanism of the HER over Re-
oxides, making emphasis in the underlying importance of the type
of rhenium oxide. It is necessary to point out that, to date, no
evidence has been presented in the scientific literature for the
pulsed-current electrodeposition of Re oxides.

2. Experimental details

2.1. Preparation of samples

Table 1 shows the experimental conditions that were studied in
this research. Experimental work to study the electrocatalytic
behavior of rhenium oxides was carried out by preparing a set of
solutions formed by reagent-grade ammonium perrhenate
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(NH4ReO4, Molymet S.A.), high purity sodium hydroxide (NaOH,
Sharlau), sulphuric acid (98% H2SO4, Merck) and deionized water
(Barnestead, Nanopure, 18 MV cm) at room temperature. These
solutions were used as electrolytes to produce rhenium oxides by
means of pulsed current electrodeposition, which were carried out
under a variety of selected conditions. Rhenium concentration in
solution was checked by optical inductively coupled plasma with a
Perkin Elmer Optima 5300DV unit. pH was measured after 12 h
prior to the electrodeposition at 25 �1 �C with a Schott Prolab
1000. There was no observed precipitation of salt crystals or any
other sediment from the electrolyte.

The electrodeposition of rhenium oxides was carried out in a
standard double jacket-glass electrochemical cell with two
electrodes (anode and cathode). A cathode of conductive indium
tin-doped oxide (ITO)-coated glass (Aldrich, 8–12 V sq�1) and
anodes of platinum (Pt, 99.9%) with an apparent surface area of
1.0 cm2 and 4.0 cm2 were used. The ITO-coated glass substrates
were cleaned by sonication for 5 min in various solutions: a)
acetone, b) ethanol, c) H2O2 and d) deionized water. Then the
substrates were dried in warm air. The platinum anode was
immersed in a 1:1 sulpho nitric solution (5 mol dm�3 H2SO4 + 5
mol dm�3 HNO3) for 60 s, then immersed in H2O2 for 120 s and
finally rinsed with deionized water. The anode-cathode separation
was 10 mm.

The pulsed current electrodeposition was conducted in a
reverse pulsing power supply (model WSe5-10/12, Novak Tech-
nologies); discrete values of the cell potential in the range 0.75–
2.75 V were recorded with the use of the power supply. All the
experiments were made to a total deposition time of 300 s. A
thermostat bath (Lauda Eco Gold RE415) was used to keep the
temperature at 25 � 0.5 �C inside the double jacket-glass cell and a
continuous bubbling of N2 was used to eliminate the oxygen in
solution, while stirring at 1200 rpm. The system was kept inside a
house-made Faraday cage in order to prevent electromagnetic
interference.

The ITO-coated glasses were copiously rinsed with deionized
water after the electrodeposition process. The films were
desiccated and heated in an argon atmosphere at a rate of 2 �C/
min to a final temperature of 180 �C and held for 2 h; the cooling
was made inside the oven in an argon atmosphere. Detachment of
the electrodeposited material was not observed. The resulting
films were compositionally homogeneous and were stored in a
desiccator for one week prior to characterization and further
analysis.

2.2. Materials characterization

The electrodeposited materials were examined with a FEI-
Quanta 250 FEG-ESEM scanning electron microscope (SEM)
operated at 20 kV. An Oxford Instruments Energy Dispersive X-
Ray (EDX) detector is attached to the SEM which allows the
chemistry of the samples to be investigated on the micron and sub-
micron scale; several readings were taken for each measurement

over sections of 240 � 240 mm2 and the reported values are
averages.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a Perkin Elmer PHI 1257 electron spectrometer.
Non-filtered Al-Ka radiation (hn = 1486.6 eV) was used as excita-
tion source. The take-off angle of the emitted photoelectrons was
set to 45� with respect to the sample surface normal. The data were
obtained at room temperature and typically the operating pressure
in the analysis chamber was maintained at ca. 10�7 Pa. Internal
calibration of the binding energy (BE) of the spectra was made by
using the C-1s line of adventitious carbon, setting it at 284.8 eV.
The accuracy of the BE scale was �0.1 eV. High resolution spectra of
Re 4f electronic transitions were taken and averaged during data
acquisition. In order to accurately determine the BE of the different
element core levels, high resolution spectra were always fitted
using Voigt functions. A background curve was subtracted by the
method devised by Shirley [14]. Spectra were handled and fitted
using UNIFIT software. The following criteria were employed to
analyze Re spectra: i) the area of the 4f5/2 peak was constrained to
be 75% of the 4f7/2 peak area; and ii) both peaks were set to have the
same shape and the same full-width at half maximum (FWHM).

2.3. Electrochemical characterization

The electrocatalytic behavior of rhenium oxides electrodepos-
ited by pulsed current for the hydrogen evolution reaction was
studied by means of cyclic voltammetry (CV). For the CV
experiments, a three-electrode system was employed with
platinum as a counter electrode and an Ag/AgCl/KCl (saturated)
reference electrode. All potentials are referred to this electrode. Re
oxides electrodeposited by pulsed current over ITO substrates
were used as working electrodes for the electro catalytic study. The
geometric area of the electrode (1.0 cm2) was used as a reference
for the density current. The electrolyte was an acidic aqueous
solution at pH 0.38 � 0.01 (0.5 mol dm�3 H2SO4) in deionized water
(Barnestead, Nanopure,18 MV cm). The experiments were made in
static conditions after a purge for 15 minutes with N2; an
atmosphere of the same gas was kept over the solution during
the experiment to avoid an excessive presence of oxygen.
Measurements were conducted at 25 � 0.1 �C. The cyclic voltam-
mograms were recorded with a radiometer PGZ301 potentiostat-
galvanostat controlled by a PC equipped with Voltamaster
4 software. The analysis region during the experiment covered
the range +0.5 V to �0.5 V vs. Ag/AgCl/KCl and the scanning rate
was between 0.005 V s�1 and 0.5 V s�1. Dynamic ohmic drop
compensation was performed during data acquisition by using a
function available in the electrochemical interface. The system was
kept inside a house-made Faraday cage in order to prevent
electromagnetic interference. The scans were run from anodic to
cathodic potentials and three experiments were run for every
condition in order to ensure reproducibility. Exchange current
density (jo) and charge transfer coefficient (a) were calculated
considering the high-field approximation to the Butler-Volmer
equation [15,16]. The parameters jo and a were obtained by a linear

Table 1
Experimental conditions for the pulsed current electrodeposition of rhenium oxides.

Experiment NH4ReO4

[mol dm�3]
NaOH
[mol dm�3]

H2SO4

[mol dm�3]
pH Cathodic

parameters
Anodic
parameters

Ic
[10�3 A]

tc
[10�3 s]

Ic
[10�3 A]

tc
[10�3 s]

1 0.02 � 0.001 0.90 � 0.04 0.45 � 0.02 8.49 � 0.01 1 100 1 10
2 5 100 1 10
3 0.04 � 0.002 0.90 � 0.04 0.45 � 0.02 8.45 � 0.01 1 100 1 10
4 5 100 1 10
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fitting of the experimental data using OriginPro v. 8.1 software with
a correlation coefficient (R2) higher than 0.99 and a chi-squared
(x2) value lower than 5.

3. Results and discussion

Fig. 1 shows SEM images of the rhenium oxides electro-
deposited by pulsed current over ITO substrates; brighter zones
corresponded to the electrodeposits whereas darker zones
corresponded to the substrate. SEM analysis showed that the size
of electrodeposited islands was less that 600 nm. The latter is a
result of a deposition time (300 s) that prevented the formation of a
dense thin film on the ITO substrate thus having a low impact on
the transparency of the substrate after the electrodeposition of Re
oxides. Also, it is important to note that dispersion and distribution
of the islands of Re oxides depend on process conditions.

In the described process conditions, an increase in ReO4
� ions

concentration caused an increasing of the amount of electro-
deposited material as well as the size of the observed nuclei. On the
other hand, increasing the process current density caused a
decrease in nuclei size. The first effect was the result of an
improvement in the electrodeposition rate, given that a greater
amount of ReO4

� ions in solution enhanced the mass transport in
the electrolyte, thus increasing the amount of ions being reduced
on the cathode surface. The second effect may be explained by
considering that an increase in the cathodic current density
favored a progressive nucleation rather than an instantaneous one.
This meant that, at a current density of 50 A m�2 the material tends
to form small islands that gradually occupy the free sites on the
substrate surface without overlapping, whereas, at a current
density of 10 A m�2 the material tends to grow on previously
formed nuclei. The effect of nucleation type (instantaneous or
progressive) influences the growth type and, as a result, the
generated structures. Due to this effect, it is possible to state that

the material presents well-defined facets, which suggests the
formation of a crystalline compound based on Re oxides. The
adopted forms are important because they generate electrochemi-
cally active zones, which will be important for ion intercalation
(H+).

As to the electrodeposition mechanism, it is necessary to
consider that the reduction sequence from perrhenate ion (ReO4

�)
to Re (VI) oxide, Re (IV) oxide or metallic Re is affected by the
presence of the HER [17,18]. The latter is faster than ReO4

�

reduction, which negatively affects the faradic efficiency of the
process, but may help controlling nuclei growth by confining the
electrocrystallization reaction to the spaces left between the
bubbles of generated hydrogen, thus limiting nuclei growth.
However, nuclei growth control through the HER may be a great
challenge. This is due to the great difference in species concen-
trations (water is the solvent, whereas the solute is between
0.02 mol dm�3 and 0.04 mol dm�3) and also to the fact that the
electrodeposited Re species may catalyze the same HER. SEM
observations allow the following statement: a correct combination
of electrodeposition parameters in alkaline solution may produce
tailor-made materials based on Re oxides.

The surface of the electrodeposited materials was analyzed by
means of energy dispersive spectrometry (EDS) and the results for
elemental chemical composition are shown in Table 2. The latter
contains composition data for Re, In, Sn and O measured in
240 � 240 mm2 sections. Elements which are contained by the
substrate's glass (Si-SiO2, Na-Na2SO4, Ca-CaO, Mg-MgO y Al-Al2O3)
were excluded from the calculation matrix. As to the elements
which are contained in the ITO substrate, it is necessary to consider
that their variation is related to the calculation matrix; this does
not imply that elements such as In or Sn are lost. It is possible to
determine the effect of process variables not only on material
morphology, but also on the Re concentration found on the surface.
The concentration of the ReO4

� ions in solution influences the

Fig. 1. SEM images of rhenium oxides electrodeposited by pulsed current over ITO substrate obtained at different process conditions: a) 0.02 mol dm�3 ReO4
� @ 10 A m�2; b)

0.04 mol dm�3 ReO4
� @ 10 A m�2; c) 0.02 mol dm�3 ReO4

� @ 50 A m�2; and d) 0.04 mol dm�3 ReO4
� @ 50 A m�2.
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amount of Re in the deposit, due to a greater mass of ions available
for reduction on the ITO surface. Equally, a cathodic current density
of 50 A m�2 determines an increase in the amount of deposited Re,
which is in agreement with Faraday’s law.

However, it should be noticed that the magnitude of the effect
of process parameters on the Re concentration in the deposit
varies. An increase in perrhenate concentration causes a greater
increase of Re in the deposit than an increase in cathodic current
density. This is caused by the fact that an increase in ReO4

�

concentration in solution favors the mass transport rate, whereas
an increase in the cathodic current density, apart from accelerating
the reduction of ReO4

�, also makes the HER rate greater. In process
terms, this means that, to favor the incorporation of Re in the
deposit, the increase in perrhenate concentration should be
privileged, instead of that of the cathodic current. This is to hinder
an excessive reduction in the cathodic efficiency, apart from
problems associated with hydrogen adsorption and fragilization by
hydrogen.

In Fig. 2, the high-resolution XPS spectra for the Re 4f shell of
various materials electrodeposited on an ITO substrate are shown.
The distribution of Re oxidation states on the surface of the
electrodeposited materials is also shown in this figure. This
distribution was estimated by adjustment of the spectrum curves.

In particular, the spectra show the characteristic 4f7/2 and 4f5/2 Re
doublets. The best adjustment of Voigt functions was obtained by
using six components belonging to three Re valences. Three
oxidized Re species were identified: a) near 41.9 � 0.1 eV, b) near
43.7 � 0.2 eV, and c) near 46.1 �0.2 eV. These values showed a
chemical shift near 1.5 eV, 3.3 eV and 5.8 eV, with respect to
metallic Re 4f7/2 (40.31 �0.06 eV). The peak at 41.9 eV was assigned
to ReIV in the ReO2 compound [19,20], the peak at 43.7 eV was
assigned to ReVI in the ReO3 compound [19,21], and the peak at
46.1 eV was assigned to ReVII in the H(ReO4)H2O compound [21–
23].

According to the previously reported electrodeposition mecha-
nism [18], the electrocrystallization process of Re oxides in
aqueous alkaline solution may advance towards the gradual
formation of intermediate oxides in the ReVII$ ReVI$ ReIV

sequence. According to XPS analysis, the principal species that
coexist on the surface of the electrodeposited material were ReIV,
ReVI and ReVII. The ReIV and ReVI species are expected in the system,
but the ReVII species arises from aging of the material as a result of
its interaction with the environment [23].

Table 3 summarizes the values of photoelectron lines for Re
found in high-resolution spectra and the corresponding FWHM,
apart from values for the relative abundances for each Re species as

Table 2
Surface chemical composition of the electrodeposits on the ITO substrate (Average concentration, wt%).

Electrodeposit Electrolyte Cathodic Parameter Re In Sn O Total

1 (0.02 mol dm�3 ReO4
�) (jc = 10 A m�2) 5 � 2 73 � 3 10 � 2 12 � 2 100

2 (jc = 50 A m�2) 5 � 1 70 � 2 11 � 2 14 � 1 100
3 (0.04 mol dm�3 ReO4

�) (jc = 10 A m�2) 7 � 3 73 � 3 12 � 2 8 � 2 100
4 (jc = 50 A m�2) 10 � 2 68 � 2 11 � 2 11 � 2 100

Bare ITO – 72 � 3 14 � 2 14 � 3 100

Fig. 2. High-resolution XPS spectra of the Re 4f core levels for the electrodeposited Re oxides on ITO substrate at different process conditions: a) 0.02 mol dm�3 ReO4
� @

10 A m�2; b) 0.04 mol dm�3 ReO4
�@ 10 A m�2; c) 0.02 mol dm�3 ReO4

�@ 50 A m�2; and d) 0.04 mol dm�3 ReO4
�@ 50 A m�2. The thicker line is the fitting of the experimental

data (open circles) by Voigt functions (dotted lines).
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a function of the electrodeposition process conditions. The
differences between the values reported in the literature and
those experimentally determined by the authors may be explained
considering that the electrodeposited material is composed of a
mixture of Re oxides of various valences. As a result, the binding
energy may vary as a function of the closest neighbors, which
modify the electronic environment surrounding each site [21,24].
Additionally, the differences in Re oxidation states on the surface
and the FWHM of the peaks could be an indication that the
electrodeposited material is a mixture of oxides of various valences
that are not fully integrated with each other. This condition implies
that both oxidized Re compounds may be separated but
distinguishable by their structure (amorphous or crystalline). It
is important to stress that the values for the FWHM for the ReVII

species are lower than those for the ReIV species, which probably
indicates that the first species exhibits a greater crystallinity than
the second one [25].

The species ReIV, ReVI and ReVII present the same factor of
atomic sensitivity and, as a result, it is possible to calculate the
relative abundance of each Re species. This is the basis for a
comparison of the variation of the ReIV: ReVII ratio for each one of
the electrodeposition conditions, as shown in Table 3; the relative
abundance of ReVI is significantly lower by comparison with the
other two species and therefore can be consider that would not
play a determinant role in the electrocatalysis mechanism. The
variation in the amount of the ReVII species is linked to the relative
concentration of the species which produce it. In agreement with
this, and with the fact that the H(ReO4)H2O compound is not an
expected product of the electrodeposition (as it arises from the
interaction between the ReIV and ReVI species and their environ-
ment), it is possible to infer indirectly that the material which
electrodeposits on ITO contains the species mentioned in the
previously proposed mechanism [18,23]. When comparing the
relative surface abundances ReIV: ReVII for each process condition,
as shown on Table 3, it becomes clear that an increase in ReO4

� ion
concentration in the electrolyte reduces the relative abundance of
the ReO2 compound. This situation also arises when the cathodic
current density increases. Both factors may be the result of the
formation of a greater amount of both ReIV and ReVI species. Their
interaction with the environment leads to a greater surface
formation of the H(ReO4)H2O compound.

Fig. 3 shows cyclic voltammograms representative of the
materials being studied (ITO and Re oxide electrodeposits)
obtained at a 200 mV s�1 sweep rate. In particular, it is possible
to state a low reaction rate of the HER on ITO with values above
�0.02 A m�2 at a potential of �0.4 V vs. Ag/AgCl/KCl. Considering
this, it is possible to state that the ITO surface presents a behavior
similar to an ideally polarizable electrode where there is no charge

transfer through the electrode/electrolyte interface and leading to
a low HER rate. The low HER rate is also linked to a low H+

adsorption on the ITO surface [26].
On the other hand, when analyzing the HER rate on the

electrodeposited materials, it is possible to state in the first
instance that the values on the current density axis are
significantly higher than in the case of the substrate without
deposit; for instance, for a potential of �0.4 V vs. Ag/AgCl/KCl, the
current density is of the order of 40 to 100 times greater. The
increase in the HER is then the product of the presence of Re oxides
that contribute the observed electrocatalytic effect.

As to the possibility of electrochromism, it is necessary to point
out that none of the samples exhibited color changes during the

Table 3
Binding energy of the Re 4f photoelectron lines and relative abundances of ReVII, ReVI and ReIV species on the electrodeposit surface. (*) All energies are referred to the C 1s
photoelectron line (284.8 eV). (**) Figures in brackets represent the FWHM of the peak.

Photoelectron line
(*)

Species Electrolyte - 1 0.02 mol dm�3 ReO4
� Electrolyte - 2 0.04 mol dm�3 ReO4

�

Process Condition - A
jc = 10 A m�2

Process Condition - B
jc = 50 A m�2

Process Condition - A
jc = 10 A m�2

Process Condition - B jc = 50 A m�2

Re 4f7/2 (eV) (**) Re (IV) 41.7 (2.6) 41.9 (2.9) 41.8 (2.2) 42.0 (2.5)
Re (VI) 44.0 (1.0) 43.6 (1.3) 43.5 (2.3) 43.5 (2.0)
Re (VII) 46.2 (2.0) 45.8 (1.7) 46.3 (2.0) 46.1 (1.9)

Re 4f5/2 (eV) (**) Re (IV) 44.2 (2.6) 44.4 (2.9) 44.2 (2.2) 44.4 (2.5)
Re (VI) 45.9 (1.0) 46.8 (1.3) 46.0 (2.3) 46.1 (2.0)
Re (VII) 48.3 (2.0) 48.2 (1.7) 48.6 (2.0) 48.5 (1.9)

Re (IV) 77.0 % 54.4 % 27.2 % 37.4 %
Re (VI) 1.8 % 2.2 % 7.7 % 3.7 %
Re (VII) 21.3 % 43.4 % 65.1 % 58.8 %

100.0 % 100.0 % 100.0 % 100.0 %
Re(IV): Re (VII) 3.6: 1 1.3: 1 0.4: 1 0.6: 1

0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6
0.03

0.02

0.01

0.00

-0.01

-0.02

-0.03

-0.04
 Bare ITO

j /
A

 m
-2

E vs (Ag/AgCl) / V

0.6 0. 4 0. 2 0. 0 -0.2 -0.4 -0.6

2

0

-2

-4

-6

-8

-10

-12

-14

Peak I'

Peak I

j /
A

 m
-2

E vs (Ag/AgCl) / V

0.02  mol d m-3 ReO
4

- @ 10 A m-2

0.02  mol d m-3 ReO
4

- @ 50 A m-2

0.04  mol d m-3 ReO
4

- @ 10 A m-2

 0.04 mol dm-3 ReO
4

- @ 50 A m-2

a)

b)

Fig. 3. Voltammograms measured in 0.5 mol dm�3 H2SO4 solutions on: a) bare ITO,
and b) rhenium oxides electrodeposited by pulsed current obtained at various
process conditions (Scan rate n = 200 mV s�1).
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cyclic voltammetry tests. The transparency of the system
(substrate + electrodeposit) was maintained throughout, which
supports the statements made in [27], i.e. electrodeposited
rhenium oxides did not exhibited electrochromic behavior. Neither
physical nor electrochemical changes were observed during
recording voltammograms that could indicate the dissolution/
deposition of the rhenium oxides.

The electrocatalytic effect is noticeable in the electrodeposited
Re oxide materials, but it is necessary to stress that the mechanism
through which it accelerates the HER is different for each one of the
studied materials. Those electrodeposits arising from a 0.02 mol
dm�3 ReO4

� electrolytes at 10 and 50 A m�2 exhibited exponential
curves typical of a process under charge transfer control. This could
indicate that the step previous to proton adsorption (H+

ad) does not
involve intercalation in the solid, which suggests that the
electrocatalysis process is mainly controlled by electron transfer
on the surface of the electrodeposited material. The said control is
primordially associated to the Re species which interacts in the
electrolyte-surface interface during the HER, therefore, consider-
ing that these deposits exhibited strong XPS photoelectron signals
associated to ReIV in ReO2, it is possible to state that this species is
dominant in the electrocatalysis phenomenon. This statement is
also founded in the fact that, in the ReO2 structure, each metallic
center is coordinated with at least six O atoms and two Re atoms (a
structure of the disordered rutile type), which allows better
electron transfer for the HER.

Under these assumptions, it is possible to propose an electro-
catalysis mechanism for the HER where the first step requires
reduction of the metallic center according to Eq. (1) (see below),
which causes the loss of a positive charge from the solid structure.
This may lead to the surface adsorption of a proton, as shown in
Eq. (2). The H+

ad species may interact with a homologous species to
form molecular hydrogen (H2) and regenerate the catalyst, as
shown in Eq. (3). It is necessary to mention that these reactions
take place simultaneously to the reaction shown in Eq. (4).

(ReIVO2)(s) + e�! (ReIIIO2)�1
(s) (1)

(ReIIIO2)�1
(s) + H+! (H+

adReIIIO2)(s) (2)

2(H+
adReIIIO2)(s)! 2(ReIVO2)(s) + H2(g) (3)

2H+ + 2e�$ H2 (4)

On the other hand, those materials that were electrodeposited
from an electrolyte with a concentration of 0.04 mol dm�3 ReO4

� at
10 y 50 A m�2, also showed a kinetic behavior where the HER was
charge transfer controlled. However, in these cases the voltammo-
grams also revealed the presence of a cathodic peak (Peak I) with
its corresponding anodic peak (Peak I’) as shown in Fig. 3.
Figs. 4 and 5 show values for the potential (Ep vs n, n being the
sweep rate) and current density (jp vs n1/2) for the cathodic peak
(Peak I) and the anodic peak (Peak I’) for the materials being
considered. These values were determined at a sweep rate (n)
between 50 and 500 mV s�1, given that, at lower values (5, 10 and
20 mV s�1) the system proceeds under charge transfer control; as a
result, the peaks (I and I’) were not observed. The values
determined for electrodeposited materials in an electrolyte with
a concentration of 0.04 mol dm�3 ReO4

� at 10 and 50 A m�2, exhibit
the same tendency. Hence, it is possible to infer by direct
comparison that their magnitudes are statistically similar.

In the case of the cathodic peak it was observed that the
potentials (Ep,c) shifted to more negative values as a consequence

of an increase in sweep rate (n), whereas the current density (jp,c)
grows with increasing sweep rate (n). On the other hand, in the
case of the anodic peak, the potentials (Ep,a) show a tendency to be
less negative with increasing current density (jp,a). Given these
characteristics and their dependence on the sweep rate, it is
possible to establish that the cathodic peak (Peak I) and the anodic
one (Peak I’) follow a quasi-reversible process, influenced by mass
transport [28].

Considering the presence of a quasi-reversible reaction
influenced by mass transfer kinetics in solid state, and given that
the peaks are sited in a region close to the HER, this
electrochemical process is assigned to proton adsorption (H+

ad)
on the electrodeposited material. The peaks I and I’ have similar
characteristics than the ones found in metallic and metallic alloys
that are capable of absorbing H, therefore this could be considered
as a proof of the presence of a characteristic under-potential
adsorbed hydrogen (HUPD) species on the Re oxides electrode. A
difference was established between the materials which were
electrodeposited at a concentration of 0.02 mol dm�3 ReO4

� and
those electrodeposited at 0.04 mol dm�3 ReO4

�. XPS photoelectron
signals associated to ReVII in H(ReO4)H2O, were found to have
higher intensity than the signals of ReIV in ReO2. This oxide
presents the highest Re oxidation state and a crystalline structure
formed by tetrahedra (ReO4)�, which would have enough space for
(H+

ad) ions intercalation.
Previously, an electrocatalysis mechanism was proposed, which

was based on the greater action of the ReIV species in ReO2. In this
case, the metallic centers of (ReO4)� are not directly coordinated
with metallic Re, therefore, the mechanism should contemplate
the action of isolated metallic centers which function indepen-
dently. As a result, it is possible to propose an electrocatalysis

Fig. 4. Values for the cathodic peak I and anodic peak I’ of rhenium oxides, electro
deposited by pulsed current using an electrolyte with 0.04 mol dm�3 ReO4

� @
10 A m�2. Peak potential (Ep vs (Ag/AgCl)) as a function of scan rate (n) and peak
current density (jp) as a function of square root of scan rate (n�1/2). The
voltammograms were recorded in 0.5 mol dm�3 H2SO4 electrolytes at 25 �C.
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mechanism for the HER where the first step corresponds to a
reduction of a metallic center according to Eq. (5), where the
positive charge is replaced by the adsorption and intercalation of a
proton, as shown in Eq. (6). The metallic center of Re is still able to
reduce, as shown by Eq. (7). In order to compensate for the loss of a
positive charge (through Re reduction) a proton is adsorbed and
intercalated, as shown by Eq. (8). As a consequence, the two
adsorbed protons come into contact and, by reduction, generate H2

and regenerate the catalyst (ReO4)�, as expressed by Eq. (9). Similar
to what was said for materials obtained from an electrolyte with a
concentration of 0.02 mol dm�3 ReO4

�, these reactions proceed
simultaneously to the reaction shown in Eq. (4).

(ReVIIO4)�(s) + e�! (ReVIO4)�2
(s) (5)

(ReVIO4)�2
(s) + H+! (H+

adReVIO4)�(s) (6)

(H+
adReVIO4)�(s) + e�! (H+

adReVO4)�2
(s) (7)

(H+
adReVO4)�2(s) + H+! (H+

ad2ReVO4)�(s) (8)

(H+
ad2ReVO4)�(s)! (ReVIIO4)�(s) + H2(g) (9)

This mechanism involves two more steps tan the previous one.
However, this does not exclude the possibility of a joint or synergic
action of the Re IV–VII species which may then influence the electro
catalysis of the HER. This event, added to the various morphologic
characteristics of the electro deposited materials, has an effect on
the rate of the HER (H+/H2) as will be presently shown. The
proposed mechanism in Eqs. (1)–(3) and (5)–(9) hypothesized a
possible reaction path through the HER over Re oxides electrode.
From this is clear that no spectroscopic information of the
reactions occurring during the process supporting this mechanism.
However, it is worth mentioning that obtaining in situ spectro-
scopic information of the electrocatalysis process of rhenium oxide
is a highly interesting challenge but not yet resolved. Thus this
proposed mechanism aims to be a milestone in the elucidation of
the electrocatalysis process over rhenium oxides electrode.

Taking into account that the rate of the HER is charge transfer
controlled, Tafel equation was adjusted to the cathodic part of the
cyclic voltammograms for cathodic over potentials lower than
�200 mV (h < �200 mV). In this fashion, it was possible to
determine the exchange current density (j0) of the HER for each
one of the electrodeposited materials, as shown in Table 4. The
electrocatalytic effect mentioned in a previous section was thus
quantified, which made it evident that there is a clear distinction
between the exchange current density on the electrodeposited
materials as compared with its value on the ITO substrate (an
increase of one order of magnitude). The exchange current density
gave similar magnitude to values reported for solid electrodes of Re
(7.24 �10�2 A m�2) and of Au (0.31–31.60 � 10�2 A m�2) [11].
Among the electrodeposited materials it may be observed that
those obtained from an electrolyte with a concentration of
0.04 mol dm�3 ReO4

�, exhibit a greater j0 value than those obtained
from an electrolyte with a concentration of 0.02 mol dm�3 ReO4

�.
This result is a consequence of the greater amount of Re oxides on
the surface of the electrodeposited material, as well as of the
reduction of space between the ‘islands’ (nuclei of electro-
deposited material) and the increase in grain size of the electro-
deposits produced from an electrolyte with a concentration of
0.04 mol dm�3 ReO4

� when compared to deposits obtained from
an electrolyte of 0.02 mol dm�3 ReO4

�.
Electrodeposited materials from electrolytes with a concentra-

tion of 0.02 mol dm�3 ReO4
�showed a ‘dispersed islands’ mor-

phology with a lower average Re concentration, lower rugosity,
lower grain size and lower Re(VII) concentration in comparison
with deposits from a 0.04 mol dm�3 ReO4

� solution. Rugosity
estimations by means of Atomic Force Microscopy (AFM) have
shown that electrodeposits obtained from a 0.02 mol dm�3 ReO4

�

solution had an average roughness (Ra) between 11 to 17 nm, while
electrodeposits obtained from a 0.04 mol dm�3 ReO4

� solution had
an average roughness (Ra) between 16 to 23 nm (data not shown
for the sake of brevity). Rugosity plays an important role in
electrocatalysis, because it defines the form of the diffusion profile
of the H+ and H2 species in the electrolyte-catalytic surface
interface. The smoother the sample, the lower the surface area and

Fig. 5. Values for the cathodic peak I and anodic peak I’ of rhenium oxides,
electrodeposited by pulsed current using an electrolyte with 0.04 mol dm�3 ReO4

�

@ 50 A m�2. Peak potential (Ep vs (Ag/AgCl)) as a function of scan rate (n) and peak
current density (jp) as a function of square root of scan rate (n�1/2). The
voltammograms were recorded in 0.5 mol dm�3 H2SO4 electrolytes at 25 �C.

Table 4
Kinetic parameters of the HER on rhenium oxides electrodes electro deposited by pulsed current in acidic medium at 25 �C (Scan rate n = 10 mV s�1).

Electrodeposit Electrolyte Cathodic Parameter j0 [A m�2] a h1000 [V]

1 (0.02 mol dm�3 ReO4
�) (jc = 10 A m�2) 0.019 � 0.001 0.451 � 0.005 �0.620 � 0.003

2 (jc = 50 A m�2) 0.024 � 0.002 0.406 � 0.005 �0.605 � 0.003
3 (0.04 mol dm�3 ReO4

�) (jc = 10 A m�2) 0.021 � 0.001 0.574 � 0.005 �0.482 � 0.001
4 (jc = 50 A m�2) 0.027 � 0.002 0.493 � 0.005 �0.549 � 0.003
Bare ITO 0.008 � 0.001 0.084 � 0.001 �3.577 � 0.030
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the diffusion front behaves smoothly, whereas disperse nuclei
present their own diffusion profile depending on their shape. This
results in a distribution of proton diffusion profiles that, jointly,
may diminish the process rate and increase the over potential
required for the HER [15].

The values for the charge transfer coefficient (a) were
estimated, as shown in Table 4. This coefficient is a geometry
factor linked to the relative position of the Gibbs free energy curves
corresponding to reactants and products in an electrochemical
reaction [15]. It is then understood that the a parameter may take
up values between 0 and 1, which shows that equilibrium may be
displaced towards reactants or products, respectively. It is
important to underline that the a values exhibited by the HER
reaction on the electrodeposited materials are higher than those
exhibited by the reaction on the ITO substrate, whose value is close
to zero.

Finally, Table 4 shows the over potential necessary to reach a
current density of 1000 A m�2 (h1000) for the HER on each one of
the studied surfaces. These values were calculated taking into
account the previously reported kinetic parameters (j0 y a). The
determination of these values is important because they allow
understanding, for instance, of the way the cathodic half-cell
would operate in the process of water splitting or electrohydrolysis
for the production of H2. The ITO surface shows that a high over
potential value is required to reach a considerable HER rate, which
reaffirms the ideally polarizable electrode behavior previously
discussed. The electrodeposited materials showed a better
behavior in terms of the required over potential to reach a rate
of 1000 A m�2 for the HER. In particular, it is to be noticed that the
electrodeposited materials which arose from an electrolyte with a
concentration of 0.04 mol dm�3 ReO4

� exhibit a better effect on the
electrocatalysis of the HER, where best results were obtained with
a material which was electrodeposited at a cathodic current
density of 10 A m�2.

4. Conclusions

Using electrodeposition with periodic current reversal and
varying the concentration of the ReO4

� ion, Re oxides with a grain
size of 200–500 nm were obtained on ITO. The increase in the
concentration of the ReO4

� ion caused an increase in the amount of
Re in the deposit, due to an improvement of mass transfer in the
electrocrystallization process. On the other hand, an increase in the
cathodic current density favors progressive nucleation instead of
instantaneous nucleation of the electrodeposited material, due to a
higher availability of charge per unit area on the electrode surface.
It is then possible to adjust the composition and morphology of the
electrodeposit by varying the concentration of the ReO4

� ion and
the cathodic current density according to the requirements of HER
electrocatalysis.

The Re oxide electrodeposits, which exhibited island shapes,
showed an electrocatalytic behavior for the HER which was a
function of their chemical composition and morphological
characteristics, which can be compared to the behavior or
smooth-surfaced Re and Au electrodes reported in the literature.
The ReVII/ReIV ratio of Re species in the electrodeposit exhibited an
influence on the HER electrocatalysis process. A greater abundance
of the ReVII species would cause a greater HER rate than that
generated by the ReIV species. Two possible electrocatalysis
mechanisms were postulated that depend on the dominant
species on the surface of the electrodeposit. The first mechanism
was presented in reactions 1 to 4, where ReIV would be the
dominant species whereas equations 5 to 9 present a second
mechanism which considers ReVII as dominant species.

The electrocatalytic behavior of the electrodeposited materials
is linked to Re concentration and electrodeposit morphology. The

electrodeposit obtained at a ReO4
�concentration of 0.04 mol dm�3

at a current density of 10 A m�2 exhibited the best electrocatalytic
properties towards the REH (H+/H2). As a function of the h1000

parameter, an improvement of between 17 and 32% was observed
in comparison with the other three electrodeposited materials.
From the cyclic voltammograms recorded at a ReO4

� ion
concentration of 0.04 mol dm�3 with current density of 10 and
50 A m�2, it was found that these electrodeposits may intercalate
protons (H+ ions). This behavior, apart from contributing to a better
performance towards the HER, may open the possibility of using
the electrodeposit as a supporting material for Mo and W oxides in
electrochromic applications.
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