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of -0.4 V.

Electrochemical synthesis of hydrogen bronze films including molybdenum, tungsten and vanadium are
useful electrocatalytic films. This paper describes reproducible hydrogen molybdenum bronze film
formation on indium tin oxide and carbon paper substrates by electrodeposition. Film formation is a
kinetic process dependent on concentration, time and potential. Bulk electrolysis over time determined
the dependence of film thickness on time of deposition. Once the films were prepared, the films were
characterized by thickness, conductivity, XPS and X-Ray Diffraction. Cyclic voltammetry in dilute sulfuric
acid confirmed that these films are not electrochromic. Hydrogen bronze films on conductive carbon
paper were also prepared. Carbon dioxide bubbled into 0.5 M NaHCO3 using a hydrogen bronze film as
the working electrode resulted in formate quantified by ion chromatography. Cyclic voltammetry and
Tafel plots using the as deposited films in 0.5 M NaHCOs3 saturated with CO2 showed catalytic activity
toward reduction of carbon dioxide. A Farradaic efficiency of 8% was obtained with an applied potential

1. Introduction

Over the years, a significant amount of work has been done using
hydrogen metal oxide films referred to as hydrogen bronze films. These
films have hydrogen incorporated into the oxide. Molybdenum oxide
forms a blue hydrogen bronze having the formula HxMo3*Mo¢t,0s [1].
Other examples of hydrogen bronze forming oxides include tungsten and
vanadium oxide. These films are of interest due to having electrochromic
properties, useful as chemical sensors, neutralization of explosives,
chemical catalysis and in solar cell technology [2-6]. One potential use for
hydrogen bronze films deposited on carbon paper is as an electrocatalyst
for reduction of carbon dioxide (COz). A number of studies use carbon as a
support for electrochemical reduction of CO2 permitting comparison of
proposed research results. Lead and tin alloys on carbon paper have been
shown to have high faradaic efficiencies (80%) at -2.0 V vs. Ag/AgCI [7].
Nitrogen doped nanodiamond has been used to reduce CO2 to acetate with
greater than 90% faradaic efficiency requiring an overpotential of -0.8 to -
1.0 V vs. RHE [8]. A palladium carbon ink supported on titanium foil has
been used for electrochemical reduction. In 0.5 M NaHCOs3 saturated with
COz2 the faradaic efficiency decreases by 80% at -0.35 V in three hours due
to carbon monoxide poisoning [9]. Palladium nanoparticles drop-dried on
a carbon support is another example in which faradaic efficiency for
reduction of COz is 97% with a current density of 22 mA/cm?. Once again,
after an hour the performance of the catalyst drops quickly due to catalytic
poisoning [10]. Just this year, sulfur modified copper catalysts on carbon
maintained a faradaic efficiency of up to 80% over 12 hours. However, an
over potential of -0.8 V vs. the normal hydrogen electrode (NHE) was
required [11]. Nitrogen doped carbon electrocatalyts are gaining attention
[12, 13]. Electrochemical reduction experiments resulted in a faradaic
efficiency of 93% requiring an over potential of 0.560 V. Performance
significantly dropped within the first two hours and retained 63% percent
faradaic efficiency after 12 hours [14]. Platinum catalysts have been used
to reduce the required overpotential for reducing COz to methane but the
faradaic efficiency is only 6.8% [15]. There is a need to continue to develop
carbon supported catalyst to reduce the required overpotential for
reduction of COz and maintain reduction over long periods of time. This
work explores using electrodeposited hydrogen bronze films for reduction
of COa.
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A number of methods result in preparation of hydrogen bronze films.
These include metal vapor deposition followed by oxidation, sol-gel
methods, thermal decomposition of ammonium heptamolybdate or
reacting the oxide with alcohols or glycols [6, 16-19]. One article presses
hydrogen molybdenum bronze solid into a pellet exposing one side to
sulfuric acid, and silver paste coats the other side. Cyclic voltammetry (CV)
in dilute sulfuric acid appears to show reversible intercalation of
hydronium ions into the molybdenum oxide lattice. Another method for
forming hydrogen bronze films is electrochemical deposition. The film is
prepared by deposition on metal substrates or indium tin oxide [20]. Two
primary methods involve either dissolution of molybdenum metal or
powder in hydrogen peroxide forming peroxymolybdic acid which serves
as the electrolyte for electrodeposition or dissolving sodium molybdate
and adding hydrogen peroxide [2, 21-25]. Co-deposition of the films with
platinum is also possible [26]. This article focuses on electrochemical
deposition of hydrogen molybdenum bronze due to interest in using the
hydrogen bronze film supported on conductive carbon paper as an
electrocatalyst. The mechanism by which a blue hydrogen molybdenum
bronze can be electrodeposited as a film much like tungsten remains
poorly understood [27]. The process of preparing peroxymolybdic acid
from molybdate and adding hydrogen peroxide is shown below in Eq.(1)
[28]:

MoOi* + 2 H202 = M002(02)5~ + 2H20 1

In doing so, as the reaction proceeds a yellow color results. Continued
stirring results in a colorless solution. More peroxide and adjusting to a pH
of 2.0 results in the yellow form of peroxymolybdic acid shown in Eq. (2)
[28]:

H* + M002(02)3~ = HMo002(02)3~ (2)

This work explores reproducible preparation of hydrogen molybdenum
bronze films using molybdate, hydrogen peroxide and sulfuric acid. The
resulting solution has been used to electrodeposit hydrogen bronze films
onto indium tin oxide(ITO) and conductive carbon substrates. Cyclic
voltammetry was used to explore electrochromism of the films. Using
carbon dioxide saturated sodium bicarbonate electrolyte and the
electrodeposited film as the working electrode, carbon dioxide was
reduced to formate quantified by ion chromatography. Cyclic voltammetry
showed that the as deposited films are catalytic toward reduction of COo.
Faradaic efficiency was found to be 8% with an applied potential of -0.4 V.
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2. Experimental Methods

2.1 Materials

All chemicals and conductive carbon sheets were purchased from VWR.
The exception was 3% hydrogen peroxide purchased locally. The ITO
substrates were purchased from Deposition Research Inc. Ultrapure water
was always used and generated using a Millipore system. Airgas provided
carbon dioxide. All potentials reported using the silver chloride reference
electrode (1.0 M KCI).

2.2 Electrodeposition of Hydrogen Molybdenum Bronze Films

To prepare the peroxymolybdic acid, approximately 2.5 g of soldium
molybdate dihydrate was dissolved in 10 mL of 3% hydrogen peroxide.
This resulted in yellow solution immediately and a clear solution after
stirring overnight. The yellow peroxymolybdic acid solution was
generated by adding 10 mL of additional 3% hydrogen peroxide and
adjusting the pH to 2.0 using concentrated sulfuric acid dropwise. The
solution was used for deposition of hydrogen molybdenum bronze films
by bulk electrolysis. A three electrode system was used in which all
potentials are reported vs. the silver chloride reference electrode. A
platinum wire was used as the counter electrode, and an ITO substrate or
conductive carbon square was the working electrode. Bulk electrolysis at
-0.4 V electrochemically reduced peroxymolybdic acid to a blue hydrogen
bronze film on ITO. Four films using deposition times of 150, 300, 700 and
1400 seconds were prepared.

2.3 Characterization of Films

The four-point probe method was used to measure electrical
conductivity of the thin films. Resistance was measured using a Lucas Labs
Pro 4-point probe connected to a Keithley 2400 source meter. Film
thickness was measured using a Bruker DektakXT® Stylus Profiler. This
instrument uses deflection of a cantilever to determine thickness. X-Ray
Photoelectron Spectroscopy was performed by Dr. Nicholas Materer also
at Oklahoma State University. The XPS measurements were carried out
using the Mg anode of a PHI 300W twin anode X-ray source and a PHI
double pass cylindrical mirror analyzer having a pass energy of 50 eV. X-
Ray Diffraction of films was performed by Dr. Dwight Myers at East Central
University using a Bruker D2 Phaser X-Ray diffractometer.

2.4 Electrochemical Reduction of Formate

A hydrogen bronze film prepared by electrodeposition on conductive
carbon approximately 3.0 cm? was used in electrochemical reduction of
carbon dioxide. The anode cell consisted of the hydrogen bronze film
working electrode, a glass pipet to saturate 20 mL of 0.5 M NaHCO3 with
carbon dioxide and the reference. Connecting the anode and cathode was
a fritted salt bridge with 0.1 M NazSOa4. The cathode consisted of 20 mL 0.5
M NaHCOs; magnetically stirred and a 2.0 mm diameter platinum wire
counter electrode. Carbon dioxide was continuously bubbled without
additional stirring for one hour and formate was determined. To
understand the Kkinetics of electrochemical reduction, linear sweep
voltammetry was performed from -0.4 to -1.4 V at a scan rate of 4 mV/s.

2.5 lon Chromatography Quantifying Formate

A 930 Metrohm ion chromatogram using a 20 uL sample loop and Metro
Sep A Supp 16-250/4.0 column at 45.0 °C with suppression was used [29].
The eluent was 3.6 mmol Na2COs at a flow rate of 0.7 mL/minute. Formate
has a retention time of 4.6 minutes in 0.5 M NaHCOs. Peak area of known
standards resulted in a calibration for quantifying formate. Carbon dioxide
was bubbled into the electrolyte for one hour without an applied potential
determine background formate.

3. Results and Discussion
3.1 Film Characterization
3.1.1 Film Thickness

Electrodeposition of the films was carried out at -0.4 V vs. Ag/AgCl
reference electrode. Fig. 1 below displays a color photograph of the
electrodeposited hydrogen bronze film.

Fig. 1 Hydrogen bronze film after 100 s of electrodeposition ona 1” x 3” ITO slide
https://doi.org/10.30799/tfr.025.20040101

Table 1 Film thickness measurements (um) of the electrodeposited films versus time

Time (s)

Thickness (um) Error (+ pm)

100 129 16
300 142 4
700 194 6
1400 462 17

The hydrogen bronze deposited film is dark blue. Table 1 lists film
thickness versus time of electrodeposition. As time of deposition increases
so does film thickness. One goal was to be able determine how long to
deposit films for to obtain a desired thickness as this relationship is not
known. Interestingly, the inverse of film thickness decreases versus time
and is a linear fit. This plot is shown below in Fig. 2.
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Fig. 2 Plot of film thickness (um) versus time (s)

Eq.(4) below is the linear fit with an R? value of 0.9995.
1/Film Thickness (um'1) =-4.4 x 10-¢(um-s1)t + 825.2 (um1) (4)

One alarming problem with this plot is the error bar at 100 seconds.
While the range of film thickness error is 6-17 pm, at lower films
thicknesses this results in a much larger error compared to the error of
thicknesses measured after 1400 seconds. Nonetheless, within error the
plot of the inverse of film thickness with time is linear.

3.1.2 Film Conductivity

One important parameter of an electrocatalytic or photocatalytic film is
that the film be conductive. If the film acts as an insulator, this will
introduce undesirable impedance to the system or prevent transfer of
electrons. Using a 4-point probe, conductivity measurements were
obtained. Table 2 below shows the conductivity of the films as function of
deposition time.

Table 2 Conductivity of the hydrogen bronze film as a function of deposition time

Time (s) Conductivity () Error (£ Q)
100 3.63 0.03
300 3.81 0.02
700 331 0.03
1400 3.58 0.04

While film thickness ranges from 129-462 pm, the sheet resistance is
the same in this range. There are two reasons that account for this result.
In one situation the four points of the probe reached the ITO substrate. In
this case the sheet resistance should match the value of the ITO layered
substrate given by the manufacturer, 14 Q/square. The second possibility
is that the electrodeposited sheet film resistance is independent of film
thickness. The four point probe measurements result in a sheet resistance
less than the ITO layer. This supports the fact that the hydrogen
molybdenum bronze films resistance was measured and not the ITO layer.

3.1.3 X-Ray Diffraction

While the XRD of the conductive carbon results in a characteristic peak
for carbon paper at 20°, the carbon paper with deposited hydrogen bronze
film showed no clear peak and due to being amorphous.

3.1.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy confirmed that the blue film was
composed of molybdenum and oxygen. Peak assignments as assigned in
Fig. 3 clearly show that molybdenum is present indicating that
electrodeposition results in the blue color due to formation of the blue
hydrogen molybdenum bronze.
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Fig. 3 XRay photoelectron spectroscopy of the electrodeposited film

3.2 Cyclic Voltammetry using of Deposited Films
3.2.1 Electrochromism

A film acting as the working electrode, platinum disc as the counter
electrode and reference electrode were utilized to carry out cyclic
voltammetry in a negative direction first going from 0 to -0.4 V then +0.4
V. Fig. 4 shows the CV of the film in 0.5 M H2SO4+ with non-reversible
reduction peaks at -0.3 V and -1.2 V. Very quickly, the film disappeared
completely indicating dissolution into the bulk of the electrolyte indicating
the films are not electrochromic with hydronium ions. There is one article
indicating that cathodic current results in mass loss of the due to
dissolution into the film, which is consistent with Fig. 4 [30]. The hydrogen
molybdenum films are stable under anodic potentials. Electrochemical
reduction of carbon dioxide was carried out using these potentials.

0.01 T T T
Carbon Paper
of N
-0.01 -
=
5 -0.02
o
E
=
o
—0.03
—0.04- Bronze Film [
—0.05 ! ; L
o 0.5 1 1.5 2

Potential (V)
Fig. 4 Cyclic voltammetry of the hydrogen bronze film in 0.5 M sulfuric acid

3.2.2 Evidence for Catalytic Reduction of CO:

Fig. 5 shows the CV of carbon paper in nitrogen and CO: saturated 0.1
M NaHCOs, while Fig. 6 is the same experiment using electrodeposited
films on carbon paper.
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Fig. 5 The CV of carbon paper in nitrogen and CO; saturated 0.1 M NaHCOs3 using the
silver chloride as a reference electrode
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Fig. 6 The CV of carbon paper with the hydrogen molybdenum bronze film in
nitrogen and CO2 saturated 0.1 M NaHCO; using the silver chloride as a reference
electrode

Fig. 5 shows that there is no increase in current using carbon paper
when the electrolyte is saturated with CO2 compared to that of nitrogen.
However, Fig. 6 shows that the onset of reduction of CO: starts at an
applied potential of -0.4 V. This is evident by an increase in current
compared to the CV of carbon paper and hydrogen molybdenum bronze
film in nitrogen saturated electrolyte. As such, electrodeposited hydrogen
molybdenum bronze films on conductive carbon were used to carry out
electrocatalytic reduction of CO2 to formate. Ion chromatography was used
to quantify formate.

3.2.3 Electrokinetics

Linear sweep voltammetry results in a Tafel plot [31-34]. Fig. 7 is a Tafel
plot obtained using molybdenum bronze film on conductive carbon in 0.5
M NaHCOs saturated with COa.
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Fig. 7 Tafel plot using hydrogen bronze on conductive carbon reducing COz.

Electrokinetic analysis of these plots permits insight to the mechanism
of reduction. The inverse of the potential range of interest in millivolts and
logarithm of current results in a Tafel slope in units of mV/dec. Two
consecutive electron transfer steps take place in production of formate. In
the region of the greatest faradaic efficiency for formate the slope is 520
mV/dec. Nitrogen doped graphene quantum dots for reduction of carbon
dioxide result in a slope of 489 mV/dec [34]. The theoretical Tafel slope
for a one electron process is 118 mV/dec under standard conditions [35].
One reason for a Tafel slope higher than 118 mV/dec is due to adsorption
and desorption rates of the reactants and products. Tafel slopes that
approach 118 mV/dec but are less than 500 mV/dec indicate adsorption
and desorption are faster but continue to be the rate determining step
[14]. Tafel slopes are also dependent on film morphology. Slower
electrodeposition times controlling current may result in more crystalline
films and Tafel slopes in better agreement with the theoretical slope for
one or two electron transfer reactions.

3.3 Electrochemical Reduction of Carbon Dioxide

3.3.1 Experimental Results

A 1,000 ppm standard of formate was diluted using 0.5 M NaHCOs to
prepare standards for ion chromatography. Peak area was plotted with
concentration and the slope of the linear plot (Fig. 8) was used to quantify
ppm in triplicate trials to determine formate in ppm as well as error at
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each applied potential. Table 3 shows the applied potential, amount of
formate (ppm), charge in Coulombs and Faradaic efficiency. Fig. 9 is a plot
of Faradaic efficiency and applied potential to the working electrode.
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Fig. 8 Calibration for determination of formate

Table 3 The applied potential, amount of formate (ppm), charge and Faradaic
efficiency for electrochemical reduction of carbon dioxide

Potential (V) Formate (ppm)  Charge (Coulombs) Faradaic efficiency (%)
-1.4 0.23 26.44 0.07
-1.2 0.11 11.886 0.08
-1.0 0.10 6.25 0.14
-0.8 0.15 1.599 0.78
-0.6 0.66 0.2961 1.85
-0.4 0.068 0.1219 5.03
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Fig. 9 Faradaic efficiency (%) plotted against applied potential

The highest amount of formate obtained required an applied potential
of -1.4 V. However, this results in a greater charge causing the Faradaic
efficiency to be very low, 0.07%.

In this work, the Faradaic efficiency is greatest at an applied potential
of -0.4 V corresponding to an over potential of 0.2 V compared to the
standard reduction potential of carbon dioxide to formate, -0.4 V [7]. The
Faradaic efficiency in this work compared to other systems is low.
However, the hydrogen molybdenum bronze films prepared in this work
are novel, very simple, inexpensive, easy to prepare and can be used the
same day. The plot of Faradaic efficiency vs. potential normally results in
a volcano plot with a peak potential and maximum faradaic efficiency.

These results show that the hydrogen molybdenum bronze film is
catalytic for reduction of carbon dioxide. A maximum amount of formate
was obtained at -1.0 V (0.96 ppm). The reduction potential for CO2 to
formate vs the RHE at a pH of 8.3 is calculated to be +0.054 V [36]. An
applied potential of -0.4 V vs the silver/silver chloride reference
corresponds to +0.3 V vs the RHE. This potential is much more positive
compared to use of palladium and platinum alloys deposited on carbon, -
0.5 V vs the RHE [37]. Interestingly, formate dehydrogenase is known to
contain molybdenum and tungsten active sites for reduction of CO: to
formate [38]. Formate dehydrogenase was used as an electrocatalyst for
reduction of CO; to formate. In a solution of 10 mM CO: and formate
buffered to a pH of 8.0 the reduction potential was found to be
approximately -0.45 V vs the SHE [39]. The reduction potential becomes
more positive as the pH decreases from 8.0 to 6.0. A similar study using
formate dehydrogenase at a pH of 6.5 resulted in a maximum FE for

reduction of CO2 to formate using an applied potential of -0.41 V vs. the
https://doi.org/10.30799/jtfr.025.20040101

SHE [38]. In this work a maximum FE for formate was obtained at -0.4 V (-
0.165 V vs SHE). This is more positive compared to use of formate
dehydrogenase likely due to carrying out reduction of COz at a pH of 8.3.
This result indicates that the electrodeposited hydrogen molybdenum
bronze films are likely capable of biomimicking formate dehydrogenase
due to containing molybdenum as an active metal site for electrochemical
reduction. In this work a maximum FE was obtained at -0.4 V (8.34 %).
Compared to Table 1, this result matches the lowest FE obtained using
ruthenium electrocatalysts. Future strategies are aimed at improving the
faradaic efficiency of electrodeposited hydrogen bronze films toward CO:
reduction to formate. Headspace analysis of the electrochemical cell is
critical to show that hydrogen bronze films electrodeposited on carbon
paper may prevent CO poisoning.

4. Conclusion

Hydrogen molybdenum bronze films were prepared by
electrodeposition techniques. Molybdenum powder was dissolved using
hydrogen peroxide. Glass/ITO substrates were used to carry out bulk
electrolysis of peroxymolybdic acid from 100 to 1400 seconds resulting in
reproducible blue hydrogen molybdenum bronze films ranging from
approximately 200-500 pum in thickness. The inverse of film thickness vs.
time was found to be a linear plot. Conductivity measurements of the film
were found to be independent of thickness (3 ) which may be due to the
narrow range of film thicknesses tested. Characterization of the films
including X-ray photoelectron spectroscopy was carried out proving that
molybdenum was in the film and that the color change was not due to the
ITO substrate. X-Ray diffraction revealed the amorphous nature of the
films most likely due to the presence of different peroxymolybdate species
in solution. The films are not electrochromic and cathodic currents result
in film dissolution into the bulk. The films were found to be catalytic
toward the electrochemical reduction of carbon dioxide. Electrokinetic
analysis using a Tafel plot revealed a slope comparable to other
electrocatalysts for reduction of CO.. Slower deposition time of the
hydrogen bronze film may result in Tafel slope that is more comparable to
one or two electron transfer processes. A maximum Farradaic efficiency of
8% was observed at -0.4 V or an over potential of only 0.2 V. While this is
low, these films are inexpensive and simple to prepare. Future
experiments will carry out electrodeposition of the bronze film at lower
currents to determine if deposited films are more crystalline as evident by
XRD. The expectation is that a more crystalline film will result in a lower
Tafel slope. Bimetallic modification of the films are also planned to
improve efficiency and selectivity for formate.
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