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Here, we demonstrate a two-step electrosynthesis approach for the preparation of silver pyrovanadate, Ag,V,0;7 in thin-film form.
In the first, cathodic step, polycrystalline Ag was deposited on fluorine doped tin oxide (FTO) substrate from a non-aqueous bath.
Aqueous pyrovanadate species were then generated by aging of a CO,-infused sodium orthovanadate (Na3zVO,) solution for three
weeks. Silver ions were subsequently generated in situ in this medium using anodic stripping of the Ag/ITO films from the first
step. Interfacial precipitation of the Ag™ ions with the pyrovanadate species afforded the targeted product in phase pure form. The
various stages of the electrosynthesis were monitored in situ via the combined use of voltammetry, electrochemical quartz crystal
nanogravimetry (EQCN), and coulometry. The Ag,V,0; thin films were characterized by a variety of experimental techniques,
including X-ray diffraction, laser Raman spectroscopy, diffuse reflectance spectroscopy, scanning electron microscopy, and high-
resolution transmission electron microscopy. Surface photovoltage spectroscopy, ambient-pressure photoemission spectroscopy,
and Kelvin probe contact potential difference (work function) measurements afforded information on the energy band structure of
the p-type Ag,4V,0; semiconductor. Finally, the electrochemical and photoelectrochemical properties of the electrosynthesized
Ag4V,0;7 thin films were studied in both aqueous and non-aqueous electrolytes.
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The Ag-V-O phase space features several compounds that have
evoked interest from both fundamental and practical perspectives.'
These compounds may be described in terms of the relative mole
ratios of the corresponding binary compounds in combination. Thus,
a wide range of known compound stoichiometries (1:7, 1:2, 1:1, 2:1,
3:1) coupled with the occurrence of polymorphs for many of these
compounds impart a richness and diversity to the underlying solid-
state chemistry. The present study® focuses on the first electrosynth-
esis of one such compound, silver pyrovanadate, Ag4V,05, in which
Ag,0 and V,0s5 combine in a 2:1 mole ratio. As with silver
metavanadate, AgVO; and silver orthovanadate, AgzVOy,
Ag,V,05 is also a low bandgap (~2eV) semiconductor, making
these compounds potential candidates for solar energy conversion,
including photovoltaics, water splitting, and as photocatalysts for
environmental pollutant decomposition.

Hydrothermal synthesis has been predominantly used for pre-
paring Ag,V,07; other methods for making powders of this material
include solid state, hydrothermal, dynamic template, molten salt
flux, and solution precipitation.”'® However, solar energy conver-
sion schemes demand the active material to be compatible with scale
up and deployment in large area modules. Thin films are eminently
suited to this scenario and electrochemical deposition'’? delivers
the target material in thin film form on conductive substrates. In this
vein, a hybrid cathodic/anodic electrosynthesis scheme is described
below for the preparation of Ag,V,0; thin films on fluorine doped
tin oxide (FTO) substrate (see scheme in Fig. 1).

Experimental

Materials.—Silver nitrate, AgNO; (Alfa Aesar) and sodium
orthovanadate, Naz;VO, (Alfa Aesar) were used as the Ag and V
precursor source, respectively. Acetonitrile, CH3;CN (Sigma-
Aldrich) and double-distilled water were used as solvents as needed.
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Other chemicals were as described in Refs. 23-25; all were used as
received without further purification.

Physical characterization.—Instrumentation details for X-ray
diffraction (XRD), energy-dispersive X-ray analysis (EDX), diffuse
reflectance spectroscopy (DRS), surface photovoltage spectroscopy
(SPS) and ambient pressure UV photoelectron spectroscopy (AP-
UPS) are given elsewhere.”>> Scanning electron microscopy
(SEM) was conducted using a Hitachi S-3000 N FE scanning
electron microscope, operating at 25 kV. High-resolution transmis-
sion electron microscopy (HRTEM) was performed on a Hitachi H-
9500, operating at an acceleration voltage of 300 kV. Samples for
HRTEM were prepared by carefully scratching off the as-deposited
Ag,V,05 layer from the FTO substrate and subsequently dispersing
the nanoparticles in ethanol. This suspension was drop cast onto a
carbon coated copper grid (Electron Microscopy Sciences). Laser
Raman spectra were acquired on a Thermo Scientific DXR Raman
microscope, using a laser excitation line of 633 nm (1.96 eV) with a
50x objective and an incident power, <3.0 mW.

Electrochemical/photoelectrochemical characterization.—
Instrumentation, electrochemical cell, and illumination source de-
tails for voltammetry, photoelectrochemistry experiments and
EQCN, are given elsewhere.?>2°

Electrosynthesis.—The silver electrodeposition step and details
associated with the second anodic stripping step (Fig. 1) were given
elsewhere. Briefly, potentiodynamic film growth was used in the first
step and the potential was swept 10 times from +0.1 to —0.70 V at
25mV s~ scan rate and 20 s resting time between cycles. The silver
thin film on FTO substrate with 0.785 cm?” area served as a working
electrode. A platinum foil and Ag/AgCl/3 M NaCl were used as the
counterelectrode and reference electrode, respectively.

For the second step, sodium orthovanadate, Na;VO, was used as
the precursor species. 0.3237 g of Na;VO, was dissolved in 40 ml of
DI water in a 50 ml beaker. The pH of the fresh solution was 12.2
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Figure 1. Two step electrosynthesis of Ag,V,05. In the first, cathodic step shown on the left, silver is electrodeposited on a FTO surface. In the second step
(right frame), the silver is anodically stripped in an aqueous medium containing pyrovanadate species (V,0,* ) and resulting in in situ precipitation of a

Ag,4V,0;5 film on the FTO surface. Refer to text for further details.

due to base hydrolysis. The beaker was sealed with Parafilm and the
prepared solution was aged for three weeks to produce pyrovanadate
ions (V,05*7). CO, was diffused through the sodium orthovanadate
solution during the aging process to produce protons from carbonic
acid dissociation. Thus, the solution pH decreases during the aging
process (Fig. S1). However, protons are needed for the dimerization
reaction (Reaction 1).

2VO,*~ 4 2H' = V,07%7 + H,0 K¢ = 6.0 x 107 [1]

This reaction was accompanied by proton consumption and by a
gradual change of the initially colorless solution to one with a yellow
tinge (Fig. S2).

For the preparation of Ag,V,0; thin film, the potential of the
silver/FTO electrode was continuously swept at 10mV s™' from
+1.2 to +1.4 V. The potentiodynamic process was stopped when
there was no more change in the anodic current.

Since the electrodeposition of silver was carried out by passing
~0.13 Ccm 2 in each potentiodynamic cycle in the first step, the
number of moles of electrodeposited silver can be coulometrically
assayed using Faraday’s Law. Then, the number of moles of
Ag,V,05 could then be estimated from the formation/stripping
reactions from which the mass of Ag,V,0O; was calculated. By
taking the density of Ag,V,0; as 5.9 g cm >,'? the volume of
deposited Ag,V,0; was calculated and divided by the working
electrode area to obtain the nominal film thickness as ~1.4 ym.

Results and Discussion

Two-step Ag4V,0; electrosynthesis.—The heart of this process
is the in situ precipitation of anodically-generated Ag" ions with
V,0,*" (Reaction 2) which is driven by the low solubility product
for Ag4V,07 (K, = 2.0 X 10714).27 Importantly, a solution with pH
~9.4 is needed for the anodic stripping step to provide the dominant
V,0,*" species required for subsequent Ag,V,0, film growth. For
example, consultation of Pourbaix diagrams show that in the high
pH (~12.2) range, VO,>~ species and in the pH range around ~7.0,
VO;~ species will be dominant. >+

As a result of precipitation, a brownish yellow Ag,V,07 film is
formed on the FTO substrate (Fig. S3A).

AAgly, + V207 ag) = AgyV207( 2]

Figure 2A contains a linear sweep voltammogram (red line) and
the corresponding EQCN frequency change (blue line) during anodic
stripping. The frequency decrease along the oxidation wave domain
is diagnostic of mass gain and the electrodeposition of a film
(presumably Ag,V,05) on the Pt-coated quartz surface. To confirm
that the frequency change is only due to formation of Ag,V,0; a

linear voltammetry sweep was coupled with monitoring of the
corresponding EQCN frequency change during anodic polarization
of a bare Pt electrode in 22 mM V,0;"" contained solution, Fig. S4.
No oxidation wave or frequency change were observed during the
control experiment underlining that the silver precursor film is an
integral part of the target film formation.

The EQCN and coulometric data for the oxidation of silver may
be combined via the Sauerbrey equation:***

0= —(%")Af 3]

Here, Q is the charge consumed, F is the Faraday constant, Af is the
frequency change, k is the Sauerbrey constant,”*>° and M is the
molar mass of the deposit. By constructing a Q versus —Af
“Sauerbrey plot” (Fig. 2B), the electron stoichiometry, n for film
formation may be computed from the slope. The calculated n value
from the least-squares fitted slope was 4.04, very close to the value
expected from the following reaction:

4Ag) + V207" = Ag,VaOr() + 4e”
EY = 40.597 V vs NHE [4]

The slight but unmistakable lag in the mass gain or frequency
change onset relative to the current flow onset in Fig. 2A is
reminiscent of the trends seen earlier for AgVO; and AgzVO,.
This lag signals the fact that nucleation/growth of Ag,V,0; is also a
kinetically controlled process.

Structure and morphological aspects.—Morphological exami-
nation of the as-prepared sample by SEM revealed film nucleation/
growth in the form of nanorods, Fig. 3. A similar morphology has
been reported for Ag,V,0; prepared by other methods (hydro-
thermal synthesis).14 Elemental EDX maps (not shown) indicated
uniform film deposition across the entire FTO surface. Specifically,
no regions rich in silver could be found, for example. Compositional
EDX assays averaged from different spots of sample were consistent
with a Ag/V ratio: 2.11 + 0.07; a representative EDX trace is shown
in Fig. S5.

Figures 4 and S6 contain TEM images and selected area electron
diffraction (SAED) patterns for different points of as-prepared
Ag4V,0,. SAED patterns (Figs. 4B and S6C) revealed features
attributable to a mixture of single crystal and polycrystalline phases.

The estimated d-spacing values from SAED data for single
crystalline part (see Fig. 4B) and polycrystalline part (see Fig. S6C)
in this study along with estimated d-spacing values from XRD data
in Ref. 12 are represented in Tables SI and SII, respectively. These
results show that the estimated interplanar spacing from SAED
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Figure 2. (A) Linear sweep voltammmogram and the corresponding EQCN frequency change for the electrodeposition of silver pyrovanadate at 10 mV s~
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analysis are in good agreement with those calculated using XRD
data for reference Ag,V,0;.

Significantly, XRD data on the as-prepared film (Fig. 5)
supported the TEM data in that the synthesized film was crystalline
(even without thermal anneal) in phase pure Ag,V,0; form. In other
words, the films were crystalline even though the electrodeposition
was performed at room temperature. Non-optimal film morphology
(amorphous nature) and contamination with side products are

Figure 4. High resolution TEM (A) and SAED (B) images for as-prepared Ag,V,05. Scale bar in B corresponds to 5 nm ™.

perennial Achilles heels of the electrosynthesis approach.
However, the present study demonstrates that these handicaps are
not always problematic and good crystallinity can be obtained even
under mild process conditions in favorable cases.

The as-prepared silver vanadate samples were analyzed by laser
Raman spectroscopy to investigate the degree of structural order—
disorder, as well as to confirm phase purity. Figure 6 shows a Raman
spectrum of Ag,V,0; synthesized under optimal conditions. The
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Figure 5. XRD patterns for (a) reference Ag,V,0; and (b) electrodeposited
sample.
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Figure 6. Laser Raman spectrum of as-prepared silver pyrovanadate sample.

spectrum of Ag,V,0; is characterized by a single band at about
887 cm™' due to stretching vibration of O—V-0O or Ag-O-Ag bridges.
Two Raman-active modes at 809 and 845 cm™' correspond to the
stretching vibrations of Ag-O-Ag bridges and VO groups in V,0,*~
ions, respectively.'> Also, the bands at 517 and 733 cm™' reflect
symmetric and asymmetric stretching modes of V-O-V bridges,
respectively. The Raman-active mode at 707 cm™" is assigned to V-
O-Ag bridging. The Raman bands at 244, 278, and 389 cm ' may be
assigned to OVO5/VO; bending vibration modes.>> These bands
along with those located at 244 and 171 cm™' were in good
agreement with those reported for Ag,V,0; prepared using chemical
precipitation method.'”

The as-prepared AgsV,0; film was annealed at four different
temperatures (100 °C, 150 °C, 200 °C, and 225 °C) for 30 min to
study the effect of anneal temperature on crystallinity and thermal
stability of the as-prepared sample. The XRD results (Fig. S7)
showed that the crystalline phase of the as-prepared sample after
anneal at 100 °C and 150 °C was not changed, and the film remained
in the Ag,V,0; form. On the other hand, the XRD pattern of the
annealed sample at 200 °C showed that the Ag,V,0; peaks had
disappeared. Further increasing the anneal temperature to 225 °C
decomposed completely the Ag,V,0 film to Ag,V,40Oy; and silver.
The sample also changed color (Fig. S3B).

Optical behavior.—The UV/visible spectrum of an as-prepared
sample showed an absorption onset wavelength of ~530 nm (see
Fig. S8). Table I presents a comparison of this value with those
reported in the literature for Ag,V,0; samples prepared using other
synthesis methods. There is some scatter in the reported values due
to the uncertainty in the estimation of the onset value from the
spectral information. Nonetheless, a safe conclusion can be made
that the onset wavelength cut-off for electrodeposited Ag,V,05 is in
the range: 496530 nm.

Tauc plots®*~ were constructed from the UV/visible DRS data.
Figures 7A and 7B contain these plots for direct and indirect optical
transitions in the as-deposited Ag,V,07 sample; the corresponding
energy band gaps were 2.58 + 0.04eV and 2.52 + 0.02eV,
respectively. Table II presents a comparison of these values with
those reported in the literature for samples derived from other
synthetic methods. There is some scatter in the reported values of the
energy band gaps (Table II). This issue has been addressed by us and
other authors elsewhere.****

Electronic band structure.—Ambient-pressure UV photoelec-
tron spectroscopy (AP-UPS)*® was used to map the valence band
maximum (VBM) in Ag,V,0;. Figure S9A contains the data; the
VBM is located at the intercept of the plot. A value of VBM —4.91 +
0.05 eV on the vacuum energy scale, was estimated.

Surface photovoltage spectroscopy (SPS) was deployed to
measure the (surface) band gap of as-prepared Ag,V,0,. Figure
SO9B contains the data; from the intercept of this spectrum, the band
gap was estimated as: 2.10 + 0.03eV. Note that the measured
photovoltage onset wavelength (~600nm) is higher than the
measured absorbance onset wavelength (~530 nm, Table I) by the
DRS method. This difference possibly originates from the variant
sensitivity of SPS and DRS to the surface properties. Specifically,
SPS is more sensitive to the sub-band gap energy levels on the
semiconductor surface than DRS.*® Also, increasing photovoltage
values (Fig. S9A), show that the prepared silver pyrovanadate is a p-
type semiconductor.

The Fermi level (Er) of Ag,V,0; was measured by using Kelvin-
probe spectroscopy. Figure S10 contains the resultant contact
potential difference data; from these, the measured Er value
translates to —4.84 + 0.02 eV on the vacuum energy scale. Using
the obtained VBM, Ef, and the surface band gap values, the surface
band structure of Ag,V,0; was constructed (Fig. 8). The purple
dashed line in the diagram shows the Fermi level located 0.07 eV
above the valence band, as expected for a moderately doped p-type
semiconductors. The valence band position is not favorable for water
photooxidation since it lies above the thermodynamic threshold
value of +1.23 V (vs NHE). On the other hand, the conduction band
minimum (CBM) is thermodynamically favorable for hydrogen
evolution (HER) and oxygen reduction reactions. Significantly, the
CBM lies at considerable overpotentials above the HER threshold of
0V (vs NHE).

Electrochemical and photoelectrochemical (PEC) behavior.—
To probe the electrochemical stability of Ag,V,0; in the dark,
cyclic voltammetry experiments were performed in aqueous and
non-aqueous solutions; Fig. 9A contains the data. In aqueous 0.2 M
sodium sulfate, the as-prepared Ag,V,0; electrode showed sig-
nificant cathodic current on scanning negatively from the open
circuit potential. The onset of this cathodic current was ~+-0.32 V;
an anodic wave was seen on the return scan. The faint reduction
wave and corresponding oxidation wave on the return scan in the
non-aqueous case can be attributed to residual traces of water in
acetonitrile. The same features were observed previously for
AgVOj; and Agg,VO423’24 and confirmed that anodic wave seen
on the return scan could be attributed to oxidative stripping of
metallic silver and generation of Ag™' species. Therefore, the
cathodic corrosion of Ag,V,0 in the presence of water is given
as follows:
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Table I. Absorption onset wavelength value for Ag,V,0, along with literature data.

Absorption onset wavelength (nm) 530 512
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Figure 7. Tauc plots for Ag,;V,0; film on FTO. Frames (a) and (b) contain the plots analyzed for direct and indirect optical transitions respectively.

Table II. Energy bandgap values for Ag,V,0; (cf., Fig. 6) along with literature data.

Direct band gap (eV) 2.58 = 0.04 2.71

Indirect band gap (eV) 2.52 £ 0.02 NR
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Figure 8. Surface energy band positions for as-prepared AgsV,O; con-
structed from AP-UPS, Kelvin probe microscopy, and SPS data. Purple
dashed line shows the fermi level position.

Ag4V207(S) + H20(1) + 4e” — 4Ag(s) + 2VO§(aq) + ZOH(_aq)

E® = +0.402 V vs NHE
(3]

The standard potential for the above reaction was calculated from
thermodynamic data culled from the literature on standard Gibbs
free energies of formation.”®” These calculations and the under-
lying data, are summarized in the Supporting Information.
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Given the reasonable electrochemical stability of Ag,V,07 in a
non-aqueous electrolyte (Fig. 9A), photoelectrochemical (PEC)
experiments were conducted using dioxygen as an electron acceptor
in a non-aqueous electrolyte. Figure 9B contains the corresponding
photovoltage vs time plot for as-prepared AgsV,0;. The positive
photovoltage during illumination is in line with the p-type semi-
conductor behavior of Ag,;V,0; (see above). The arc-shape of the
photovolage transients is diagnostic of sluggish charge transfer
kinetics at the Ag,V,0,/redox electrolyte interface. Linear sweep
photovoltammetry (LSV) in dioxygen-purged 0.2 M tetrabutylam-
monium perchlorate in acetonitrile (Fig. 10A), confirmed the p-type
semiconductor behavior for electrodeposited Ag,V,05 thin film as it
showed cathodic photocurrent polarity under negative (reverse)
applied bias potentials. Thus, the photocurrents are generated by
minority carriers which are electrons for a p-type Ag,V,05 thin film.

Unfortunately, there was significant dark-current flow on ap-
plying negative overpotentials during the photovoltammetry experi-
ment, Fig. 10A. To confirm the origin of the increased background
cathodic current due to light, both samples after reduction in dark
and chopped-light illumination were anodically stripped in acetoni-
trile contained 0.2 M tetrabutylammonium perchlorate. The results
are shown in Fig. 10B. The higher anodic current for the illuminated
sample compared to the non-illuminated sample confirmed the
acceleration of cathodic corrosion due to irradiation.

Conclusions

In summary, a hybrid cathodic/anodic electrosynthesis technique
was developed for preparing Ag,V,05 thin films on FTO substrates.
These films were characterized by a range of techniques to furnish
information on the morphological, structural, optical, and electronic
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band structure of the electrosynthesized p-type semiconductor. The
applicability of these films in solar energy conversion and environ-
mental remediation schemes as well as other, yet unforeseen
practical technologies, would require further research.
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