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ABSTRACT
PREPARATION AND CHARACTERIZATION OF SILVER AND COPPER VANADATES
Abbas Vali, Ph.D.

The University of Texas at Arlington, 2019

Supervising Professor: Krishnan Rajeshwar

Combining two or more binary compounds to generate a multinary compound is a viable
strategy to improve the performance and properties of the parent binary compounds. In this vein,
multinary compound semiconductors have recently come under the spotlight for a variety of
practical device applications. In particular, the low band gaps of the Ag-V-O ternary family
(AgzVOs, AgsV207, AgVO3, AgaV40i11, and AgV701g) and Cu(Il)-V-O ternary family (CuV2Oe,
Cu2V207, CuszV20s, Cui1VeOas, and CusV2010) have recently garnered interest. These visible light
active semiconductors may be used for photovoltaic solar cells, solar water splitting, CO»
photoreduction, and photocatalytic remediation applications. In particular, AgVO3 and AgzVOa4
and Cu2V207 have attracted considerable interest for use as semiconductors for heterogeneous
photocatalysis and water splitting processes.

Solar energy conversion applications need large active area films. Therefore, preparation
techniques that are compatible with direct synthesis of semiconductor thin films, are attractive. In this vein,

electrochemical deposition is a fast, low temperature, and scalable process candidate. Therefore, for the
first time, I successfully developed a two-step electrosynthesis technique for synthesizing AgVOs,
Ag3VO4, and CuVOs; thin films on a conducting substrate. Interestingly, the as-prepared silver
vanadates (AgVO3 and AgzVOs) were crystalline. On the other hand, the electrodeposited CuVOj3 thin

films were unstable and amorphous. Adding a thermolysis step to electrosynthesis process converted

xiii



CuVO; to B-Cu,V20;. Therefore, an electrothermodeposition (ETD) strategy was developed as a versatile

route for synthesizing multinary oxide thin films. Subsequently, we evaluated the optoelectronic behavior,
semiconductor electronic band structure, thermal/electrochemical stability, and

electrochemical/photoelectrochemical attributes of these new-generation semiconductors.
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CHAPTER 1
INTRODUCTION

Development of efficient and practical oxide semiconductors for solar energy conversion
and photocatalytic environmental remediation of organic pollutants has been an area of interest in
the past few decades.!”* The oxide semiconductor should efficiently absorb visible light and
additionally generate, separate, and utilize the charge carriers. Desirable properties of
semiconductors are optimum band gap (~2.0 eV), proper conduction and valence band edge
positions, high quantum yield, good chemical and photoelectrochemical (PEC) stability, and non-
toxicity and Earth abundance of the component elements. It is difficult for a binary oxide
semiconductor to satisfy all these desirable properties simultaneously. For example, a widely-
studied semiconductor is TiO2, which has proper conduction and valence band edge positions (see
Figure 1-1). In addition, it has good chemical and PEC stability but it only absorbs UV light
because of its large band gap (3.2 eV).* Of the multitude of available binary oxide semiconductors,
only Cu20 (2.00 eV),’ CuO (1.56 eV),* WO3(2.75 eV),” Fe;03 (2.20 eV),} Bi,03 (2.48 eV),” Ag,0
(1.50eV),!” and V205 (2.30 eV)!!"1? have desirable optical properties (i.e., are visible-light-active)

and have non-toxic elements.
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Figure 1-1. Band edge positions for non-toxic visible light active binary oxide semiconductors.
Data for relevant redox potentials are also shown for comparison. These band diagrams are
constructed using data from Refs. 5-12.

However, these binary oxide semiconductors have poor charge separation efficiency and/or
chemical and PEC stability. To overcome these limitations, one solution is to generate ternary and
quaternary oxide semiconductors from binary oxide combinations. Since combining two or more
binary compounds to generate multinary compounds may thus noticeably improve the
performance and properties, multinary (i.e., ternary, quaternary) compound semiconductors have
recently come under the spotlight in solar fuel generation processes. For example, the band gap of
V205, Nb2Os, and TaxOs, binary oxides from the same group, decrease when they are converted to
the corresponding silver-based ternary oxides, AgVO3, AgNbOs3, and AgTaOs, respectively (see
Table 1-1). Hybridizing the Ag 4d with O 2p orbitals in the valence band decreases the band gap
of these binary oxides.'® Therefore, in the case of Nb,Os (3.4 eV),!! the conversion into the
corresponding ternary oxide, AgNbOs (2.8 eV),'* decreases the band gap enough so a non- visible
light active semiconductor (Nb2Os) converts to the visible light active semiconductor (AgNbO3).'4

This is not the case for the Ta;0s (4.0 eV)!! and AgTa0; (3.4 eV)'* pair because the band gap of



AgTa0;s is still too large so AgTaOs is not a visible light active semiconductor. Lastly, the V205
(2.3 eV) and its corresponding silver-based ternary oxide, AgVOs (2.04 eV),'* are both visible
light active. In addition, adding silver as a cationic element to these binary oxides may alter their

valence and conduction band edge positions.

Table 1-1. Band gaps of M20s and AgMOs3; (M =V, Nb, and Ta). The band gap of Ag>O is also
shown for comparison.

Aoxide Bandgap Boxide Band gap (eV) Ternaryoxide Band gap Band gap

(eV) (eV) shrinking
(eV)
V,0, 2.30 AgVO, 2.04 0.26
Ag,0 1.5 Nb,O, 3.40 AgNbO, 2.80 0.60
Ta,O, 4.00 AgTaO, 3.40 0.60

The band gaps of Ag-V-O ternary family (AgzVOs, AgsV207, AgVO3, AgoV4011, and
AgV701s in Figure 1-2) lie in the range of 1.84 to 2.52 eV.!* ¢ Therefore, Ag-V-O ternary family
can be the promising silver-based ternary oxide semiconductor to use for water splitting and
photocatalytic remediation because of their small band gap. The different types of silver vanadates
(AgxVy0;) have variant molar ratios of Ag2O (A oxide) to V205 (B oxide) which are shown in
Figure 1-2. In particular, AgVO3 and AgzVO4 with Ag>0:V,0s stoichiometry 1:1 and 3:1,
respectively, are visible light active semiconductors and have attracted considerable interest to use
as a semiconductor for photocatalysis and water splitting processes. In addition, these ternary
compounds have shown significantly higher chemical stability in an aqueous medium relative to
V120s.!"18 However, there is only limited information on optoelectronic behavior, semiconductor

band structure, thermal and electrochemical stability, and electrochemical/photoelectrochemical



attributes of these two semiconductors. From this perspective, Chapters 2 and 3 of this dissertation
focus on the study of such properties of AgVO3 and Ag3VOs, respectively. Furthermore, a
computational study on the band structure of two polymorphs of AgVOs3, namely o and B3, has also

been performed in Chapter 2.

Ag,Cu,0
Ag,0 2LU;Us
R (1:2)

Figure 1-2. Graphical visualization of ternary and quaternary oxides in the Ag;O—CuO—V20s
system.

Adding Cu?* as a cationic element to V205 is the other alternative to decrease the band gap
of this binary oxide. Hybridizing the Cu 3d with O 2p orbitals in the valence band decreases the
band gap of this binary oxide. Therefore, the Cu(Il)-V-O family of ternary compounds (CuV20s,
Cu2V207, CuzV20s, Cui11VeOa6, and CusV2010in Figure 1-2) have lower band gaps (1.86-2.05 eV)
1920 relative to V20s (2.3 eV).!! In addition, the Cu(II)-V-O family of ternary compounds have
shown significantly higher stability in a photoelectrochemical (PEC) water splitting reaction

relative to their binary oxide parents (CuO and V20s). In particular, f-Cu2V207 exhibited the



highest photocurrent for water oxidation at 1.23 V vs. RHE among the reported copper(Il)
vanadates.?!*?> Furthermore, B-Cu>V207 showed promising photocurrent stability in a mild basic
solution (pH: 9.2).?! On the other hand, this semiconductor has low charge separation efficiency
for oxygen evolution reaction (OER) due to bulk recombination and sluggish OER kinetics.??
One solution is to tune the thickness of the semiconductor thin film. Increasing the film
thickness enhances the light absorbance (up to a point), and consequently the incident photon to
current conversion efficiency (IPCE) of the given semiconductor.!” On the other hand, when the
film thickness exceeds the optimum value, the photogenerated electrons (for an n-type
semiconductor) must travel a circuitous pathway to reach the conducting substrate/ semiconductor
interfaces for a thick film. Thus, the recombination probability is increased. In this vein, Chapter
3 of this dissertation focuses on electrothermodeposition (ETD) of f-Cu2V207, which is shown to
be a versatile technique for direct deposition of a photoanode on a conducting substrate and

optimization of the film thickness.

Synthetic aspects

The commonly used techniques for preparing the silver and copper vanadate powders are
hydrothermal, solid state, sol-gel, and precipitation methods.'*!® Since the product of these synthesis
techniques is in powder form, an additional processing step is required to prepare a thin film of the
synthesized powder to evaluate the optical parameters (e.g., photocurrent, flat band potential) of the given
semiconductor. On the other hand, the popular methods for synthesizing the films of Ag-V-O and Cu(ID)-
V-0 families are ultrahigh vacuum based methods (e.g., sputtering). Unfortunately, these methods are not
applicable for preparing large effective area semiconductor devices needed for solar conversion systems.
On the other hand, electrosynthetic processes are solution-based, inexpensive, and scalable. Therefore,

multinary compound semiconductor thin films with large area can be synthesized using electrosynthetic



processes. From this perspective, Chapters 2 to 4 of this dissertation focus on developing a two-step
electrosynthesis strategy for synthesizing AgVOs, AgzVOs4, and CuVOs thin films on a conducting
substrate, respectively. In addition, in Chapter 4, we explain in detail how adding a thermolysis process to
an electrodeposition synthesis technique enhances the scope of electrochemical synthesis for preparing
Cu, V07 thin film.

A comment on relative contributions and outline

I was part of a team of international researchers led by Professor Krishnan Rajeshwar
(Department of Chemistry and Biochemistry, the University of Texas at Arlington) and involving
Professors Muhammad N. Huda (Department of Physics, the University of Texas at Arlington),
Noseung Myung (Department of Energy & Materials at Konkuk University), Ki-Jung Paeng
(Department of Chemistry at Yonsei University), and Csaba Janaky (Department of Physical
Chemistry and Materials Science at the University of Szeged). As such and as elaborated below,
the dissertation results originated from a composite of projects that were co-ordinated by myself.

However, the able assistance from other researchers in the above laboratories and a theory
group (in Physics) must be acknowledged here. Specifically, Hyung-Woo Jee (Department of
Chemistry at Yonsei University) did electrochemical quartz crystal nanogravimetry (EQCN)
experiments detailed in Chapters 2 to 4. Hori P. Sarker (Department of Physics at the University
of Texas at Arlington) conducted electronic band structure calculations presented in the
computational analysis part of Chapter 2. Farinaz Firouzan (Department of Chemistry and
Biochemistry, the University of Texas at Arlington) performed forward-bias current—potential
polarization experiments described in Chapters 2 and 3. Attila Kormanyos (University of Szeged,
Hungary) performed Kelvin-probe microscopy (KPM) and ambient pressure UV photoelectron

spectroscopy (AP-UPS) with the data presented in Chapter 2. Peter S. Toth (also at the University



of Szeged, Hungary) performed KPM, high-resolution transmission electron microscopy, surface
photovoltage spectroscopy, and AP-UPS with the outcomes described in Chapter 3.

All other aspects of this collaborative dissertation work, namely sample preparation and
treatment, data analyses, quantitative analyses of EQCN, and miscellaneous electrochemical and
photoelectrochemical data were done by me. Accordingly, the resulting peer reviewed papers that
accrued from this work represent the bulk of what follows in this document and all these articles
feature me as the first author. However, a brief introductory chapter sets the stage for these papers
that follow with a summary section also provided at the end, along with perspectives on future
research avenues.
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CHAPTER 2

Electrodeposition of Silver Vanadate Films: A Tale of
Two Polymorphs

Used with permission from A. Vali, H. P. Sarker, H-W. Jee, A. Kormanyos, F. Firouzan, N. Myung,
K-J. Paeng, M. N. Huda, C. Janaky, K. Rajeshwar, ChemPhysChem. 2019, 20, 2635-2646.
Copyright © 2019 Chemistry Europe. https://doi.org/10.1002/cphc.201900558

ABSTRACT:

Two polymorphs of AgVOs, namely the a- and B- forms, were prepared and their physical,
structural, optical, electrochemical, and photoelectrochemical characteristics were compared using
a battery of experimental and theoretical tools. A two-step method, previously developed in the
Rajeshwar laboratory for the electrodeposition of inorganic semiconductor films, was applied to
the electrosynthesis of silver vanadate (AgVO3) films on transparent, conducting oxide surfaces.
In the first step, silver was cathodically-deposited from a non-aqueous bath containing silver
nitrate. In the second step, the silver film was anodically-stripped in an aqueous medium
containing ammonium metavanadate solution. The anodically-generated silver ions at the interface
underwent a precipitation reaction with the vanadate species to generate the desired product in situ.
Each of these steps were mechanistically corroborated via the use of electrochemical quartz crystal
microgravimetry, used in conjunction with voltammetry and coulometry. As-deposited films were
crystalline and showed p-type semiconductor behavior. Theoretical insights are provided for the
electronic origin of the a = P phase transformation in AgVOs. Finally, implications for the

application of this material in solar cells are provided.
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2.1. INTRODUCTION

Silver oxide-based semiconductors have recently come under the spotlight in the continued
search for candidates for photovoltaic solar cells, solar water splitting, CO2 photoreduction, and
environmental remediation applications.! Of these, ternary compounds generated from the two
binary components, namely, AgoO and V;0s, and exhibiting a range of AgO: V205
stoichiometries (1:7, 1:2, 1:1, 2:1, 3:1; see Figure 2-1), have elicited both fundamental and
practical interest (see review in Ref. 2) In particular, AgVOs3 has attracted considerable interest
because of its wide-ranging practical applications including batteries, sensors, antibacterial

formulations, and as photocatalysts for pollutant decomposition.>-16

Ag:0 AgiVO, AgV.0, AgVOs Ag:V,0y AgV;045 V205
G:1) @ (1:1) (1:2) (1:7)

Figure 2-1. Composition line diagram showing the five stoichiometries in the Ag-V-O ternary
system.

Polymorphism in AgVOs has provided a platform for many studies; this compound exhibits up
to four different crystallographic forms, namely, a, B, y and & forms.?> The most common are the
metastable o and thermodynamically- stable B polymorphs with monoclinic space groups Cm and
C2/c, respectively.>! The structural aspects of the two polymorphs and the component AgOx and
VO4 clusters in them along with their relative juxtapositions, are well described in the
literature.>*!13:1416 It is worth noting, that aside from an early study,® we are not aware of too many
other instances where the two polymorphs have been directly compared. Hydrothermally-derived
a-AgVO3 microrods were transformed to B-AgVO3 nanowires; the battery performance of the

latter was observed to be superior in galvanostatic discharge-charge measurements.* Examining
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another study on microwave-assisted hydrothermal synthesis,’ the photocatalytic activity of -
AgVO; appears to be superior to a-AgVOs3 although this comparison is confounded by the higher
surface area of the - polymorph.

As reviewed by other authors,? this ternary compound has been synthesized in a range of
nanostructures (nanorods, nanobelts, nanoribbons, and nanowires) using methods ranging from
hydrothermal (most common) to biomineralization along with other hybrid and more esoteric
approaches including the use of pulsed laser deposition, microwave assistance, ultrasonic agitation
etc. Conspicuous in its absence is the use of electrodeposition!’? for AgVOj3 synthesis. Given the

17-23 this omission is rather surprising. This paper

versatility of electrosynthetic procedures,
therefore describes the application of the two-step approach (Figure 2-2), previously developed in

the Rajeshwar laboratory,?*2® for the electrodeposition of AgVOs films on transparent, conducting

oxide glass (fluorine-doped tin oxide or FTO) substrates.

First Step Second Step Product
=
N E
ols
Q| Q L S
= = =B =
¥ ©
) =
) &
Agtt+e — Ag Ag — Agt+e
E'=+0.8 Vvs NHE Agt+VOs — AgV0s Ksp =5*10"7

Figure 2-2. Schematic diagram for the two-step electrosynthesis of AgVOs.

The two-step approach was previously used for the electrosynthesis of metal chalcogenides and

bismuth vanadate (BiVO4).2*?® This method hinges on the tunability afforded by the tremendous
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electric field strength that exists across an electrode/electrolyte interphase (nominally, several
million V/cm) to tweak precursor ion fluxes. This feature, coupled with the usual variables in
homogeneous aqueous reaction scenarios (e.g., solution pH), considerably enhances the synthetic
scope as demonstrated in this study, for the AgV O3 case.

In a more general sense, this study also serves to demonstrate the use of electrodeposition as a
scalable preparation methodology for solar cell applications of complex metal oxides. Thus far,
this methodology has been confined largely for such preparation of binary metal oxides or
chalcogenides.!”?* In the case of multinary chalcogenides (e.g., copper zinc tin sulfide or CZTS),
a hybrid strategy, combining, for example, metal electrodeposition followed by sulfidation,?’ was
employed unlike the strategy in this study. In the present case, both the component steps are

electrochemical in origin with attendant advantages.!”- 20!

2.2. RESULTS AND DISCUSSION

2.2.1. Mechanistic Insights into the Two-Step Electrodeposition of AgVO3

The choice of a non-aqueous electrolyte for silver deposition was prompted by the need to
avoid hydrogen evolution and to secure metal films free from oxide contamination. To this end,
the solutions were purged with nitrogen to prevent the oxygen reduction reaction (ORR). Figure
A-S1 compares the cyclic voltammograms for silver ion reduction and silver stripping on Pt (solid
line) and FTO (dashed line) electrode surfaces. The reduction wave is shifted more negative and
the leading edge of the stripping wave is more drawn out for FTO relative to Pt. These trends are
reflective of the higher series resistance for FTO and the more sluggish electron transfer kinetics
relative to the Pt surface. Importantly, however, the overall voltammetry profiles are otherwise

essentially similar in the two cases.
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The cross-over of the forward (reduction) and reverse (oxidation) voltammetry traces indicates
the nucleation/growth of silver on the FTO substrate.3®*! The sharp current drop after the anodic
wave (peaking at +0.75 V for FTO) indicates the complete anodic stripping of metallic silver
(Figure A-S1). Similar behavior could be seen for Pt, albeit at a more negative potential (~0.56 V)
for the stripping wave. Based on these data, the silver film was prepared by sweeping the potential
from +0.15 to -0.80 V 10 times at a 25 mV/s scan rate.

Figure A-S2 contains the EQCM-voltammetry-coulometry data for the first step; Figure A-S2a
contains the frequency change and the cathodic Ag deposition voltammetry regime. The frequency
decrease along the reduction wave domain is diagnostic of mass gain and the electrodeposition of
a film (presumably Ag) on the Pt-coated quartz surface.?’?®32 Further insight into the deposition
mechanism can be gleaned by combining the EQCM data with coulometric assay for the

reduction:323

nFk

Q= - CDAf @-1)
Q is the charge consumed, F is the Faraday constant, Af is the frequency change, & is the Sauerbrey
constant,>>3% and M is the molar mass of the deposit. By constructing a O versus —Af plot (Figure
A-S2b), one can calculate the electron stoichiometry, n from the slope. The calculated » value from
the least-squares fitted slope was 0.94, sensibly close to the value expected from the following
reduction process:
Ag'+te — Ag (2-2)
The XRD and EDS patterns of the as-synthesized silver film are shown in Figures A-S3 and A-
S4, respectively. These results, along with the EQCM-voltammetry-coulometry data,
unequivocally confirm that the synthesized film is composed of pure elemental silver. In the

second step, the silver film was stripped anodically to generate Ag" in an aqueous solution of
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ammonium metavanadate (pH: 7.0). Subsequent in situ precipitation of these ions with VO3,
driven by the low solubility product for AgVO; (Ksp = 5.0 x 107)* yielded a green AgVOs film
on the substrate. The choice of the above medium pH for the anodic stripping stage reflects
literature evidence® for the preponderance of VO3~ species in the 6.0-9.0 range. At higher pH
values, other species (VO4+*) become more stable.

A linear sweep voltammogram (solid line) and the corresponding EQCM frequency change
(dotted line) during film deposition, are shown in Figure 2-3a. The frequency decrease during the
positive-going scan is diagnostic of mass gain according to the following scheme:

Ag— Ag'+e (2-3)

Ag"'+ VO3 — AgVO; (2-4)
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Figure 2-3. (a) Linear sweep voltammmogram (—) and the corresponding EQCM frequency
change (....) for the electrodeposition of silver vanadate at 15 mV/s potential scan rate. (b) Charge-
frequency change plot derived from the EQCM-voltammetry data.

The slight lag in the mass gain relative to the current flow onset in Figure 2-3a is worthy of note
and signals the fact that precipitation intrinsically is a kinetically slow process. The associated

charge (Q) versus frequency changing (—Af) plot of electrodeposition of AgVOs3 is shown in
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Figure 2-3b. The calculated n value from the slope of the least-squares fitted line was 1.06, close
to the stoichiometry value expected from reaction 3.

The effect of scan rate on the potentiodynamic film growth in the second step deserves
comment. A high scan rate (e.g., 25 mV/s) results in uneven film growth on the support surface.
On the other hand, a low scan rate (e.g., 5 mV/s) is non-optimal from a synthesis time perspective,
and importantly, also results in partial desorption of precipitated AgVO3 from the support electrode
surface. A potential scan rate in the range, 10-15 mV/s, was found to provide a reasonable

compromise and yielded good film adhesion and product quality (see below).

2.2. Physical Characterization of the Silver Vanadate Film

Interestingly, XRD pattern of the as-prepared film (Figure A-S5) showed that the
synthesized film was crystalline (even without thermal anneal) in a-AgVOs3 form. Significantly,
this crystallinity was afforded despite the electrodeposition being conducted at ambient
temperature. The as-prepared a-AgVOs3 film was annealed at two different temperatures, 150 °C
and 250 °C, for 30 min to prepare B-AgVOs. The XRD patterns of these samples (Figures A-S5,
patterns d and e) showed that the samples annealed at 150 °C and 250 °C were in the a-AgVO3
and B-AgVOs; polymorphic forms, respectively. Thus, the green a-AgVOs3 polymorph thin film
was transformed to a reddish B-AgVO; between 150 °C to 250 °C. This is in good agreement with
the reported exothermic phase transformation temperature (249 °C) from a-AgVOs to B-AgVOs.
3¢ The transformation from o-phase to B-phase was accompanied by the formation of traces of
silver (the peak at 38.3° in Figure A-SS5, pattern e). This observation is consistent with the
thermolysis of B-AgVO; to AgrO and Ag>V4O1127 and subsequently to Ag.3® The presence of
metallic silver in B-AgVO3 was observed by TEM in previous studies.® Silver is of interest because

of its plasmonic possibilities for solar cell applications.
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Morphological examination of the as-prepared samples by SEM and EDS revealed excellent
crystallinity and one-dimensional film growth in the form of nanorods, see Fig. 2-4 as an example.
Elemental EDS maps (not shown) indicated uniform film deposition across the entire support
electrode surface. Specifically, no regions rich in silver could be found, for example.
Compositional EDS assays averaged from different spots (see Experimental Section) were
consistent with the film composition: Ago.94:0.02V1.02:0.0102.90+0.07; a representative EDS trace is

shown in Figure A-S6 in the Supplemental Information.

Figure 2-4. Representative scanning electron micrograph of an as-prepared silver vanadate film
on FTO.

X-ray photoelectron spectra in the survey mode (not shown) showed no elements other than the
expected Ag, V, and O along with the ubiquitous signal from (adventious) carbon. High resolution
spectra for the Ag 3d, V 2p, and O is binding energy regimes for the electrodeposited samples (not
shown) were in broad agreement with those reported in the literature for samples derived from
other synthesis methods.'?!** Film compositional purity is critical for solar cell applications and

these data demonstrate that electrodeposition does meet this requirement.
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2.2.3. Optical Behavior

Tauc plots*® were constructed from the UV/visible diffuse reflectance spectral data. Figures
A-S7 and 2-5 contain these plots for the as-deposited a-AgVO3 samples and the B-AgVO;
counterparts obtained after thermal anneal, respectively. Both direct and indirect optical transitions
are indicated with corresponding energy band gaps of 2.72 eV and 2.45 eV for a-AgVOs3 and 2.47
eV and 2.12 eV for B-AgVOs, respectively. Table 2-1 presents a comparison of these values with
those reported in the literature for samples prepared using other techniques. There is some scatter
in the reported experimental values for the energy band gaps of the two polymorphs, and the values
quoted also have varying precision (Table 2-1). This issue has been discussed by us elsewhere*?
and is a problem associated with many confounding factors, some of which have to do with the
method of extraction of the band gap values from the spectral information.*® Nonetheless, a safe
conclusion can be made that the B- polymorph has a narrower gap than the a- counterpart. The

underlying factors in this trend are discussed in the next section on electronic band structure

calculations.
20
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Figure 2-5. Tauc plots for B-AgVOs; film on FTO. Frames (a) and (b) contain the plots analyzed
for direct and indirect optical transitions respectively.

18



Table 2-1. Experimental and calculated energy bandgap values along with literature data.

Oxide Evs/ | Theoretical band gap (eV) | Experimental band gap | Literature | Ref.
Vi (V)" Values
Direct Indirect Direct Indirect (eV)
a-AgVOs3 | -5.62 | 242 2.33¢ 2.72 2.45 2.50 3
2.50 7
2.22 41
B-AgVOs | -5.38 | 2.00 1.94¢ 2.47 2.12 2.01 5
2.04 14
243 39
~2.2 12
23 7

aSee Fig. 2-10a below.
bSee Figs. A-S7 and 2-5.

‘See Fig. 2-7 below.
dSee Fig. 2-8 below.

2.2.4. Electronic Band Structure Calculations

The lattice parameters and the atomic positions in the crystal structures of the two polymorphs
were optimized prior to the band structure calculations. Figures 2-6a and b depict the unit cells
containing 8 Ag atoms, 8 V atoms and 24 O atoms within the unit cell for both polymorphs. The
calculated and experimental lattice parameter values along with other reported results
presented in Table A-S1. The calculated values are in good agreement with the experimental values
for both polymorphs of AgVO; except for the B angle in a-AgVOs. The calculated B angle of a-

AgVOs is overestimated compared to the experimental value by 11.0 % but it is close to the

reported theoretical results in a previous study. '

19

15,36,37

arc



Figure 2-6. DFT + U relaxed unit cells for a) a-AgVO3 and b) B-AgVOs.

Figures 2-7a and b show the DFT + U-derived electronic band structure and partial density of
states (pDOS) for a-AgVOs. The Fermi energy level is defined as the highest occupied electronic
state and is indicated by 0 eV. The valence band is mainly composed of Ag 4d and O 2p states, as
seen in the partial density of states plot (Figure 2-7b) and in the band decomposed charge density
plot (Figure 2-7c, bottom panel). The Ag 4d and O 2p and states are strongly hybridized in the
valence band. The dispersion of valence band along all the high symmetry directions in the
Brillouin zone indicates that the photoexcited holes have low effective mass.

The conduction band of a-AgVOs3 is mainly composed of anti-bonding V 3d and O 2p states,
as seen in the partial density of states plot (Figure 2-7b, right panel) and the band decomposed
charge density plot of (Figure 2-7c, top panel). The strongly hybridized bonding part of V 3d and
O 2p appears at the bottom of the valence band, as can be seen in Figure A-S6(a). The total width
of the valence band is 4.5 eV, which is bounded by strongly hybridized Ag d and V d bands from
the upper and at the bottom side, respectively. The fundamental band gap of a-AgV O3 is indirect
in nature, because the conduction band minima (CBM) is located between the I' and Z points and
the valence band maxima (VBM) is placed at point I'. The calculated indirect bandgap is 2.33 eV
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which is close to the band gap value (2.45 eV) obtained via DRS and the calculated direct gap is
2.42 eV (Table 2-1). The calculated electronic band structure and density of states plot have similar
features with another reported result,'> but the calculated indirect band gap by the B3LYP and
HSE06 methods overestimate the reported experimental band gap value by 52% and 38%,

respectively. On the other hand, the PBE calculation underestimates the reported experimental

indirect band gap by 28%.
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Figure 2-7. a) Band structure and b) partial density of states of a-AgV O3 and ¢) Band decomposed

charge density of valence band maxima (VBM) (bottom panel) and conduction band minima
(CBM) (upper panel) for a-AgVOs.

Figures 2-8a and b show the electronic band structure and partial density of states (pDOS) for
B-AgVOs. From the density of states plot and band-decomposed charge density plot of VBM (in
Figures 2-8b and c (bottom panel), respectively) we see that, here again, the valence band is mainly

composed of Ag 4d and O 2p states. However, for B-AgVO3, Ag 4d and O 2p are not as strongly
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hybridized near the Fermi level as they are for a-AgVOs3. The calculated pDOS (Figure 2-8b) and
band-decomposed charge density of CBM plot (Figure 2-8c, upper panel) confirm that the
conduction band of B-AgVOs is composed of V 3d and O 2p states with predominent contribution
of V 3d orbitals. Note that near the CBM of B-AgVOs3, the contribution from V 3d is not as
prominent as in a-AgVOs. Similarly, at the bottom of the valence band, the bonding part of V 3d
and O 2p hybridization is not as strong as in a-AgVOs.

The valence band with is about 5.5 eV, which is 1 eV wider than in that of a-AgVOs3. This
implies that electron correlation strength in a-phase is higher than in the B-AgVOs3 phase. The
theoretical fundamental bandgap of f-AgVOs; is indirect in nature because the CBM is located at
point V and VBM is located between the I" and Z points. The calculated indirect gap of f-AgVO3
is 1.94 eV which is close to the obtained indirect band gap (2.12 eV) obtained via DRS and the
calculated direct gap is 2.00 eV (Table 2-1). The calculated electronic band structure and density

of states in this study have broad similarity with the other reported results in the literature. %!
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Figure 2-8. a) Band structure and b) partial density of states (pDOS) of B-AgV O3 and c) Band
decomposed charge density of valence band maxima (VBM) (bottom panel) and conduction
band minima (CBM) (top panel) for -AgVOs.
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2.2.5. Electronic Origin of the a to p Phase Transformation in AgVO3

From the electronic structures discussed above, we now reiterate several observations: (i)
Anti-bonding O 2p and Ag 4d hybridization near the top of the valence band is stronger in the a-
phase than in B-phase, whereas the bonding hybridizations are at about - 17 eV below the Fermi
level (not shown in the figure) for both the phases. (ii) Similarly, O 2p and V 3d hybridization at
the bottom of valence band is stronger in the a-phase than in B-phase. (iii) The valence band width
in the a-phase is 1 eV narrower than that of the B-phase. These all imply that electron correlation
is stronger in the a-AgV O3 polymorph. Note that, strongly hybridized V 3d with O 2p band in a-
AgVO0; at the bottom of the valence band implies some electronic occupation of V 3d band. Hence,
the oxidation state of V in a-AgVOs is not exactly +5, rather V9 Figure 2-9a shows very
symmetric V- O tetragonal bonding features in a-AgVOs.

As seen in Figure 2-9a, the strongly hybridized O 2p and Ag 4d anti-bonding features
create layers of Ag—O polyhedra in a-AgVOs. These polyhedra line-up as a linear structure
within the crystal along the z-direction, separated by about 7 A in the y direction. The nearest
Ag—Ag distance is along the z-direction, 3.326 A, which is shown in the figure. The other

structural nuances in the two polymorphs were noted earlier.

Figure 2-9. (a) 0-AgVOs and (b) B-AgVOs crystal structures to compare the structural relaxation
during the a-to-p phase transformation. The a—f transition is exothermic. The dashed line in
frame (a) shows the 1D linear chain in 0-AgVOs. Along the y-direction, the layers are 6.919 A
apart. Gray, red and purple balls represent Ag, O and V atoms, respectively.
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In addition, the strongly hybridized O 2p and Ag 4d anti-bonding features create layers of Ag-
O polyhedra in a-AgVOs as shown in Figure 2-9a. The nearest Ag-Ag distance along the figure is
3.326 A. In B-AgVO; these symmetric Ag-O polyhedra go through drastic transformations with
step-wise broken polyhedron layers, as seen in Figure 2-9b. In 3-AgVOs, two adjacent polyhedra
occur at a time, with two Ag-Ag distances, 3.384 A and 3.452 A. In fact, a-AgVOs has alternate
layers of Ag-O polyhedra and V-O bonding framework.

Two points are noted in the o to [} phase transformation: (i) The periodic arrangements of Ag
atoms in a-AgVOs3 transform into irregular doublet units with a longer periodic range in B-AgVOs3,
which is a signature of Peierls type distortion. (ii) A given horizontal layer in B-AgVOs3 has both
V-0 and Ag-O bonds, whereas before the a to B phase transformation the V-O layers did not
contain any Ag atoms. This results in some vertical V-O bonds breaking in B-AgVO; as evident
from Figure 2-9b. This second event enables V atoms to get rid of some 3d electrons, and hence,
to reach a more ideal favorable V*° state. The two phenomena in unison help lower the energy
barrier for the a— to p— AgVOs phase transformation, and the B-AgVOs phase becomes
energetically more favorable.

2.2.6. Conduction and Valence Band Locations in a- and p-AgVOs3

Ambient-pressure UV photoelectron spectroscopy (AP-UPS) was used to map the valence
band maxima (VBM) in a-AgVOs3 and B-AgVOs. Figure 2-10a contain the data; from the intercepts
of the plots, the VBM were located. These values on the vacuum energy scale are given in Table
2-1 above. Using these values and the energy band gaps for the two polymorphs, the conduction
and valence band positions for the two compounds can be estimated. These are given in Figure 2-
10b. The valence band offset is 0.24 eV and these two phases have Type-I bandgap offset. The

theoretically-obtained valence band offset (0.19 eV), which was calculated by taking highly
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localized O-s band as the reference bands, agrees reasonably well with the measured value above.
Clearly, the band positions are not favorable for water photooxidation. Such a conclusion is
entirely consistent with the experimental findings from an earlier study® which noted that both -

AgVO0Osand B-AgVOs had zero activity for photo generating O» from water.
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Figure 2-10. a) Ambient-pressure UV photoelectron spectroscopy (AP-UPS) data-derived plots
for a-AgVO3 and B-AgVOs; and b) Surface energy band positions for the two polymorphs
constructed from the AP-UPS and DRS data.

2.2.7. Electrochemical and Photoelectrochemical Behavior of a- and p-AgVOs3

Surface states are often exceedingly important in mediating charge transfer at the
semiconductor-electrolyte interface.*? The surface density of states (SDOS) can be accessed via
the use of AP-UPS; these data for the two polymorphs (Figure 2-11) indicate that B-AgVO3 has a
higher SDOS relative to the a- polymorph. To explore the implications of this trend on the
electrochemical charge transfer kinetics for the two samples, polarization experiments were
conducted using a quasi-reversible redox couple, Fe(CN)s>"*. Figure 2-12 contains the data; for
comparison, Pt and FTO electrodes were also included for these experiments. The insert in Figure

2-12 shows the data in Tafel plot (log i vs. E) format.*’
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Figure 2-11. Ambient-pressure UV photoelectron spectroscopy (APUPS) data-derived plots for

a-and B-AgVOs.
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Figure 2-12. Forward-bias current-potential polarization curves in the dark for the oxidation of
Fe(CN)s* redox species in 0.5 M KNOs supporting electrolyte. The insert contains these data in
Tafel plot format. The standard redox potential, E°, for the couple: Fe(CN)¢*" +e” —Fe (CN)¢* is
+0.361 V vs. NHE (+0.164 V vs. Ag/AgCl).

The SDOS is a crucial factor in dictating the kinetics of charge transfer, both for metal and

semiconductor electrodes.*’ In general, the SDOS follows the trend: metal > degenerately-doped
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semiconductor > nominally-doped semiconductor. Consistent with this, the charge transfer
kinetics, inferred from Figure 2-12 for the oxidation of Fe(CN)¢* redox species are ordered thus:
Pt > FTO > B-AgVOs3 > a-AgVOs. Further, the trend for the two polymorphs is entirely in
accordance with the SDOS data in Figure 2-11. It is worth noting in the experiments in Figure 2-
12 that anodic polarization translates to the forward-bias regime for a p-type semiconductor such
as AgVOs. Note also, in this regard, that the DFT calculations presented earlier, placed the Fermi
level close to the VBM in line with p-type conductivity behavior for the two polymorphs.
Electrochemical and photoelectrochemical stability plays a crucial role in dictating the practical
applicability of a given semiconductor.*? To probe the stability of the material in the dark, cyclic

voltammetry experiments were performed. Figure 2-13 contains the data. In aqueous 0.2 M sodium
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Figure 2-13. Cyclic voltammograms of as-prepared AgVOs film in 0.2 M sodium sulfate in water
(—) and 0.2 M tetrabutylammonium perchlorate in acetonitrile (---), 5 mV/s potential scan rate.

sulfate, the as-prepared AgVOs shows a cathodic wave on scanning from the rest potential. An
anodic wave is seen on the return scan. Comparison with the cyclic voltammetry data in Figure 2-
3 immediately establishes these features to arise from the anodic generation of Ag” species leaching

out of the film and their subsequent reduction on the return scan. On the other hand, these features
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are greatly attenuated in the non-aqueous medium. The faint reduction wave on the return scan in
the non-aqueous case can be attributed to residual traces of water in acetonitrile. The data in Figure

2-13 are consistent with the anodic corrosion reaction:

2AgVO; + Hy0 +2e — 2Ag + V2,05 +20H  E’=+0.07 V vs NHE (2-5)

The standard potential for the above reaction was calculated from thermodynamic data in the
literature on standard heats of formation.3#443
Having established that AgVOs3 has reasonable electrochemical stability in a non-aqueous

electrolyte, photoelectrochemical experiments were conducted using dioxygen as an electron

acceptor. Figure 2-14 contains the corresponding photovoltammetry*® data for the two

polymorphs.
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Figure 2-14. Linear sweep photovoltammograms for a-AgVOs (---) and B-AgVOs3 (—) in
dioxygen- purged 0.2 M tetrabutylammonium perchlorate in acetonitrile, 1 mV/s potential scan
rate.

In a photovoltammetry experiment, both the dark (electrochemical features) and the
photocurrents are brought out in a single scan.*® Note that the experiments are conducted in the

reverse-bias regime unlike in the (forward-bias) experiments in Figure 2-13. Thus, the
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photocurrents are induced by the minority carriers which are electrons for a p-type
semiconductor.*? Consistent with this notion, the photocurrent polarity is cathodic in the traces in
Figure 2-14 in line with the p-type semiconductor behavior of AgVOs (see above). Note that there
is significant dark current flow on increasing negative polarization for both the samples in Figure
2-14, suggesting that the semiconductor-electrolyte junctions in both the cases are “leaky”. These
currents are attributed to the reduction of (adventitious) dioxygen in the electrolyte.

The additional possibility that the dark currents arise from reduction of the oxide itself to silver
(c.f., eq. 2-4) can be discounted based on the stability trends established in Figure 2-13. Clearly,
the photoactivity of f-AgVOs is superior to that of a-AgVOs; the photocurrents in the two cases
are also reasonably high in the mA/cm? range. However, considerable improvement in the quality
of the AgVOs/electrolyte junctions is warranted before these candidates can be further considered

for solar device applications.

2.3. CONCLUSIONS

In this study, motivated by the applicability of new-generation oxide semiconductors for
solar cell applications, the synthesis and characterization of electrodeposited films of AgVO3 in
both aqueous and non-aqueous media, were described. Thermal anneal of the as-deposited a-
AgVOs3 converted it to B-AgVO; and afforded comparison of the structural, optical, electronic,
electrochemical, and photoelectrochemical attributes of the two polymorphs. From a theoretical
perspective, it has been shown here, to the best of our knowledge for the first time, that the driver
of the exothermic a = B AgVOs3 phase transformation is the structural relaxations due to a Peierls-
like distortion and the tendency of V atoms to gain the stable +5 oxidation state via a Jahn-Teller
like effect. Taken in whole, it is intriguing that a ternary oxide in two polymorphic forms that only

6

differ in the relative juxtaposition of component AgOx and VOs clusters,'® can display such
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diversity in optical, electronic, electrochemical, and photoelectrochemical properties. This aspect,
of potential relevance to solar cell applications, deserves further scrutiny beyond the scope of the
present study.

2.4. EXPERIMENTAL SECTION
2.4.1. Materials

Silver nitrate [AgNOs3 (Alfa Aesar)] and ammonium vanadate [NH4VOs3 (Alfa Aesar)] were
used as Ag and V source, respectively. Acetonitrile [CH3CN (Sigma-Aldrich)] and double-distilled
water (H>O) were used as solvent. Tetrabutylammonium perchlorate [CH3CH2CH3CH2)4N(CIO)4
(Alfa Aesar)] and potassium nitrate [KNO;3 (Alfa Aesar)] were used to prepare electrolyte
solutions. Sodium dodecyl sulfate [CHs(CH2)1:SOsNa (Sigma-Aldrich)] was used as binder.
Potassium ferricyanide [Ks[Fe(CN)s] (Sigma-Aldrich)] and Potassium ferrocyanide [K4[Fe(CN)s]
(Sigma-Aldrich)] were used as redox couple sources. All the chemicals were used as received
without further purification.

2.4.2. Electrosynthesis of AgVO3 Film

In the first step, a single compartment, three-electrode cell setup was used for the
electrodeposition of silver thin film. An FTO substrate (Sigma-Aldrich, sheet resistance: ~7 €/sq)
with 0.785 cm? area served as a working electrode. A platinum foil and Ag/AgCl/4M KCl electrode
were used as the counterelectrode and quasi-reference electrode, respectively. The
electrodeposition solution contained 20 mM AgNOs3, 0.2 mM sodium dodecyl sulfate (as a binder),
and 200 mM tetrabutylammonium perchlorate (TBAP) as a supporting electrolyte in acetonitrile.
Potentiodynamic film growth was used to control the thickness (nominally, 500 nm) of the silver
thin film. The potential was swept 10 times from +0.15 to -0.80 V at 25 mV/s scan rate.

In the second step, the prepared silver thin film on FTO substrate served as the working
electrode. A platinum foil and Ag/AgCl/4M KCl were again used as the counterelectrode and

30



reference electrode, respectively. The silver thin film was stripped anodically in ammonium
metavanadate solution (40 mM) to generate Ag" and subsequent in situ precipitation with VO3~ to
yield AgVOs thin film on the substrate (Figure 2-2). The silver metavanadate thin film was
prepared by sweeping the potential from 1.0 V to 1.20 V at 15 mV/s scan rate. The
potentiodynamic sweeps were continued till no anodic current was observed from the residual
oxidation of silver.

2.4.3. Electrochemical Quartz Crystal Microgravimetry (EQCM)

An EG&G Princeton Applied Research 263A instrument equipped with Power Suite
electrochemistry software, a Seiko EG&G model QCA 922 instrument, and an oscillator module
(QCA 922-10), was used. A single compartment, three-electrode cell setup was used for
electrochemical experiments at room temperature and comprised of a 9 MHz AT-cut, Pt-coated
quartz crystal (geometric area, 0.2 cm?) working electrode, a Pt wire counterelectrode, and a
Ag/AgCl/3M NaCl reference electrode.

2.4.4. Physical Characterization

A Siemens D-500 instrument with a Cu Ka radiation source (A = 1.5406 A) was used for
X-ray diffraction (XRD) analysis of the prepared films. Scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) were performed with a Hitachi S-3000N FE scanning
electron microscope. The electron beam energy was 10 kV. The EDS data were collected from
different spots of the prepared films and averaged. X-ray photoelectron spectroscopy (XPS) was
performed on a Kratos Ultra DLD instrument. The source was Al K, radiation at 1486.6 eV with
10.0 eV pass energy and 0.10 eV resolution. The reported binding energies were referenced against

the C s photoelectron value of 284.6 eV.
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Diffuse reflectance UV-Vis spectra were collected with an Avantes AvaSpec2048 instrument.
An Avasphere-50 type integrating sphere was used with BaSOg as the reference. The reflectance
data were converted to absorbance values via the Kubelka-Munk function: /S = (1-R)%*2R, where
o is the absorption coefficient, S is the scattering coefficient, and R is the reflectance.’

Measurements were recorded on a KP Technology APS04 Kelvin-probe instrument equipped
with a 2 mm diameter gold alloy-coated tip.*’ The Fermi level (Er) of the tip was determined by
relative to a silver reference target (EF, autip = —4.61 eV). The reference target was thoroughly
polished with a 30 pm diamond paper. Ambient pressure UV photoelectron spectroscopy (APUPS)
was carried out using a stationary Kelvin probe tip. The sample surface was illuminated with a 4—
5 mm spot size, while the UV light source was swept in the range, A = 180 — 340 nm using a
monochromator.

2.4.5. Photoelectrochemistry

A single compartment, three-electrode cell setup and a CH Instruments potentiostat (Model
CHI720C) were used for electrochemical measurements. The prepared films were supported on
FTO substrate and the counterelectrode and reference electrode were the same as those described
above. The electrochemical solution contained 0.2 M tetrabutylammonium perchlorate (TBAP) in
acetonitrile and was purged by dioxygen (as an electron acceptor) during the photovoltammetry
measurement. The potential was swept at 1 mV/s scan rate. Both the dark and illuminated periods
were 15s. A 400 W Xe lamp was used as a radiation source at a fixed distance (15 cm) from cell.
The light intensity was measured by a Newport Model 70260 radiant power meter combined with

a Model 70268 probe and was 300 mW/cm?.
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2.4.6. COMPUTATIONAL METHODOLOGY

The calculations were performed within the framework of spin polarized density functional
theory (DFT)** as implemented in the Vienna ab initio simulation package (VASP).>*! The
Perdew-Burke-Ernzerhof (PBE)*? generalized gradient approximation (GGA) functional was used
for exchange and correlation. The projector augmented plane wave (PAW) method> was used to
describe the interactions between the core and valence electrons. VASP-supplied standard PAW
potentials of Ag, V, and O were used for geometric optimization as well as for electronic structure
calculations. The electronic basis set was expanded in terms of plane wave and kinetic energy
cutoff of 600 eV throughout the calculation. For K point sampling within the first Brillouin zone,
the Monkhorst-Pack (MP) scheme was deployed. The 4x4x7 and 2x9%4 k-point meshes were used
for o and B-AgVOs, respectively for geometric optimization which gave well-converged results.

During the geometrical optimization, the atoms in the unit cell were fully relaxed until the
residual forces among the constituent atoms became less than 0.01 eV A-!. The Methfessel-Paxton
smearing method with a width of 0.002 eV was used for geometric optimization. The tetrahedron
method with Blochl corrections were applied for density of states (DOS) calculations. Self-
interactions of d electrons were corrected by providing an onsite Coulombic potential via the
Hubbard U parameter. The rotationally invariant DFT+ U method>* was used for calculations. The
on-site Coulombic interaction term (U) and exchange interaction term (J) are the main determining
factors to control the magnitude of the self-interaction correction within the DFT+U calculation
framework.

It is very important to choose an appropriate value of U to correct the self-interaction error in
DFT calculations. One way to choose the U value is to examine how it affects certain properties

of interest, i.e., lattice constants, band gap, formation energy etc., and to use these results as a
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guideline for further parameterization. In this study, we chose lattice constants and band gap as
our properties of interest and select U value accordingly. The selected effective U (Uesr = U -J)
values were 4.0 eV and 3.1 eV for Ag and V d-electrons, respectively. The J value was 1.0 eV
throughout the calculation. The calculated lattice constants as well as band gap using these chosen
values of U have proximity with the reported experimental values (See Table A-S1 and Table 2-
1). Finally, the VESTA software was used to visualize and analyze the crystal structure and

band-decomposed charge density.
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CHAPTER 3

ELECTROCHEMICAL DEPOSITION OF CRYSTALLINE AND PHASE
PURE SILVER ORTHOVANADATE

Used with permission from A. Vali, H-W Jee, P. Toth, F. Firouzan, C. Janaky, N. Myung, K.
Rajeshwar, J. Phys. Chem. C 2020, 124, 19980—19989.

Copyright © 2020 American Chemical Society. https://doi.org/10.1021/acs.jpcc.0c05421

ABSTRACT:

Interest in silver-based semiconductors dates to the early years of analog photography. On the
other hand, the recent discovery of new silver oxide-based ternary semiconductors has caused a
resurgence of interest in these compounds for new technologies. In this vein, the present study
provides a counter example to the two perennial issues confronting the electrosynthesis of
compound semiconductor films, namely, those of crystallinity and phase purity. It is shown here,
for the first time, that a two-step electrosynthesis strategy yields crystalline and phase pure o-
Ag3VOs4 films on transparent, conductive oxide substrates under very mild process (ambient
temperature and pressure) and time-efficient (minutes synthesis duration) conditions. A
complementary suite of experimental methods and thermodynamics/kinetics analyses facilitated a
deep understanding of the electrosynthesis mechanism, optoelectronic behavior, semiconductor
band structure, thermal and electrochemical stability, and electrochemical/photoelectrochemical

attributes.
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3.1. INTRODUCTION
Silver oxide-based semiconductors are attractive for a variety of important technological
applications.! Therefore, much recent fundamental and practical interest has focused on ternary
silver vanadates generated from the two binary oxide components, namely, Ag>O and V,0s. These
vanadates exhibit a fascinating range of Ag>0:V,0s stoichiometries (1:7, 1:2, 1:1, 2:1, 3:1; see
Figure 1 in Ref. 2). In particular, AgsVO4 with the highest ratio of Ag20O: V205 (3:1) has attracted
considerable interest.>"® Further, attesting to the practical importance of this material, a variety of
heterojunctions and composites derived from Ag3VOs4 have been deployed for solar energy
conversion and photocatalytic remediation of environmental pollutants.”?” Other potential
applications in the sensor and bactericidal/virucidal areas portend a bright future for this material.
Silver orthovanadate (Ag3VOs) exhibits up to three different polymorphs, namely, a, B, and y
phases.?®* The a-phase (0-AgzVOs) is the stable form at room temperature.?®?° a-Ag3;VOs is
converted to f-Ag;VOsreversibly at 110 °C.%° The famatinite-phase (S-Ag3;VO4) was stable in the
temperature range, 110-414 °C, while y-AgzVO4 was stable in the temperature range, 414-530
°C.?”” 0-Ag3;VOs has a monoclinic structure with space group C2/c, while p-Ag;VOs has a
tetragonal famatinite (Cu3SbSs-type) structure with 142m space group.?® The y-form adopts a cubic
structure with space group F43m and has been rarely studied.?’ However, the crystal structure
aspects of the o- and B-polymorphs are well described in the literature.?%%
Semiconductor type (whether n- or p-type), optical band gap, band edge positions, quantum
efficiency, or chemical/electrochemical/photoelectrochemical stability are all crucial factors in
many technological applications such as those identified above. Barring a theoretical study®® on

the semiconductor behavior of a-AgiVO4, based on first-principles electronic structure
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calculations, that predicted p-type behavior for a-AgzVOs, very little exists on the above factors
in the relevant literature. This gap prompted the present study.

Silver orthvanadate has been synthesized using a variety of methods including hydrothermal
(most common), solid state (ceramic), precipitation, successive ionic layer adsorption and reaction
(SILAR), combinatorial sputtering, anodic oxidation, or pulsed laser deposition.!'*° Conspicuous
by its absence is the use of electrodeposition®'* for Ag;VOs film synthesis. Given the versatility
and recent popularity of electrosynthetic procedures in general,!> this omission is rather

surprising.

Cathodicstep Anodic step Product

-HO
FTO
Ag,VO, film

Agt+e > Ag 3 Ag"+V0,>” > Ag,VO,
E®=+0.8 V vs. NHE Ksp=1.0x 10 72

Scheme 1. Two-step electrosynthesis of AgzVOas.
This paper therefore describes the application of a two-step, hybrid cathodic-anodic approach
(Scheme 1) for the electrodeposition of a-AgzVOs films on transparent, conducting oxide glass

(fluorine-doped tin oxide or FTO) substrates. A companion study from our group? on the 1:1

Ag>0-V20s ternary compound, namely AgVOs, recently appeared and overlapping aspects are
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identified below. By judicious variation of the electrodeposition medium pH in the second step
and considering Pourbaix-type®® speciation of the vanadium species, the product could be routed
to the targeted a- AgzVOs phase instead of the AgVOs3; composition studied earlier. We believe
this to be one of the many innovative aspects of this study, which is the first report on AgzVO4

electrosynthesis.

3.2. EXPERIMENTAL SECTION
3.2.1. Materials.

Silver nitrate [AgNOs (Alfa Aesar)] and sodium orthovanadate [Na3VOs4 (Alfa Aesar)]
were used as Ag and V source, respectively, for the electrodeposition bath. Acetonitrile [CH3CN
(Sigma-Aldrich)] and double-distilled water (H20) were used as the solvent to make up the various
electrolytes used in this study. Other chemicals were as detailed in Ref. 2. All the chemicals were
used as received without further purification.

3.2.2. Electrosynthesis of a-Ag3VO4 Film.

The substrate supporting the film was FTO (c.f., Scheme 1) (details of FTO in Ref. 2) in
all the experiments discussed below. Potentiodynamic film growth was used in the first step and
the potential was swept 10 times from +0.15 to -0.80 V at 25 mV/s scan rate and 20 s resting time
between cycles. Other procedural details associated with the first step were given in Ref. 2. In the
second step, the prepared silver thin film on the FTO substrate served as the working electrode.
The silver thin film was stripped anodically in sodium orthovanadate solution (40 mM) to generate
Ag" and instigate subsequent in situ deposition (Scheme 1). An alkaline medium (pH: 12.2)

enabled speciation of V as VO4*, this step is further elaborated below.
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3.2.3. Physical and Electrochemical/Photoelectrochemical Characterization.

Instrumentation for voltammetry, photoelectrochemistry experiments, electrochemical
quartz crystal microgravimetry (EQCM), X-ray diffraction (XRD), energy-dispersive X-ray
analysis (EDX), diffuse reflectance spectroscopy (DRS), surface photovoltage spectroscopy (SPS)
and ambient pressure UV photoelectron spectroscopy (APUPS) is detailed elsewhere.? 374!

The morphology of the electrodeposited Ag3VO4 samples was investigated by using scanning
electron microscopy (SEM) with an APREO C SEM microscope (ThermoFisher Scientific),
operating at 10 kV. Particle size histogram analyses were performed on a pool of 300 particles
from the SEM images using ImageJ software. Transmission electron microscopy (TEM) was
performed on a FEI Tecnai G? 20 X-Twin microscope, operating at an acceleration voltage of 200
kV. Samples for TEM were prepared by scratching the as-deposited AgzVOs 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). Fast Fourier transform (FFT)
images from different area of the TEM images were obtained using ImageJ software. Laser Raman
spectra of samples were acquired on a Senterra II Compact Raman microscope (Bruker), using an

excitation line of 532 nm (2.33 eV) with a 50 objective and an incident power, < 2.5 mW. Peaks

were fitted with Lorentzian shape functions.

3.3. RESULTS AND DISCUSSION

3.3.1. Mechanistic Insights into the Two-Step Electrodeposition of a-Ag3VOa.

Mechanistic details of cathodic Ag thin film growth on the FTO substrate (Scheme 1) were
given elsewhere? and need not be repeated here. In the second anodic step (Scheme 1), this silver
film was stripped anodically to generate Ag” (Reaction 3-1) in an aqueous solution of sodium

orthovanadate (pH: 12.2 via base hydrolysis). Subsequent in situ precipitation of these ions with
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VO4>, driven by the low solubility product for AgzVOu (Ky» = 1.0 x 102%)* yielded a brownish
yellow AgzVOq film on the substrate (Reaction 3-2).
Ags) — Agagte E’=+0.800V vs NHE (3-1)
3Ag o) + VO£ (g — AgzsVOsg Kyp=1.0x 102 (3-2)
Figure 3-1a contains a linear sweep voltammogram (solid line) and the corresponding EQCM
frequency change (dotted line) during anodic stripping. The frequency decrease along the
oxidation wave domain is diagnostic of mass gain and the electrodeposition of a film (presumably

Ag3VOs) on the Pt-coated quartz surface. Further insight into the deposition mechanism can be

gleaned by combining the EQCM and coulometric data for the oxidation:*
Q= - ("7”‘) Af (3-3)

Q is the charge consumed, F is the Faraday constant, Af is the frequency change, & is the Sauerbrey
constant,**** and M is the molar mass of the deposit. By constructing a O versus —Af “Sauerbrey
plot” (Figure 3-1b), one can calculate the electron stoichiometry, n from the slope. The calculated
n value from the least-squares fitted slope was 3.05, very close to the value expected from the
following reaction:

3Ags) + VO aq) — AgsVOus) + 3e E’=-0.326V vs NHE (3-4)

The slight lag in the mass gain or frequency change onset relative to the current flow onset in
Figure 3-1a is reminiscent of the trend seen earlier for AgVO3 and signals the fact that deposition
and nucleation/ of AgzVOs4is also a slow process. Figure B-S1 shows a photograph of the color

change associated with the silver — silver orthovanadate conversion.
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Figure 3-1. (a) Linear sweep voltammmogram (—) and the corresponding EQCM frequency
change (....) for the electrodeposition of silver orthovanadate at 20 mV/s potential scan rate. (b) A
Sauerbrey plot derived from the EQCM-voltammetry data.

A high pH aqueous medium (pH: 12.2) is needed for the anodic stripping step to provide the
dominant VO4*~ species needed for subsequent Ag;VOs film growth. For example, in the pH range,
9-12, V207* species and in the pH range from 6 to 9, VO3~ species will be dominant.*® However,
meriting scrutiny is the possible formation of silver hydroxide (AgOH) as a side-product because
of the preponderance of OH™ in high pH media (15.9 mM OH" at pH: 12.2) by in situ precipitation
of Ag" with OH™ (Reaction 3-5). Nonetheless, the EQCM results presented above and the physical
characterizations (discussed in the next section) are consistent with a phase pure AgzVO4 film from
electrodeposition.

Thermodynamics and kinetics provide the answer to the dichotomy of possible AgOH
formation. When Ag" is produced during anodic stripping, in situ precipitation of Ag" with OH
(Reaction 3-5) and subsequent reaction (Reaction 3-6) can produce Ag>0.:

Ag'aq) + OH ag) — AgOHgy) Ky =2.0x1078 (3-5)
2AgOH) — Ag20Ogs) + H20qy AG’ =-21.98 kJ/mol (3-6)

The sum of Reactions, 3-1, 3-5, and 3-6 produces the Ag>O formation reaction as:
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2Ags) +20H aq) — Ag20() + HaOy +2¢” E” =-0.343V vs NHE (3-7)

When Ag’ is produced during anodic stripping, both VO4* and OH" compete to capture the
silver cation (Reaction 3-2 vs. Reaction 3-5). Because the solubility product constant (Ks,) of
AgzVO4 (1.0 x 102%)* is significantly lower than AgOH (2.0 x 10"*)*” and the concentration of
VO4> (40 mM) is higher than OH" (15.9 mM, see above), the possibility of formation of AgzVO4
will be significantly higher than that of Ag>O. Our experimental results bear out these
expectations.
3.3. 2.Physical Characterization of the Silver Orthovanadate Film.

Morphological examination of the as-prepared sample by SEM revealed film
nucleation/growth in the form of roughly spherical nanoparticles, see Figure 3-2. The
electrodeposited films had a mesoporous structure (Figure 3-2A), reflecting the formation of the
semiconductor particles through precipitation in the second electrochemical step. The high-
resolution image (Figure 3-2B) suggested a relatively broad size distribution of the as-prepared
particles. Upon statistical analysis, the mean diameter of the particles was in the range, 90 to 110

nm, as deduced from the histogram presented in Figure B-S2.

s WV e . W e 1pum Y e\

Figure 3-2. Representative scanning electron micrographs of an as-prepared silver orthovanadate
film on FTO substrate at different magnifications. Representative top-view (A) and high resolution
(B) images.
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Elemental EDX maps (not shown) indicated uniform film composition 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 the Ag/V ratio: 2.92 + 0.02;
a representative EDX trace is shown in Figure B-S3 in the Supporting Information.

Transmission electron microscopy (TEM) images (Figure B-S4A) complemented the SEM data
in Figure 3-2 on the morphology of the as-deposited Ag3VO4 nanoparticles in the film being
composed of raspberry-like structural domains. Selected area electron diffraction (SAED) pattern
revealed the crystalline features (Figure B-S4B) to be poly- rather than single crystalline. A lattice

resolved high-resolution TEM image (Figure 3-3A) and the corresponding fast Fourier transform

d

= 0.180 am

(202)

Figure 3-3. High resolution TEM (A) and FFT (B-C) images from different areas of the AgzVO4
specimen. Different crystal planes are marked by red dashed (301) and blue solid (202) lines in A,
respectively. Scale bars in B-C correspond to 5 nm™.

(FFT) patterns (Figure 3-3B-C) showed (301) and (202) crystal planes with 0.161 and 0.190 nm
d-spacing, respectively.*®*° These results underline that the electrodeposited Ag3;VOs was highly

crystalline and had a monoclinic structure.
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Significantly, XRD data on the as-prepared film (Figure 3-4) supported the TEM data in that
the synthesized film was crystalline (even without thermal anneal) in phase pure a-AgzVO4 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 perennial Achilles heels of the electrosynthesis approach.3!-37-4!

Clearly, the present
study demonstrates that these handicaps are not always problematic and good crystallinity can be

obtained even under mild process conditions.
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Figure 3-4. XRD patterns for (a) reference a-AgzVOs and (b) electrodeposited sample.

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 3-5
shows laser Raman spectra of a-AgzVOs synthesized under optimal conditions, a AgsV207

containing specimen, and a AgxVOy sample, corresponding to a non-stoichiometric composition.
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Two Baz Raman-active modes at 810 and 830 cm™! correspond to the vibration of the distorted
tetrahedral [VO4] cluster, derived from the symmetric-stretching.>® The Raman spectra of AgsV207
characterized by one single band at about 870 cm™! typical of tetrahedral and 5-fold coordinated
vanadates. Additionally, the active vibration bands at higher Raman shifts (around 900, and 950
cm ')*! correlate well with octahedrally coordinated vanadate species. These data further confirm

our conclusions from the XRD data on the phase purity of the electrodeposited a-Ag3VOs4 films.

Raman Intensity

100 200 300 400 500 600 700 800 900 1000
Raman Shift (cm™)

Figure 3-5. Laser Raman spectra of as-prepared silver vanadate samples (a-AgzVOas, AgsV207,
and AgxVOy). The Raman-active modes are indicated by the dashed lines.

The as-prepared a-Ag3VOs film was annealed at four different temperatures (150, 200, 250,
and 300 °C) for 1 h to map the effect of anneal temperature on crystallinity and thermal stability
of the as-prepared sample. The XRD results (Figure B-S5) showed that the crystalline phase of the
as-prepared sample after anneal at 150 °C and 200 °C was not altered, and the film remained in the
a-AgzVO4 form. On the other hand, the XRD pattern of the annealed sample at 250 °C showed

that the a-AgzVO4 peaks had disappeared. Further increasing the anneal temperature to 300 °C
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completely decomposed the a-Ag3VOs film to AgsV207and Ag (Figure B-S5). The morphological
and elemental EDX maps of the annealed sample at 350 °C (Figures B-S6 and B-S7) showed that
uniform dispersed roughly spherical nanoparticles of as-prepared AgzVO4 had transformed to
roughly spherical microparicles and nanobars. The EDX elemental maps (Figures B-S8 and B-S9)
showed that the roughly spherical microparticles were composed of pure silver. The nanobars were
composed of AgsV,07 with an Ag/V ratio: 1.92 +0.02.

Thermodynamic calculations for possible Ag3VO4 decomposition reactions (Reactions 3-8 to
3-12) showed that the decomposition of AgzVO4 was endothermic in all the cases. However, the
pathway forming AgsV,O7 and Ag (Reaction 3-8) had the lowest Gibbs free energy (AGY),

consistent with the above experimental observations.

AgVOs - ~AgiV207 + Ag+20:  AG’=+0.609 eV (3-8)
Ag3VOs — AgVO; +2Ag + %Oz AG’ = +0.643 eV (3-9)
AgVO4s = 2Ag:0 + V05 AG’ = +0.808 eV (3-10)
AgVO4 = 3Ag+ V205 +-0; AG’=+1.07 eV (3-11)
AgsVOs — 3Ag +V 20, AG’=+839 eV (3-12)

Standard Gibbs free energy data for the above reactions were culled from thermodynamic data

compilations in the literature.**4’

3.3.3. Optical Behavior.

The UV/visible spectrum of an as-prepared sample (after transformation of the DRS data, Ref. 52)
showed an absorption onset wavelength of ~575 nm (see Figure B-S10). Table 3-1 presents a
comparison of this value with those reported in the literature for samples prepared using other

synthesis methods. There is some scatter in the reported values due to the
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Table 3-1. Absorption onset wavelength value for a-AgzVO4 along with literature data

Absorption onset 575 567 580 560 615 560 613 560
wavelength (nm)

Reference This study 2 4 7 14 20 25 27

uncertainty in the estimation of the onset value from the spectral information (For example, note
the presence of a “tail” in Figure B-S10.). This issue has been addressed by us and other authors
elsewhere.”>>® Nonetheless, a safe conclusion can be made that the onset wavelength cut-off for
electrodeposited a-Ag3VOs is in the range: 560-580 nm. (The two values of 613 nm and 615 nm
from Refs. 25 and 14 are outliers.)

Tauc plots®!->3

were constructed from the UV/visible DRS data. Figures 3-6a and b contain
these plots for direct and indirect optical transitions in the as-deposited a-AgzVOs sample; the
corresponding energy band gaps were 2.58 £ 0.04 eV and 2.37 + 0.02 eV, respectively. Table 3-2
presents a comparison of these values with those reported in the literature for samples derived from
other synthesis methods. There is some scatter in the reported values of the energy band gaps

(Table 3-2). Once again, this issue has been discussed by us and others elsewhere.’>

Table 3-2. Energy bandgap values for a-Ag3zVOs (c.f., Figure 3-5) along with literature data.

Direct band 2.58 £0.04 2.58 2.37 2.05 2.10
gap (eV)

Indirect band | 2.37 +0.02 2.18 NR NR NR
gap (eV)

Reference This study 7 14 18 23

NR: Not reported
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Figure 3-6. Tauc plots for a-AgzVO4 film on FTO. Frames (a) and (b) contain the plots analyzed
for direct and indirect optical transitions respectively.

3.3.4. Electronic Band Structure of a-Ag3V Q4.

Ambient-pressure UV photoelectron spectroscopy (AP-UPS)>* was used to map the valence band
maximum (VBM) in a-Ag3zVOs. Figure 3-7a contains the data; the VBM is located at the intercept
of the plot. The value of VBM is -4.82 + 0.03 eV on the vacuum energy scale. Surface photovoltage
spectroscopy (SPS) was deployed to measure the (surface) band gap of as-prepared a-Ag3VOa.

Figure 3-7b contains the data; from the intercept of
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Figure 3-7. (a) Ambient-pressure UV photoelectron spectroscopy (AP-UPS) data-derived plot and
(b) Surface photovoltage spectroscopy (SPS) data-derived plot for as-prepared a-Ag3zVOa.
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this spectrum, the band gap was measured as: 2.16 = 0.03 eV. Note that the measured photovoltage
onset wavelength (~620 nm) is higher than the measured absorbance onset wavelength (~575 nm,
see above) by the DRS method. This difference possibly originates from the variant sensitivity of
SPS and DRS to the surface properties. Specifically, sub-band gap energy levels become important
on the semiconductor surface and SPS is more sensitive to the surface properties than DRS.* The
net result is that the measured photovoltage onset wavelength (~620 nm) is higher than the
absorption onset wavelength (~575 nm).

The positive photovoltage polarity at energies higher than band gap (Figure 3-7b) is diagnostic
of p-type semiconductor behavior for a-Ag3;VO4.” This is in good agreement with the theoretical
results.?® The Fermi level (Er) of a-Ag3;VOs was measured by using Kelvin-probe spectroscopy.
Figure B-S11 contains the resultant contact potential difference data; from these, the measured Er
value translates to -4.61 + 0.01 eV on the vacuum energy scale. Using the obtained VBM, EF, and
the surface band gap values, the surface band structure of a-Ag3VO4 was constructed (Scheme 2).

The purple dashed line in Scheme 2 shows that the Fermi level is located 0.21 eV above the valence

Energy (eV) Potential (V)
vs Vacuum VS NHE o
_2.0 +
L -2.66 eV 1 = B _2.0
_3.0 .-
| s 4 .10
('-}
-4.0 + :
BEeeeam| T 0.0
S50+ -4.82 eV
] + +1.0
-6.0 +
+ +2.0

Scheme 2. Surface energy band positions for as-prepared a-AgszVOs constructed from AP-UPS,
Kelvin probe microscopy, and SPS data. Purple dashed line shows the Fermi level position.

band, as expected for 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
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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 0 V (vs. NHE).

3.3.5. Electrochemical and Photoelectrochemical (PEC) Behavior of a-AgiVO4. Many
practical applications of a-Agz;VOs would demand knowledge of the charge transfer efficacy of its
surface. This can be done using a quasi-reversible redox probe. Therefore, dark, polarization
experiments were conducted using the probe redox couple, Fe(CN)¢*"*. Figure 3-8a contains the
data; for comparison, Pt and FTO electrodes were also included in these experiments. The results
show that the valence band holes (majority carriers) in the p-AgzVOs semiconductor electrode
oxidized Fe(CN)¢* species on application of positive overpotentials (forward bias regime). The
anodic polarity of the dark current flow in the forward bias regime also diagnoses the film to

behave as a p-fype semiconductor> in conformity with the discussion earlier on this aspect.

Logi

Current (nA)

§ -. Ag3VOy
sof

03 04 0.5 0.6 L
Potential (V vs Ag/AgCl/4M KCI) ) . n()

Figure 3-8. (a) Forward-bias current-potential polarization curves in the dark for the oxidation of
Fe(CN)s* species in 50 mM K4Fe(CN)g, 50 mM K3Fe(CN)g, and 0.5 M KNO3. Purple dashed line
shows anodic polarization of AgzVO4 in 0.5 M KNO3 without redox species. (b) Tafel plots
constructed from anodic polarization data.
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The kinetics of majority carrier charge transfer in the dark can be assessed by converting the
polarization curve (i vs. E) to a Tafel plot (log i vs. E).>® Such Tafel plots for Pt, FTO, and Ag;VO4
are shown in Figure 3-8b (log i vs n). Figures 3-8a and b show that Pt, FTO, and Ag3VOsreached
the mass transfer limited peaks or plateau for overpotentials (7) less than 118 mV. Therefore, Tafel
analyses were not optimal for these three electrodes under the present experimental conditions. In
addition, no clear linear behavior was observed in the kinetically controlled charge transfer regime
at higher overpotentials (Figure 3-8b). Therefore, instead of the Tafel plot, an alternative equation

proposed by other authors (Equation 3-13)3%%7 was deployed:

L

. aF
log (efn—1) = log iy — il (3-13)

io=FAKC" (3-14)
In Equations 3-13 and 3-14, f'= F/RT, iy is the exchange current, k° is the standard heterogeneous
rate constant, 4 is the electrode area, C is the redox concentration, and the symbols R and T have
their usual significance.

The constructed plots for the three electrodes using Equation 3-13 and the polarization data
are shown in Figure 3-9 for Pt, FTO, and AgzVOs respectively. Unlike the Tafel plots in Figure
3-8b, these plots were considerably more linear and the iy parameter could be extracted easily from
the intercept of the linear part of the plot for overpotentials in the range from 10 mV to 40 mV (see
dashed vertical lines in Figure 3-9). The corresponding k° value could be calculated using Equation
3-14. The calculated standard rate constant (£° in cm/s) for Pt, FTO, and AgzVO4 were 3.44 x 10
41.72 x 10", and 5.84 x 107 respectively. This trend in relative charge transfer efficacy can be

rationalized based on surface density of states (SDOS) arguments.*¢
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Figure 3-9. Log [ ] vs.n plots from anodic polarization data.

The surface density of states (SDOS) is a crucial factor in dictating the kinetics of charge
transfer, both for metal and semiconductor electrodes.>® In general, the SDOS follows the trend:
metal > degenerately doped semiconductor > nominally doped semiconductor. Thus, in the present
case, Pt is a metal, FTO a degenerately doped semiconductor, and a-Ag3VOsis a nominally doped
semiconductor. Consistent with this, the above derived standard rate constants for the oxidation
of Fe(CN)s* redox species were ordered thus: Pt > FTO > a-Ag3VOa. This order is entirely
consistent with the corresponding SDOS trend.

To probe the electrochemical stability of a-AgzVO4in the dark (again, an important prerequisite
for many practical device applications), cyclic voltammetry experiments were performed in
aqueous and non-aqueous solutions; Figure 3-10a contains the data. In aqueous 0.2 M sodium
sulfate, the as-prepared a-Ag3;VO4 electrode showed a cathodic wave on scanning negatively from

the open circuit potential; an anodic wave was seen on the return scan.
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Figure 3-10. (a) Cyclic voltammograms of as-prepared Ag3VOs film in 0.2 M sodium sulfate in
water (—) and 0.2 M tetrabutylammonium perchlorate in acetonitrile (---), 5 mV/s potential scan
rate. (b) Linear sweep photovoltammogram for a-AgzVOs in dioxygen-purged 0.2 M
tetrabutylammonium perchlorate in acetonitrile, 1 mV/s potential scan rate.

These reduction and oxidation waves were not observed in the non-aqueous medium. The cathodic
wave in aqueous electrolyte is diagnostic of (cathodic) corrosion of a-AgzVOs in the presence of
water.

Therefore, an as-prepared a-Ag3;VOssample was electrochemically reduced in aqueous medium
to probe the elemental composition and crystalline structure of the product on the film surface after
cathodic corrosion. Figures B-S12 and B-S13 contain the results of EDX and XRD analyses
respectively after cathodic corrosion; these confirm the presence of elemental silver on the film
surface. Therefore, the anodic wave in Figure 3-10a may be assigned to oxidative stripping of

silver and generation of Ag" species. The cathodic corrosion reaction is given as follows:

Ag3VOui) + HoOq) + 3¢ — 3Agis) + VO3 aq) + 20H (aq) E’=+0.195 V vs NHE (3-15)
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The standard potential for the above reaction was calculated from thermodynamic data culled from
the literature on standard Gibbs free energies of formation.**4’

Given the electrochemical stability of a-AgzVOs in a non-aqueous electrolyte (Figure 3-10a),
photoelectrochemical (PEC) experiments were conducted using dioxygen as an electron acceptor
in a non-aqueous electrolyte. Figure 3-10b contains the corresponding photovoltammetry>® data
for as-prepared a-Ag3VOs. In a photovoltammetry experiment, both the dark current
(electrochemical features) and the photocurrents are generated in a single scan.>® Note that these
experiments were conducted in the reverse-bias regime unlike in the (forward-bias) kinetics
experiments in Figure 3-8a. Thus, the photocurrents are generated by minority carriers which are
electrons for a p-type semiconductor.’> Consistent with this notion, the photocurrent polarity is
cathodic in the traces in Figure 3-10b in line with the p-type semiconductor behavior of a-Agz3VO4
(see above).

Unfortunately, there was significant dark current flow on applying negative overpotentials in
Figure 3-10b, suggesting that the a-Ag3VO4 film-electrolyte junction was “leaky”. The dark
current is attributed to the reduction of (adventitious) dioxygen in the electrolyte. A parallel
possibility is that the residual traces of water in acetonitrile could participate in the corrosion
reaction (Reaction 3-15) under photoirradiation but not in the dark in the experimental potential
window. The PEC reduction reaction (photocorrosion counterpart of Reaction 3-15) presumably
occurs at less negative overpotentials than those required to drive this reaction on a pure conductive
electrode. This notion is entirely reasonable within the PEC conceptual framework.>

While the above data demonstrate that a-Agz;VOs has good stability in the dark in an optimized
(non-aqueous) electrolyte, considerable improvement in the quality of the AgzVOua/electrolyte

junction would be needed under irradiation even in the same electrolyte (see below). These data

56



point the need for further studies on the possible use of this p-fype semiconductor for practical

device applications.

3.4. CONCLUSIONS

This first report on a-AgzVOs underlines the immense potential of electrosynthesis as a
film preparation strategy that is environmentally benign, time-efficient, and scalable. Crystalline,
phase pure and stoichiometric a-AgzVOs films could be obtained even without post-deposition
thermal anneal. The present data acquired from a wide array of experimental techniques and
thermodynamics/kinetics analyses showed that practical applicability in
electrochemical/photoelectrochemical scenarios would require further optimization of junction
quality to suppress minority carrier flow in the dark. Approaches revolving around chemical
modification of an electrodeposited a-Ag3VOs film surface and/or multi-layered electrodeposited
configurations could prove to be profitable avenues worthy of further pursuit. The many
multilayered examples involving a-AgzVOs as one component in previous studies (using other

synthesis approaches)®?’ indeed bolster this notion.
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CHAPTER 4

CMBINING ELECTROLYSIS WITH THERMOLYSIS: A SAFE/SCALABLE ROUTE
TO MULTINARY OXIDE SEMICONDUCTOR FILMS

Used with permission from A. Vali, H-W. Jee, N. Myung, K-J. Paeng, K. Rajeshwar,
ChemElectroChem. 2021, 8, 1251-1258.

Copyright © 2021 Chemistry Europe. https://doi.org/10.1002/celc.202100193

ABSTRACT

Adding a thermolysis step to electrosynthesis (as in ‘“electrothermosynthesis™) considerably
enhances the scope of electrochemical film deposition and affords multinary compositions
previously inaccessible to this otherwise versatile and mild synthetic approach. Copper
pyrovanadate (B-Cu2V207), a member of the Cu-V-O family of ternary oxide semiconductors of
considerable interest to the solar fuels community, is shown herein to be an exemplar of this
approach. The generality of the hybrid approach is finally discussed for a variety of ternary metal

oxides.

4.1. INTRODUCTION

The solid-state chemistry and lithium ion battery communities have taught us that adding one or
more cationic elements to a binary compound architecture considerably enhances the performance
and properties of the parent chemical framework. Examples of this paradigm may be found in the

ternary and quaternary metal chalcogenide compositions (e.g., CulnSe2, CulnGaSe;) that have
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been developed for photovoltaic solar cell applications.! Similarly, the Cu-V-O family of ternary
compounds have shown enhanced stability (relative to the copper oxide parent) and have also
furnished unique opportunities for developing composition-property relationships in a

photoelectrochemical (PEC) solar fuels context.?®

In general, multinary compound
semiconductors are important in a variety of practical device applications beyond those identified
above. However, films of these compounds have been mostly synthesized so far by ultrahigh
vacuum based techniques (e.g., sputtering). Unfortunately, solar device applications in particular
require large active areas, and therefore, such techniques are not attractive from scalability, cost,
and safety perspectives.

On the other hand, electrosynthetic procedures have many advantages.”!? They are solution-
based, inexpensive, and scalable. Complex, integrated structures and doped or alloyed films can
be easily built up by simple switching of the bath chemistry and/or by incorporating a flow mode
of operation.”"!? Therefore, it is not surprising that electrodeposition has emerged as a viable
semiconductor film synthesis candidate.

In this paper, we show that the scope of electrosynthesis can be considerably enhanced by
incorporating a thermolysis step. This approach was initially developed for multinary
chalcogenide films.! For example, for the synthesis of CulnX; (X =S, Se), a copper-indium alloy
film is first electrosynthesized.! In the subsequent, thermolysis step, this film is reacted with H>X
gas for ultimate conversion to CulnX,.! However, H>X is noxious and therefore, poses severe
safety/scalability issues. On the other hand, the hybrid, “electrothermodeposition” (ETD) variant,

is shown herein to be particularly safe and scalable in the case of multinary oxide semiconductors

where the thermolysis step only involves an inert and non-toxic gas such as dioxygen (O2).
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We further show that B-CuxV207 is a particularly good example of the ETD approach. The
Cu-V-O compound family has generated intense interest from the PEC solar fuel community.*%!*-
21 Combining V,0s and CuO in different stoichiometries generates a series of ternary copper(II)
vanadates (CuV206, CuzV207, CuzV20s, Cui1VeOas, and CusV2010)**132! with significantly
higher stability in a water splitting environment relative to their binary oxide (CuO and V:20s)
constituents. Notwithstanding the intrinsic advantages of electrosynthesis as noted earlier, the use
of this approach for synthesizing copper vanadate films, however, has been conspicuous by its
absence.

We finally discuss the present results in the light of available data on a range of other ternary
compounds to illustrate the generality and versatility of the ETD paradigm. For the specific case
of B-CuxV207, we utilized a two-stage electrosynthesis step (Figure 4-1) to first generate an

amorphous CuVOs layer. The second thermolysis step of this film in air, served to both crystallize

and oxidize the initial film, to the targeted f-Cu2V207 phase.

First Step ‘Second Step Thermolysis B
VO;
—
Y05
=)
- - o
Q Q O ~
= | e s =2 B = B2
S E 8 S O I
»_VO, o
® | @
Cu** + e — Cu* Cu* + VO; — CuVO, 2CuVO; + %0, — Cu,V,0,

Cu*+e — Cu

Figure 4-1. Schematic diagram of the hybrid ETD approach to form B-Cu,V,07 thin film on a
fluorine doped tin oxide (FTO) support.
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4.2. RESULTS AND DISCUSSION

4.2.1. The First Electrosynthesis Step

Copper thin film was first electrodeposited by reduction of Cu®* in a non-aqueous medium,
dimethyl sulfoxide (DMSO) solution, to eliminate side electrochemical reactions such as hydrogen
and water reduction reactions in the presence of water.!? Also, using a non-aqueous solvent helps
to prepare a smooth thin film of copper.?? In addition, the electrodeposition solution was purged
by nitrogen to quench the oxygen reduction reaction (ORR). ORR helps to drive Cu,O formation
reaction even at room temperature.?* Figure C-S1 shows a pair of cyclic voltammograms on FTO
in in the presence and absence of copper nitrate. Two reduction waves were seen during forward
(reduction) scan. The first reduction wave in the range of 0 to -0.2 V was assigned to the following

reaction:2324

Cu*'+e — Cu’ 4-1)

The second reduction wave was attributed to the reduction of Cu” to elemental copper according

to the following reaction:*>**

Cu"+e¢— Cu (4-2)

The anodic copper stripping in DMSO solution on the return scan showed two anodic waves. These

two anodic waves can be attributed to a two-step stripping sequence, Eqns. 4-3 and 4-4,

respectively.?>?*

Cu— Cu' +e (4-3)

Cu" — Cu* +¢ (4-4)
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The observed cross-over of the forward and reverse scans in the cyclic voltammogram at ~ -
0.23 V (Figure C-S1) is a signature for thermodynamically stable copper nuclei formation and
growth of elemental copper on the substrate.?>%°

As in our previous studies,?*?”?® the combination of voltammetry and electrochemical quartz
crystal nanogravimetry (EQCN), proved to be useful for gleaning mechanistic insights. Both the
voltammetry (current vs. potential) and corresponding EQCN (frequency change vs. potential)
plots for the electrodeposition of copper are shown in Figure 4-2. The EQCN data showed that

over the first reduction wave (+0.3 to -0.23 V), the cathodic current increased with more negative

potential while the frequency remained constant. This diagnosed that no deposition or mass gain
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Figure 4-2. (A) Linear sweep voltammogram (—) and the corresponding EQCN frequency
change (---) for the electrodeposition of copper on Pt at 25 mV/s potential scan rate. (B) Charge-
frequency change plot derived from the EQCN-voltammetry data.

occurred in this potential window. Therefore, Reaction 4-1 (reduction of Cu®* to soluble Cu®) was
dominant in this wave. The frequency decreased along the second reduction wave (potentials lower
than -0.3 V) and the increased mass could be attributed to copper electrodeposition (Reaction 4-
2). The number of transferred electrons for an electrochemical deposition reaction can be
27-30

determined by plotting Q vs. —Af and applying Sauerbrey equation:

67



nFk

0= - EHaf (4-5)

Q is the transferred charge, F'is the Faraday constant, Af is the frequency change, k is the Sauerbrey
constant,’3% » is the number of transferred electrons, and M is the molar mass of the deposited
compound. The number of transferred electrons (#) can be estimated from the slope of the linear
part of charge-frequency change plot (Figure 4-2B). The estimated » value was 1.93, close to the

expected stoichiometry value for the following reduction reaction:
Cu*" +2¢ — Cu (4-6)

Both the energy-dispersive X-ray (EDX) and X-ray diffraction (XRD) patterns of the copper
thin film on FTO (Figures C-S2 and C-S3) confirmed the presence of pure elemental copper on
the substrate. Note that a preferred orientation of the (111) plane was observed, consistent with

reported XRD data for copper thin films.3"¥

4.2.2. The Second Electrosynthesis Step

In the second step (see Figure 4-1), copper stripping in the presence of 0.04 M NH4VO3
revealed only one anodic wave (Figure 4-3A), while in DMSO solution (in the absence of vanadate
ions) two anodic waves were seen (see Figure C-S1). Therefore, copper was only oxidized to Cu”
in the presence of vanadate ions. Furthermore, the oxidation wave was accompanied by frequency
decrease in the presence of VO3 ions (Figure 4-3A). These results are consistent with Cu” ions
participating in a precipitation reaction with VO3~ ions (dominant vanadate species at pH 7.0)*3 to

form a green CuVOs film, according to the following reaction:

Cu* + VO3 — CuVOs (4-7)
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The electron stoichiometry (7) estimated from the slope of the linear part of charge-frequency
change plot (Figure 4-3B) was 0.86 which was reasonably close to the expected stoichiometry
value for the following reduction reaction:

Cu+ VO3 — CuVOs+¢ (4-8)

The slight delay in the frequency change onset in comparison to the anodic current onset is
reminiscent of the trend previously observed for AgVO; and Agi;VO4** and suggests a

nucleation/growth mechanism underlying it.
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Figure 4-3. (A) Linear sweep voltammogram (—) and the corresponding EQCN frequency
change (---) for the electrodeposition of copper vanadate (CuVOs3) on Pt at 15 mV/s potential scan
rate. (B) Charge vs. frequency change plot constructed from the EQCN-voltammetry data.

For further characterization of the initially prepared film, a potentiodynamic synthesis
protocol was deployed to enhance film adhesion to the FTO substrate and to control the film
thickness. The potential was scanned from -0.20 to -1.20 V at 25 mV/s scan rate for several cycles
(4, 8, 10, 12, and 14 cycles) to achieve the required copper template film thickness; the rest time
between cycles was 30 s. The film after the second electrosynthesis step was XRD-silent (Figure
4-4b) suggesting that it was amorphous; EDX data (not shown) were consistent with a 1:1 Cu:V

stoichiometry as expected for CuVOs. Figure C-S4 (frames A-C) shows photographs of the CuVO3
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film for three values of the thickness.; the film had a green hue (see above) and darkened as it got

thicker.
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Figure 4-4. XRD patterns of (a) reference B-Cu2V207 (b) film after the second electrosynthesis
step and (c) sample after the final thermolysis step in air.

4.2.3. The Third Thermolysis Step

The third and final step in the ETD sequence consists of thermolysis (c.f., Figure 4-1). Thus, the
prepared CuVOs; thin film was thermally oxidized at 450 °C for 1 h in air to form B-Cu2 V207 film
(Figure 4-1). Thermal oxidation of the as-prepared film (Reaction 4-9) was accompanied by a color
change from green to burnt orange.

2CuVO;3+ %502 — Cua V207 (4-9)

Photographs of the B-Cu,V207 thin films with different thicknesses are shown in Figure C-S4,
frames D-F. The initially green CuVO3 phase was converted to a burnt orange f-Cu,V207 by the

final ETD step. It is worth noting that this color change was observed only above 300 °C,
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rationalizing the above choice of the thermolysis temperature. However, the crystallinity of the
sample was poor at 300 °C. On another hand, the beta phase is transferred to alpha phase above
500 °C.? Therefore, a temperature of 450 °C was chosen as a compromise to obtain a phase pure

B-Cu2 V207 film.

XRD data (Figure 4-4c) confirmed formation of the targeted -Cu,V207 film in crystalline
form. Clearly, the final thermolysis step in the overall ETD sequence accomplished both the
crystallization and copper oxidation functions. Thus, comparison of the SEM images for the as-
prepared and annealed samples (Figure C-S5) revealed that the particle size of copper vanadate
had increased as it was converted via ETD from CuVO3 to B-Cu2V207. An EDX scan of the -
Cu2V7207 film is shown in Figure C-S2, frame C. A Cu/V ratio as 0.96 + 0.03 was estimated by
averaging the compositional EDX assays from different points of the sample surface. Elemental
EDX maps (not shown) revealed uniform distribution of the electrodeposited film; no elemental

copper and/or vanadium rich regions could be observed.

4.2.4. Product Characterization

The phase purity of the ETD-derived B-Cu2 V207 film samples was probed via laser Raman
spectroscopy; Figure 4-5 contain the data. The obtained Raman bands were in good agreement
with those reported for polycrystalline B-Cu2 V.07 samples synthesized by other techniques.'*%37
All the Raman bands could be assigned to B-Cu,V207; specifically, no peaks were found for other
possible compounds such as V,0s, CuO, a-Cu2V207, and CuV206.>%>7 The bands at 910 cm ! and

856 cm™! were attributed to the terminal VO3 stretching modes, while the bands at 787 cm™! and

539 cm! were assigned to bridging VOV stretching modes.>®3” The bands at 392, 285, and 252
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cm ! were attributed to OVO3/VOs bending vibration modes.>**” The small peak at 350 cm™ was

assigned to the VO3 bending mode.*%>’
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Figure 4-5. Representative laser Raman spectrum of a -CuzV207 thin film on FTO prepared via
ETD.

Figure 4-6 contains high resolution X-ray photoelectron spectroscopy (XPS) data for both the
initially deposited CuVOs3 phase and for the thermally converted -Cu>V207 phase. Focusing on
the Cu binding energy regime (Figure 4-6, frames A and D) and comparing the Cu 2p3» and Cu
2p12 peaks with binding energies for Cu species in the literature,®® the sample from the second
ETD step contained both Cu” (Cu 2ps32 and Cu 2p12 peaks at 932.0 eV and 952.1 eV respectively)
and Cu?" (Cu 2ps32 and Cu 2pi» peaks at 933.9 eV and 953.9 eV respectively) while the
thermolytically converted ETD sample contained only Cu?" as expected. The unexpected
observation in Figure 4-6A indicates that the surface of CuV O3 was not stable at room temperature

since this sample should have only contained Cu" species.
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Figure 4-6. High resolution XPS data for the thin film samples from the second (CuVO3) and
third (B-Cu2V207) steps in the ETD sequence for (A and D) Cu 2p, (B and E) V 2p, (C and F) O
Is binding energy regimes.

A comparison between the high resolution V 2p XPS scans of the copper vanadate samples
from the second and third ETD steps (Figures 4-6B and E) indicated that the magnitude of the V°*
feature for CuVO3(517.8 eV) was significantly decreased. This corroborates the thermal oxidation
of CuVOs; to CuzV207 (Reaction 4-9) as explained above. Note that the presence of trace amount
of CuVOs in the sample from the third ETD step is due to the decomposition of Cu2V207 during
cooling of the sample.*® A dominant O 1s peak at 530.1 eV in the high resolution O 1s XPS spectra
(Figures 4-6C and F) was assigned to lattice oxygen in both the copper vanadates.'® The second O
1s peak at 531.5 eV corresponded to the oxygen in adsorbed OH" groups in both samples.'®
Notably, the XPS data for the sample after thermolysis (Figure 4-6D) showed no signatures for
Cu'.

Other optical, structural, and electronic aspects of the ETD-derived -Cu,V207 samples will be

elaborated elsewhere.*!
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The data in Figure 4-7 pertain to both the “dark™ and irradiated conditions and for varying values
of the film thickness. Such data offer insights into both the photocurrent generation mechanisms
as well as film stability; however these aspects extend beyond the scope of the present proof-of-
concept study and will be addressed elsewhere.*!

For now, it is simply noted that these samples behave as an n-type semiconductor; Figure
4-7 contains photoelectrochemical (PEC) data in aqueous borate buffer. The data in Figure 4-7
pertain to both the “dark™ and irradiated conditions and for varying values of the film thickness.
Such data offer insights into both the photocurrent generation mechanisms as well as film stability;
however these aspects are beyond the scope of the present proof-of-concept synthetic study and
will be addressed elsewhere.*! The highest photocurrent was collected for a 900 nm thick film
(Figure 4-7). The observed decrease in the photocurrent from 900 nm to 1050 nm is attributed to
increased recombination of the photogenerated electrons and holes. Since the electrons must travel
a more circuitous pathway to reach the FTO/semiconductor junction for a thick film, the
recombination probability is increased. Table B-S1 compiles the obtained photocurrent density
value at 1.23 V vs RHE for our best-performing -Cu>V207 photoanode along with literature data.
Note these data were collected in the absence of a hole scavenger. Significantly, the obtained
photocurrent in this study (0.12 mA/cm? at 1.23 V vs RHE) was higher than samples synthesized
in other studies except for the Ref. 16 case. The observed high photocurrent in Ref. 16 was
attributed to a unique morphology (nanoplate) of the synthesized sample. Photoelectrochemical
(PEC) experiments were also conducted in 0.2 M borate buffer (pH: 8.6) for our best-performing
B-Cu2V207 photoanode with and without a hole scavenger, namely, sodium formate. Figure 4-8A
presents the corresponding photovoltammetry data for -Cu2V207 film on FTO. The photocurrent

was significantly increased in the presence of hole scavenger, as expected. PEC water oxidation
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clearly is a sluggish process relative to formate oxidation. Further, the inset Figure 4-8A shows
that the photocurrent onset potential was shifted to more negative potentials in the presence of the
hole scavenger. Again, this trend is easily rationalized by the fact that since electron-hole
recombination rate is decreased when the interfacial electron transfer rate is enhanced. The
photocurrent onset potential was +0.75 V vs. RHE in the presence of hole scavenger, which is very
close to the values reported in the literature for samples synthesized by other techniques.>%!>!
Table B-S2 compares the obtained photocurrent density value at 1.0 V vs RHE for our best-
performing B-Cu2V207 photoanode along with literature data. Also, these data are collected in the
presence of hole scavenger. Once again, the obtained photocurrent in this study (0.40 mA/cm? at
1.0 V vs RHE) was higher than samples synthesized by other groups. All other studies used sodium
sulfite as a hole scavenger, while sodium formate was used instead in this study. A significant
amount of dark current has been reported for -Cu,V207 photoanode in the presence of sodium
sulfite at potentials above 1.1 V vs RHE.**!*2! For example, note that the photovoltammogram in
the presence of sodium formate (green scan, Figure 4-8A) showed negligible dark current till 1.5
V vs RHE. Therefore, all photocurrent density values in Table B-S2 were compared at 1.0 V vs
RHE. The photocurrent onset at ~635 nm in the action spectrum (Figure 4-8B) was entirely

consistent with the optical band gap of these samples (2.08-2.21 eV) as measured by diffuse

reflectance spectroscopy.*!
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Figure 4-7. Photocurrent (—) and dark current (....) for B-Cu2 V207 in nitrogen-purged 0.2 M borate
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Figure 4-8. A. Photocurrent for f-CuzV207 (900 nm thickness film) in nitrogen-purged 0.2 M
borate buffer solution (pH: 8.6). The potential scan rate was 5 mV/s. B. A photoaction spectrum in

the same electrolyte but also containing 3.0 M sodium formate as a hole scavenger. The potential
was held at 1.23 V vs. RHE in this case.
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4.3. GENERAL DISCUSSION

The Cu-V-O family has afforded demonstration of the power of the ETD approach. The
B-Cu2V207 phase of interest from a solar fuels application perspective was not directly
synthesizable via conventional electrodeposition. However, by incorporating a final thermolysis
step in a two-stage electrosynthesis scheme (Figure 4-1), the initially formed amorphous CuVO3
precursor could be converted to a crystalline f-Cu2V207 product.

A search of the literature reveals, however, other process variants of ETD that further
extend its generality and scope. Table 4-1 summarizes illustrative examples of work from other
laboratories. Thus, either the two binary oxide constituents or the two metal components can be
electrosynthesized first followed by their thermolytic conversion to the targeted ternary oxide
product (see Table 4-1).4*%® Clearly, these tabulated examples, along with the p-CuxV207 case
highlighted in this work, show that addition of a thermolysis step considerably enhances the scope
of electrosynthesis.

Table 4-1. Examples illustrating variations on the ETD theme.

Ternary oxide Electrosynthesis step Thermolysis step Reference
BiVO4 Cathodic deposition of Bi metal Conversion to product after 43
from an ethylene glycol bath. soaking in VO(acac), and
thermolysis in air at 450 °C.
CuWOq4 Codeposition of Cu,0 and WO3 Thermolysis at 500 °C in air. 44
from an acidic aqueous bath.
CuWO4 Cathodic deposition of WO3. Thermolysis in air at 550 °C 45
in contact with copper (II) nitrate soln.
Bi2WOs Same as above. Same as above but with bismuth (III) 45
nitrate solution used instead.
CuFeO» Cathodic codeposition of Cuand Fe  Thermolysis at 650 °C in argon. 46
from a DMSO bath.
CuBi204 Cathodic codeposition of Thermolysis at 600 °C in air. 47
Cu and Bi in 1: 2 ratio.
CuBi204 Anodic codeposition of CuO Thermolysis at 500 °C in air. 48

and Bi,0j3 at 60 °C.
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4.4. CONCLUSIONS

In this study, the technologically important Cu-V-O ternary oxide system was used to
demonstrate a new film synthesis approach (ETD) that powerfully combines electrosynthesis and
thermosynthesis. Specifically, synthesis of an elusive compound in this system, namely: B-
Cu2V207, was secured via ETD. Unlike in the metal chalcogenide cases, the thermolytic metal
alloy — ternary metal oxide conversion in ETD is safe and scalable. Also worth noting is that this
thermolytic step may also serve to additionally impart (or improve) crystallinity in the deposited

film like the thermal anneal that is routinely used as a post-deposition tool.

4.5. EXPERIMENTAL SECTION
4.5.1. Materials

Copper nitrate hemi(pentahydrate) [Cu(NO3)2-2.5H,0 (Alfa Aesar)] and ammonium
metavanadate [NH4VO3 (Alfa Aesar)] were used as copper and vanadium sources, respectively.
Dimethyl sulfoxide [C,HsOS (Sigma-Aldrich)] were used as the non-aqueous solvent. Potassium
nitrate [KNO3 (Alfa Aesar)] was used as an electrolyte for the electrodeposition of copper. Boric
acid [H3BOs3 (Alfa Aesar)] and sodium borate [(Na2B4O7-10 H>O (Sigma-Aldrich)] were used to
prepare borate buffer solution (pH: 8.6) for the PEC characterization. Sodium formate [HCOONa
(Sigma-Aldrich)] was used as a hole scavenger for photoaction spectroscopy.
4.5.2. Electrosynthesis Details

In the first electrosynthesis step (Figure 4-1), the copper thin film was cathodically
deposited on a working electrode, fluorine doped tin oxide (FTO) substrate (FTO characteristics
in Ref. 34 in the main text), in a single compartment, three-electrode cell setup. The

counterelectrode and reference electrode were platinum foil and Ag/AgCl/4M KCI, respectively.
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The electrodeposition solution contained 40 mM Cu(NO3)2-2.5H20 as the copper source and 100
mM KNOs as a supporting electrolyte in dimethyl sulfoxide (DMSO). Other details are presented
in the main text.

The electrodeposition of copper was carried out by passing 0.034 C/cm? for each cycle.
We can calculate the number of moles for electrodeposited copper using Eqn. 4-6 and the passed
charge for each cycle (Faraday’s Law). Then, the number of moles of Cu2V207 could be estimated
from the formation/stripping reactions from which the mass of Cu,V,07 was calculated. By taking
the density of Cu2V207 as 3.96 g/cm? * the volume of deposited Cu,V207 was calculated and
divided by the working electrode area to obtain the film thickness. Each cycle increased the film
thickness by ~75 nm.

In the second step in Figure 4-1, the electrodeposited copper film was anodically stripped
in a 40 mM ammonium metavanadate solution (pH: 7.0) to generate Cu” which subsequently was
precipitated with VO3™ to form an amorphous CuVO3 film on the substrate (Scheme 1). The thin
film was built up by repeated scanning of the potential from +0.15 V to +0.35 V at 15 mV/s. The
rest time between cycles was 15 s. When the anodic current due to oxidation of copper (stripping)

ceased, the potentiodynamic sweeps were stopped.

4.5.3. Instrumentation

Details of the instruments used for X-ray diffraction (XRD), energy-dispersive X-ray
(EDX), and X-ray photoelectron spectroscopy (XPS) were given elsewhere.***> A Horiba Jobin
Yvon (Model LabRAM ARAMIS) instrument was used to collect laser Raman spectra of the
prepared copper vanadate thin films. A laser excitation wavelength of 632 nm (1.96 eV) with a

50x% objective and 0.3 mW incident power were deployed for these measurements.
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Details of the instrumentation for electrochemical, photoelectrochemical, and

electrochemical quartz crystal nanogravimetry (EQCN) experiments may be found elsewhere.?*3

The illumination source was a W/Xe lamp and the incident power was 100 mW/cm?. For
photoaction spectroscopy (Figure 4-7B), a Model 74125 Oriel Cornerstone 260 monochromator
(1/4 m focal length) was used. The wavelengths were scanned from 645 to 450 nm. The wavelength

interval was 5 nm, and both the illumination and dark periods were set at 5 s at each wavelength.
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CHAPTER 5
SUMMARY AND PERSPECTIVES

Desirable properties of semiconductors are optimum band gap, proper conduction and
valence band edge positions, high quantum yield, good chemical and photoelectrochemical (PEC)
stability, and non-toxicity of the component elements. It is difficult for a binary oxide
semiconductor to satisfy all these desirable properties simultaneously. One solution is to generate
ternary and quaternary oxide semiconductors from binary oxide components. Such multinary
compound semiconductors have recently come under the spotlight for solar fuel generation
applications.

In this research, we systematically studied the effect of adding silver or copper to V205 and
probed alterations in its semiconductor behavior. For the first time, electrodeposition was used to
prepare thin films of ternary silver and copper-vanadate semiconductors. From a synthetic
perspective, electrodeposition is a fast, low temperature, and scalable method that can be used to
prepare semiconductors directly in film form on conductive substrates. In addition, the
optoelectronic parameters (e.g., photocurrent, flat band potential) of the thin film semiconductors
that are prepared by electrodeposition can be measured easily, without any more processing steps.

Chapter 2 describes a two-step electrodeposition strategy to synthesize two polymorphs of
silver metavanadate, a- and B-AgVOs. Then, their physical, optoelectronic, electrochemical, and
photoelectrochemical properties were evaluated experimentally. In addition, a (collaborative)
computational study was performed to provide details of the a— [ phase transformation
mechanism and band structure of the two polymorphs.

In Chapter 3, the mechanistic details of electrodeposition of a silver-rich member of the

Ag-V-O family, namely, Ag3VOs, are provided. Subsequently, the physical, thermal,
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optoelectronic, electrochemical, and photoelectrochemical properties of this semiconductor are
discussed in depth. Interestingly, my results showed that the as-prepared sample at room
temperature was crystalline and phase pure with a high concentration of holes. Such optimal
behavior was elusive in previous studies of this compound

Chapter 4 explains the details of a hybrid electrochemical/thermolysis route, namely
electrothermodeposition (ETD), for synthesizing the B-Cu2V207 photoanode. In this chapter, the
details of using two complementary processes, namely electrosynthesis and thermolysis, are given
to prepare a multinary oxide film on the conducting substrate.

In the case of the electrodeposited AgVO3; and Ag3VO4 samples, considerable further
improvements in the quality of semiconductor/electrolyte junctions are needed to prevent their
cathodic corrosion in an aqueous medium. To this end, chemical modification of
electrosynthesized AgVO; and AgzVOq film surfaces may be a viable strategy for future work.

In the case of B-CuV207, further work is needed to improve its charge separation
efficiency. Several complementary strategies such as doping, nanostructuring, and co-catalyst
modification can be applied to improve the low hole diffusion length and sluggish water oxidation
reaction kinetics. For example, the charge separation efficiency can be increased by increasing the
mobility of charge carriers of B-Cu2V207 through Mo or W doping.

Combining Ag>O with CuO possibly generates a ternary oxide, namely, Ag>Cu0s3 (see
Ag>0-CuO line of Figure 1-2). This ternary oxide exhibits semiconducting behavior with a low
band gap (2.2 eV). Adding V°* to Ag,Cu,0; can generate a quaternary oxide, namely, AgCuVO4
(see Figure 1-2). However, there is only limited information on the optoelectronic behavior,

electronic band structures, thermal/electrochemical stability, and electrochemical/photo-
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electrochemical attributes of these two semiconductors. Thus, further study, beyond the scope of

this dissertation, is required on these aspects for Ag>Cux03 and AgCuV Oy, in the future.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2

Current (mA)
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Figure A-S1. Cyclic voltammograms for 20 mM AgNO,, 0.2 mM sodium dodecyl sulfate, and 200

mM tetrabutyl ammonium perchlorate in acetonitrile on Pt (—) and FTO (---) , 25 mV/s scan rate.
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Figure A-S2. (a) Linear sweep voltammogram (—) and the corresponding EQCM frequency
change (---) for the electrodeposition of silver on Pt at 25 mV/s potential scan rate. (b) Charge-
frequency change plot derived from the EQCM-voltammetry data.
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Figure A-S3. XRD patterns for the electrodeposited silver film on FTO.
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Figure A-S4. EDS scan on the above sample. Note that only the expected signals from Ag are
present.
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Figure A-S5. XRD patterns for a) a-AgVOs, b) B-AgVOs, c) As-prepared sample, d) Annealed
sample at 150 °C for 30 min, and e¢) Annealed sample at 250 °C for 30 min.
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Figure A-S6. An EDS scan for as-prepared sample. The sample only shows the expected
elements: Ag, V, and O.
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Figure A-S7. Tauc plots for an as-prepared silver vanadate film on FTO. Frames (a) and (b) contain
the plots analyzed for direct and indirect optical transitions respectively.

Table A-S1. Unit cell parameters for the two AgVO3 polymorphs obtained from DFT +U energy
minimization in this study compared with those derived from other methods and from experimental

XRD data.
0-AgVOs3 p-AgVOs3
(monoclinic, space group: C2/c) (monoclinic, space group: Cm)

Lattice DFT+U PBE®™ B3LYP® HSE06® Exp. ® Exp. DFT+U PBE® B3LYPW HSE06® Exp. © Exp.

(This (This (This (This
constant | study) study) study) study)
a (A) 10.80 11.64 11.40 1156 1044 1044 | 18.58 17.42 17.75 17.47 18.10 18.10
b (A) 10.50 737 8.18 727 990  9.90 3.61 3.54 3.55 3.54 3.58 3.58
c (A) 5.93 6.06 5.89 5.97 553 5.53 8.18 8.13 8.20 8.11 8.04 8.04
a () 90.00 90.00  90.00  90.00  90.00 90.00 | 90.00 90.00 90.00  90.00  90.00  90.00
B ® 110.84 10943 10638 10825 99.69 99.69 | 104.86  103.48  103.51 103.65 10444  104.44
Y ® 90.00 90.00  90.00  90.00  90.00  90.00 | 90.00 90.00 90.00  90.00  90.00  90.00

Exp. stands for experimental data
2 Reference 15
b Reference 36
¢ Reference 37
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3

Step 1 Step 2

Figure B-S1. Photograph of the color change accompanying the silver — silver orthovanadate
conversion in the second step (refer to text).
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Figure B-S2. Particle size distribution in the AgzVO4 sample considered in Figure 3-2B.
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Figure B-S3. An EDX scan for an as-prepared electrodeposited sample. The sample only shows the
expected elements: Ag, V, and O.
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Figure B-S4. Morphological characterization of a-AgzVO4 by TEM (A) and SAED (B).

91



*FTO +Ag *Ad;V0, ¢ Ag 4V,07
* *

o x
o [1300°C : {

Normalized Intensity
N
(3]
o
o]
(@]
e
*
+
L 2
+

20 (degree)

Figure B-S5. XRD patterns of a-Ag3;VOs at different temperatures.

Figure B-S6. Representative scanning electron micrograph of a pre-annealed a-AgzVOs film at
350 °C on FTO.
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Figure B-S7. Reference scanning electron micrograph and elemental EDX maps for a pre-
annealed a-AgzVO4 film at 350 °C on FTO.
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Figure B-S8. EDX scans for pre-annealed silver vanadate film at 350 °C. (a) Ag-rich zone and
(b) AgaV207-rich zone. The Ag and Ag4V>0O7-rich zones are shown in Figure B-S6.
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Figure B-S9. EDX scans to find the amount of vanadium in (a) as-prepared Ag3zVOs, (b)
AgaV>207-rich zone and (c) Ag-rich zone for a pre-annealed silver vanadate film at 350 °C. The
Ag and Ag4V207-rich zones for the pre-annealed sample are shown in Figure B-S6.
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Figure B-S10. UV-visible absorption spectrum for as-prepared a-AgzVOas.
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Figure B-S11. Contact potential difference (CPD) for as-prepared a-AgzVOa.
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Figure B-S12. An EDX scan for the residual sample after cathodic corrosion of silver vanadate
in 0.2 M sodium sulfate.
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Figure B-S13. XRD pattern for the residual sample after cathodic corrosion of silver vanadate
in 0.2 M sodium sulfate.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4
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Figure C-S1. Cyclic voltammogram for FTO in 0.1 M KNO3 and 40 mM Cu(NO3)>-2.5H>0 in
DMSO, 10 mV/s scan rate. Cyclic voltammogram for FTO in 0.1 M KNO3 in DMSO without
Cu(NO3)2-2.5H20 is shown as a blank for comparison.
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Figure C-S2. EDX scans for (A) FTO substrate (B) electrodeposited copper thin film on FTO
and (C) film after the final step in the ETD sequence (c.f., Scheme 1).
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Figure C-S3. X-ray diffractogram for an electrodeposited copper thin film on FTO substrate.

Figure C-S4. Photographs of (A-C) copper vanadate thin films after the second electrosynthesis
step and (D-F) samples after the final thermolysis step in air.
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Figure C-S5. Representative scanning electron micrographs of (A) as-prepared copper vanadate
and (B) B-Cu2V207 film on FTO substrate.
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Table B-S1. Comparison of photocurrent value at 1.23 V vs RHE for our B-CuzV207 sample

with literature data. These data were collected in the absence of a hole scavenger.?

Photocurrent
Synthesis method Electrolyte and pH® Morphology Ref.
(mA cm™)
Solution combustion 0.1 M borate buffer, pH: 9.2  Irregular nanoparticles 0.065 3)
Drop casting 0.1 M borate buffer, pH: 9.2 Irregular nanoparticles 0.035 (19)
0.3 M potassium sulfate
Electrospraying + 0.2 M phosphate buffer Semispherical nanoparticles 0.041 (15)
pH: 6.8
Co-sputtering 0.1 M borate buffer, pH: 9.3 Semispherical nanoparticles 0.036 (6)
Electrospraying 0.1 M borate buffer, pH: 9.2 Irregular nanoparticles 0.100 (20)
SILAR® 0.1 M borate buffer, pH: 9.0 Irregular nanoparticles 0.070 (21)
Hydrothermal 0.5 M sodium sulfate Nanoplate 0.410 (16)
Electrodeposition 0.1 M borate buffer, pH: 8.6 Irregular nanoparticles 0.120 :;;Sy

 In most of the cases, the samples were also subjected to post-synthesis thermal anneal.

® The details pertain to the voltammetric measurements.
¢ SILAR = Successive lonic Layer Adsorption and Reaction.
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Table B-S2. Comparison of photocurrent value at 1.00 V vs RHE for our B-CuzV207 sample
with literature data. These data were collected in the presence of a hole scavenger.?

Photocurrent

Synthesis method Electrolyte and pH® Morphology  at 1.00 Vvs RHE  Ref.
(mA cm™)

Solution combustion 0.1 M borate buffer + Irregular 0.075 3

0.1 M sodium sulfite, pH: 9.2  nanoparticles

0.1 M borate buffer + Trregular
Drop casting ) 0.030 (19)
0.1 M sodium sulfite, pH: 9.2 ~ nanoparticles

0.1 M borate buffer + Semispherical
Co-sputtering ‘ 0.030 (6)
0.1 M sodium sulfite, pH: 9.3 ~ nhanoparticles

0.1 M borate buffer + Irregular
SILAR® ' 0.050 21)
0.1 M sodium sulfite, pH: 9.0 ~ hanoparticles

0.1 M borate buffer +

Nanocrystal-seeded Irregular
. ‘ 0.230 (42)
synthesis 0.1 M sodium sulfite, pH: 8.2 ~ hanoparticles
N 0.1 M borate buffer + Irregular This
Electrodeposition ) 0.400
0.1 M sodium formate, pH: 8.6 nanoparticles study

? In most of the cases, the samples were also subjected to post-synthesis thermal anneal.
® The details pertain to the voltammetric measurements.
¢ SILAR = Successive lonic Layer Adsorption and Reaction.
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