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Abstract Cathodic electrodeposition of oxides on platinum
from MoO3—K,>Mo00y4 (3.85—75 mol% MoOj3) under DC and
pulsed galvanostatic modes is discussed in combination
with voltammetry data. Characteristic potential values (as
related to oxygen evolution onset) are reported for Mo(V1/
IV) redox processes, as well as for electrochemical equilib-
ria with participation of molybdenum metal and Pt-Mo
alloys. On the basis of scan rate effects and results for
various potential limits, and also of voltammetry with pre-
liminary potentiostatic accumulation of products, molybdate
reduction mechanism complicated by a chemical step of
Mo metal oxidation is proposed. This qualitative assump-
tion is verified in preparative electrolysis experiments
with products identification by means of X-ray diffrac-
tometry, scanning electron microscopy, and EDX local
analysis. Deposition under pulsed mode is found to be
useful tool to adjust the duration of chemical step and by
these means to alter the composition of final products.
The conditions supporting the formation of MoO, and
more reduced oxides are formulated.
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Introduction

Basic M,;Mo0O,~MoO; melts (where M=Li, Na, K, Rb)
with the addition of various oxides are widely used in
electrosynthesis of compounds with strong metal-metal
interactions, either in the form of clusters or as extended
metal-metal bonded chains. Representative examples are
KMO4O6 [1], L35M04016 [2, 3], LaMOg_x014 [4],
NdMogO;, [5], or SmyMo,303, and Nd4Mo;305, [6].
These syntheses require high temperatures (7=1,200—
1,300 K) and low acidity of the melt (typically ca. 14—
35 mol% MoOs; melt acidity can be also varied by rare
earth oxides additives).

Molybdenum bronzes can be deposited from more acidic
molybdenum melts (75-79 mol% MoOs) with lower melt-
ing temperatures (7;,) [7-13] if superheat does not exceed
25 °. Moreover, even in this narrow interval one can obtain
different bronzes depending on the deposition temperature
(Ko.3MoO5 at 823 K or K¢33Mo00;3 at 833 K, [7]) using
similar current densities. At higher temperatures, MoO,
forms exclusively, probably due to thermal decomposition
of bronzes. Similar trends are known for lithium bronzes
[12], but in this case crystals form in the melt bulk, not at the
electrode surface (perhaps because of bronze high solubility
in the melt). One of the factors affecting the structure of
electrodeposited oxides can be the existence of certain ionic
species (e.g., (M0gO2,)® [14, 15]) serving as precursors.

Despite wide applications of M;MoO4—MoOs melts in
electrosynthesis, the mechanisms of corresponding elec-
trode processes as a whole were never discussed. Moreover,
rather limited information is available on electrochemical
equilibria and kinetics of electrode processes in these [16,
17] or similar oxide and oxide—halide [18, 19] melts. Fur-
thermore, experimental details of the reported electrosyn-
theses are usually incomplete (e.g., current density is often
omitted). Electrosyntheses using such melts were conducted
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under galvanostatic mode, and three-electrode configuration
of the cell has never been reported, so that it is impossible to
assign deposition processes to potentials investigated. To
choose the proper electrodeposition conditions for particular
reduced molybdenum oxide, this information is of crucial
importance.

The aim of the present work is to systematically
investigate the electrochemical behavior of high- and
low-temperature oxomolybdenum melts. We would like
to check the role of various factors on current response
in the certain potential regions. Unfortunately, in contrast
to solution electrochemistry, it is difficult to vary the
temperature and composition of the melt independently.
Our efforts are aimed to arrange electrodeposition of
various reduced molybdenum oxides under more precise
electrochemical and compositional control.

Experimental
Preparation of the electrolyte

Melts with various MoO3; molar contents (3.85-75 mol%)
were prepared either by mixing the proper amounts of
MoOj; and K,COs;, or by adding the required quantities of
MoO; to the melt of known composition. Prior to mixing,
all reagents were subjected to preliminary heat treatment for
48 h at 773 K in air. All reagents were of pure-grade quality.
The mixture (50-75 g) was melted in high-density alumina
crucible. All experiments were carried out in air. Melt tem-
perature was monitored using IR pyrometer “Kelvin”. Inde-
pendent temperature control for low-temperature melts was
performed using glass-covered chromel-alumel thermocou-
ple immersed directly in the melt.
The following series of melts were studied.

1. Constant acidity (50 mol% MoOs) series at varied tem-
perature (823-933 K).

2. Constant temperature (1,233 K) series at varied acidity
(3.85-50 mol% MoO3).

Some impurities in the melt are unavoidable due to slow
dissolution of the crucible material and occasional crum-
bling of thermal protection elements. The traces of these
impurities (typical for high-temperature melt electrochemis-
try), namely of Al, Ti, and Si, were found in some deposits
under study. Fortunately, Al and Si never interplay with Mo
in oxide lattices. As for Ti, to check its ability for Mo
substitution we arranged several test depositions from the
melts with different TiO, additives. It was found that
depending on TiO, content titanium-substituted KMo40g¢
or hollandite can be obtained. Detailed discussion of the
obtained substituted structure will be published elsewhere.
We have never observed these compounds in our experiments
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without TiO, addition, but we cannot exclude formation of
other slightly substituted KMo,4Og in this case.

Electrochemical apparatus

All electrochemical experiments were performed using
potentiostat Autolab PGSTAT30. For pulsed electrodeposi-
tion, additional ac-component was imposed by PC Function
Generator Velleman PCG 10/8016 (+PC scope Velleman
PCS500).

Platinum wires of 0.5 mm diameter were used as working
and quasi-reference electrodes in cyclic voltammetry experi-
ments. The immersion depth 101 mm of the working
electrode was fixed by controlled movement of the electrode
in vertical direction after the establishment of electrical
contact with the melt. Correspondingly, the geometric area
was 0.16+0.02 cm?®. The potential of the quasi-reference
electrode is determined mostly by oxygen-related equilibria.
Its behavior is dependent on the surface state, i.e., on the
presence of platinum oxide films and their thickness (which
changes unavoidably in the course of measurements). To
increase the accuracy, all measured potentials were cor-
rected with respect to onset of anodic process demonstrating
a sharp current growth. The latter was associated with oxy-
gen evolution, as thermodynamics predicts no other anodic
reactions in the system under study. Typically the potential
of Pt quasi-reference was about 0.1-0.15 V more negative
than the onset of oxygen evolution.

The onset potential of oxygen evolution was estimated
from extrapolation of the initial linear segment of oxygen
evolution /, E curve to zero current. All potentials are given
below versus this O, evolution potential. A typical error of
potential values determination can be estimated as £10 mV.
All current densities presented below are normalized per
immersed geometric area of the working electrode. The
counter electrode was a 2.5-cm? platinum slab. Ohmic drops
(typically 1.3—50hm) were estimated from high frequency
(ca. 10 kHz) impedance values and partly compensated (75—
85 %) in all voltammetric experiments. All presented CVs
are stabilized (it is possible after three to five cycles). CVs
are reproducible in independent experiments for one and the
same melt composition/temperature, excluding very few
features specially mentioned in the text.

Preparative electrodeposition

Preparative electrodeposition experiments were performed
either in three-clectrode (with quasi-reference) or two-
electrode cell. Working and counter electrodes were 2.5—
4.0 cm? platinum slabs (with platinum wire connectors)
completely immersed in the melt. For preparative electrode-
position, we used galvanostatic mode or applied cathodic
square wave pulses (—0.1 Acm */open circuit, frequency
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(/=3 Hz). During pulsed deposition the duration of cathod-
ic current (duty cycle) was varied from 33 to 67 % of the
total pulse time.

Melt quantity was generally enough to avoid the pro-
nounced changes of bulk composition in the course of
long-term experiments. Some changes (and corresponding
shifts of quasi-reference potential) were only observed in the
melts with very low MoOj3 content.

After electrolysis all electrodes with deposits and remain-
ing melt were successively sonicated in hot solution of 2M
HCI and distilled water using “Saphir” (UZV-1,3) ultrasonic
bath. Typically, the precipitates were easily separated from
electrodes. After washing, precipitates were separated from
solution by decantation with or without prior centrifugation.
The bright blue color of the washing solution indicates
partial dissolution of some reduced molybdates, which
results in underestimation of current efficiency. After spend-
ing the charge of 1,400 Ccm 2 under either galvanostatic or
pulsed mode, the typical deposit mass recovered after wash-
ing was 0.2-0.3 gcm 2. Thus estimated current efficiency
only rarely exceeded 3—4 % for reduction of MoOj; to
KMo,40¢. The highest observed current efficiency was
6 %. The estimated loss of the deposit (from visual obser-
vations after washing) does not exceed a half of initially
formed quantity, so real current efficiency is in any case
below 10 %. The majority of charge is spent for formation
of reduced molybdates soluble in the melt.

After certain experiments, especially in high-temperature
melts, platinum cathode appeared to be covered with dark
and highly adhesive film, which could be removed only by
prolonged boiling in aqua regia or firing with NaOH in
hydrogen flame. The nature of this film remains unknown
and requires further study.

Characterization

X-ray powder diffraction data were collected at room tem-
perature using Huber G670 Image Plate Guinier camera (Cu
Ko, radiation) and a 626 Bragg—Brentano RIGAKU D/
max RC diffractometer (Cu Ko« radiation) equipped with a
secondary graphite monochromator and a scintillation
counter. Phase identification was performed using ICDD
PDF-2 [20] database and FIZ/NIST ICSD [21] databases.
For quantitative phase analysis, the derivative difference
minimization (DDM) routine [22] was used as implemented
into DDM 1.93 software package [21].

Only major phases belonging to K-Mo—O system are point-
ed out. In fact, in all obtained diffraction patterns of deposits
some weak (relative intensity less than 5 %) unidentified dif-
fraction peaks were observed, so the data given below should
be treated as the relative content of identified phases. Unknown
phases can result from contaminations (deposit interaction with
crucible and/or electrode materials).

Chemical compositions of bulk samples were analyzed
by energy-dispersive X-ray spectroscopy (EDX) with JEOL
JSM6490 LV scanning electron microscope (LaBg¢ cathode,
20 kV) equipped with EDS spectrometer INCA X-Sight
(Oxford Instruments). EDX measurements were performed
with standard-free method at five to seven points for each
type of crystal in certain sample.

Results and discussion
Thermodynamic estimates

To assign electrochemical responses to certain processes, we
used preliminary estimates based on HSC thermodynamic
data for solids and oxygen [23]. Table 1 collects Gibbs
energies for various chemical redox processes and
corresponding standard potentials for half-reaction equilib-
ria' with participation of different molybdenum-based redox
systems. The latter values are given in relation to oxide/O,
potential?; this scale is used below and denoted as ‘vs. O,’.
Standard potentials for redox systems associated with pos-
sible impurities are listed as well. As can be seen from
Table 1, impurities reduction (Al,O5, SiO,, and TiO,) can
start only at more negative potentials as compared to Mo
(VD) and Mo(IV) reduction to Mo metal. Minor overlap of
redox responses can be expected only for reduced titanium
oxides formation (e.g., Ti,0,,-1) at high temperatures, but
as concentration of Ti species is much lower than of Mo
species, this can hardly provide any noticeable contribution
to current values.

It is worth noting that experimentally estimated equilib-
rium potential values may differ from calculated standard
values not only due to concentration factor but also due to
different state of molybdenum-containing species in solids
and in the melt. Namely, solvation, ionic association, 0xo-
molybdate polycondensation, dipole—dipole, or any other
interactions in the melt affect this state and can be formally
taken into account in terms of activity coefficients. No
experimental data on activities in the K;MoO4~MoO; melts
can be found in the literature, so more precise equilibrium
potentials cannot be calculated for this system. For Na,O—
MoO; melts with 50.9-92.2 mol% MoOs, the activities are
available for 890—1,230 K temperature interval [24]. Extrap-
olation of these data to basic melts (3.85 mol% MoO3)
results in cathodic shift of the calculated standard potentials
to —0.46 V for MoO3;/Mo00O, and to —0.15 V for MoOs/Mo.

! We use term “standard”, despite of non-ambient temperature, because
these values correspond to activities of all dissolved components equal
to unity.

2 Our experimental approach to attribute potentials to this scale using
the onset of oxygen evolution can result in ca. 5-10 mV shift, which is
within typical accuracy of potential measurement.
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Table 1 Thermodynamic esti-
mates of Gibbs energies and

standard potentials £° (vs. O,)
for various redox-processes at

843 and 1,233 K on the basis of
free energy data for solids and
oxygen [23]

Reaction 843 K 1,233 K

AGgas, kJmol ™! E°,V AG] 533, kImol ™! E°,V
Ky;Mo04=K,0+Mo+1.50, 877.6 -1.516 694.3 -1.20
2K,0=4 K+0, 486.9 -1.261 399.6 —1.035
2K;,M004=2M00,+2K,0+0, 885.7 -2.294 652.9 -1.691
MoO;3;=Mo+1.50, 530.9 -0.917 445.6 -0.770
2Mo0O3;=Mo+Mo0,+20, 627.0 -0.812 523.3 —-0.678
2Mo003=2M00,+0, 192.3 —-0.498 155.4 —0.403
Mo+2Mo0O3=3Mo0, —242.5 -212.4
MoO,=Mo+0, 434.8 -1.126 367.9 —0.953
8Mo0O;=8M00, 75+0, 171.7 —0.445 179.4 —0.465
16MoO5;=16M00, g75+0, 161.0 -0.417 226.6 —0.587
18.018M003=18.018M00, gg9+ 0, 159.7 -0.414 240.1 —0.622
TiO,=Ti+0O, 790.5 —2.048 721.4 —1.869
8Ti0,=2Tiy07+0, 576.9 —1.495 491.9 -1.274
6Ti0,=2Ti;05+0, 588.6 -1.525 501.7 —-1.300
4Ti0,=2Ti,05+0, 597.0 —1.547 523.5 -1.356
Si0,=Si+0, 757.8 —1.963 690.0 —1.788
AlL,O3;=2A1+1.50, 1,411.2 —2.438 1,283.7 -2.217

Nevertheless, one can assume better agreement of calculated
and experimental characteristic potentials of MoOz/Mo and
Mo0O3/MoO, pairs in acidic melts, when activity is close to
unity.

We should also mention another complication: if Mo—Pt
alloy is formed instead of Mo metal, equilibrium potentials
can also shift with respect to calculated values. Taking into
account the available enthalpies of formation of Mo—Pt
alloys (AH°(MoPt)=—26.1 kImol™', AH°(MoPt,)=
—36.9 kJmol ' [25]) and neglecting unknown entropy con-
tributions, one can expect the potential shift up to 0.270/n—
0.380/n V for n-electron equilibria. Thus, the highest possi-
ble anodic potential shift for redox process Mo/MoOj3, as
induced by alloy formation, is about 0.045-0.065 V. Similar
result (ca. 0.05 V shift) can be obtained with typical stan-
dard Gibbs energies of formation for platinum-rich interme-
tallic compounds (5-25 kJ mol ! at 1,233 K [26)).

Keeping in mind these thermodynamic circumstances,
one can expect the formation of reduced molybdenum
oxides with formal oxidation state of Mo above IV at rela-
tively high potentials (> —0.4 V). Another important predic-
tion from Table 1 is the thermodynamic instability of
metallic molybdenum at high temperatures in presence of
oxygen, as can be seen from the negative values of AG for
oxidation reactions (Mo/MoO,, Mo/MoQ3).

Determination of equilibrium potentials from experimen-
tal data in the melts presents a challenge since the majority
of electrochemical responses are less reversible or complete-
ly irreversible. In what follows, the efforts were concentrat-
ed on the assignment of observed voltammetric features to
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certain redox pairs. The goal was to collect potentials of
various pairs and to specify thermodynamic predictions for
formation of certain products. Basically, three types of redox
behavior were observed in cyclic voltammograms (CVs),
which are illustrated in Figs. 1, 2, 3 and 4.

(a) A sharp increase of both anodic and cathodic currents
in the vicinity of a characteristic potential. In this case
characteristic potential value can be determined as the
potential of zero current (e.g., E/E’, G/G' in Fig. 4), and
it is expected to be close to equilibrium potential.

0.4
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-0.8 4 /.

— T T T T T T T T T T T T T
-1.75 150 -125 -100 -075 -050 -025 0.00
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Fig. 1 Cyclic voltammograms of platinum electrode in pure K,MoO,
(1) and K,;M00,4 with 3.85 mol% MoOj3 (2) melts. Scan rate 100 mV
s '. T=1,233 K. Dashed slight lines demonstrate the estimates of
characteristic potentials according to procedure (b), see text for details
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Fig. 2 Cyclic voltammograms of platinum electrode in 75 mol%
K>Mo0O4—25 mol% MoO3; melt. Scan rates 2.5, 5, 10, and 25 Vsl
I=1,073 K

(b) Completely irreversible reduction/oxidation. In this
case, characteristic potential could be determined only
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Fig. 3 Cyclic voltammograms of platinum electrode in K,MoO,4 with
14.3 (a) and 20 (b) mol% MoO3 melts after electrode pretreatment for
1-15 min at —0.915 V (a) or for 1 (/) and 3 min (2) at —1.030 V (b).
Scan rate 100 mVs !, 7=1,233 K. Asterisk shows accumulation po-
tential. Thick arrows demonstrate the trend

44
2
Q
§
04
< /
~ o VAR
~ £ S\
N / \ /
= y \
2 / \/
e
4 EV
2.0 -1.0 0.0
T T T T

v T T LI — 7T T T T
-150 -125 -100 -0.75 -050 -0.25 0.00 0.25 0.50
E/V

Fig. 4 Cyclic voltammograms of platinum electrode in K;MoO4—
MoOj; melts with various MoO; contents (mol%): 0 (7), 3.85 (2),
16.7 (3), 25 (4), 40 (5), and 50 (6). Inset presents cyclic voltammogram
(5) in a wider potential range scan rate 100 mVs ', 7=1,233 K

by extrapolation of the initial segment of 7, E curve to
zero current (B, C, F', G', e.g., in Figs. 1, 2, and 3).3
Correspondingly, a deviation from equilibrium potential
could be rather high. Nevertheless, a characteristic poten-
tial is helpful to predict the formation of certain products.

(¢) Quasi-reversible behavior. This gives a chance to de-
termine characteristic potential as a half sum of peak
potentials (4/4', C/C', D/D', e.g., in Figs. 2 and 3a);
thus determined value are close to equilibrium
potential.

The error of all characteristic potentials determination
can be estimated as =15 mV.

High-temperature melts (1,233 K)

Typical CV of platinum electrode in molten K;MoO, (curve
1, Fig. 1) demonstrates that irreversible cathodic process
starts at ca. —1.2 V. Sharper current increase with negative
potential can be noticed starting from ca. —1.6 V. According
to thermodynamic data (Table 1), this process can be attribut-
ed to K;MoO, reduction with formation of Mo (E=—1.20 V).
Additional current increase can be assigned to reduction of
K,O (see standard potential in Table 1). Redox process A/4’ in
the vicinity of 0 V (see also in Fig. 2) overlaps with oxygen
evolution and can be assigned to platinum oxidation/
reduction.

3 Processes G/G', C/C', and B/B’ demonstrate different types of redox
behavior in the melts of various composition that is why corresponding
characteristic potentials were determined via different procedures.

* Here and below standard potentials from Table 1 are recalculated for
certain concentration or (if available) activity.
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MoOj; addition (curve 2, Fig. 1) results in significant
increase of anodic current corresponding to oxygen evolu-
tion and Pt oxides formation (Fig. 2, peaks 4, 4"). Simulta-
neously, a new feature at ca. —1.15 V appears. In addition,
several minor peaks can be marked out, but only when
scanning narrower potential region with much higher scan
rates (v) and in the melts with higher MoO; concentration

(Fig. 2).

* Oxidation peak B (—0.38 V, 50 mol% MoQO3) is poorly
reproducible. It can be detected without preliminary
accumulation of reduced product only if MoO; content
exceeds 25 mol%. In some melts, corresponding cathod-
ic peak at ca. —0.42 V is also observed. Taking into
account thermodynamic estimates, one can formally as-
sume MoO3/MoO, redox process. However, further
experiments demonstrated that the electrodeposition of
MoO, takes place at more negative potentials. Alterna-
tively, this redox process can be ascribed to the oxida-
tion of partially reduced oxomolybdate anions (absent
from the available set of thermodynamic data).

* Another small anodic peak C at more negative potential
(—0.64 V, 30 mol% MoOs3) and especially the
corresponding cathodic peak (C’, observed only at high
scan rates or after preliminary accumulation) are also
poorly reproducible. The reliable assignment of C/C’
couple requires additional experiments.

*  Peaks D/D'" at —0.97 and —0.92 V (3.85 mol% MoO3)
have a complex shape, but basically demonstrate the
behavior typical for quasi-reversible process: the
charges at anodic and cathodic scans are close, and
peaks separation is ca. 25-30 mV (41 mV is expected
for reversible process at 1,233 K). These peaks can be
associated with oxidation/formation of either Pt-Mo
solid solutions or intermetallic compounds (MoPts,
MoPt,, and MoPt are stable at 1,233 K [27]). Some
evidence of Mo—Pt intermetallic compounds formation
was also mentioned earlier by Topor et al. [28] who
reported electrolysis of Li,MoQO, in LiF-NaF-KF melt
at 873 K using platinum electrodes. Peak shapes can be
attributed to the overlap of closely located peaks
corresponding to subsequent steps of multielectron
process.

One cannot exclude that minor peaks observed at high
scan rates correspond to redox transformations of surface
attached species (which can be treated as “double layer
charging” in a wide sense). The charges corresponding to
these peaks are comparable with “double layer” charges (but
higher).

Useful information concerning reduction processes can
be obtained from analysis of data for potentiostatic accumu-
lation of the deposits. After polarization at potentials slightly
(50 mV) more negative than the first reduction peak D’ (see
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asterisk in Fig. 3a) and subsequent anodic scan, the broad
anodic peak B appears at —0.31 V in the melt with
14.3 mol% MoO;. The shift of preliminary polarization
potential to more negative value induces the appearance of
high and less reproducible peak (E) at the anodic scan,
which disappears after further cycling. Example is shown
for 20 mol% MoOs, Fig. 3b. The featureless curve after two
to three cycles coincides with horizontal part of CVs, the
currents are below 0.1 Acm 2 and cannot be seen in the
scale of Fig. 3b. This anodic peak also appears in cyclic
voltammograms at —1.09 V in basic melt (3.85 mol%
MoO;) and shifts towards more positive potentials with
increase of MoOj; content (Fig. 4). Corresponding reduction
peak is poorly defined and strongly overlapped with the
subsequent reduction process (G'), especially in basic melts.
Thus, oxidation peak E surely has a complex nature.

In Fig. 5a, all characteristic potentials corresponding to
observed processes are collected and compared with ther-
modynamic estimates, shown below the potential axes.
Figure 5b combines all dependences of characteristic poten-
tials on melt acidity, presented in terms of MoO3; molar
fraction (N(MoOs3)). It can be seen that the potentials of
redox equilibria C/C’, D/D’, and E/E’ depend strongly on
MoO; content.

Namely, for C/C’' the increase in MoOjz content
results in anodic shift of the potential with the slope
of 200 mV per decade that corresponds to the transfer
of approximately one electron (n~1, weak reduction,
one can assume the reduction of some polymolybdate
anion). Linear dependence of peak C current vs. v'
formally indicates mass transfer limitations of oxidation
process in our laboratory cell. This means that the
variable melt composition can be expected in the near-
electrode diffusion layer.

Similar potential shift with melt acidity is observed for
D/D" pair, which can be attributed to intermetallic com-
pound formation. Scan rate diagnostics fails for this redox
system because of strong overlap with other peaks at high
and moderate scan rates.

The dependence of E/E' characteristic potential on
log[N(Mo0O3)] reveals two linear regions with the
slopes ~50 and ~450 mV per decade (Fig. 5b), indicat-
ing different reduction processes in the melts with
MoO; content below and above 20 mol%. This obser-
vation is in qualitative agreement with the data [18]
reported for redox processes in Na,WO4;—MoO; melt,
but much lower concentration of MoO; corresponds to
the bending point (4-5 mol% MoOj3). The authors of
[18] attributed two observed regions in basic and acidic
melts to redox processes Mo,07*> /Mo and Mo,0;>/
MoO,, respectively.

In the melts containing 20-50 mol% MoOj; and at high
temperatures, the major electrolysis product at the potentials
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Fig. 5 Schematic
representation of experimental
characteristic potentials for
different redox processes in
K>Mo0O4~MoO; melt at

1,233 K (above axes), as
compared with thermodynamic
estimates (below axes). Solid
and dashed vertical arrows
indicate principal and weakly
pronounced redox processes,
respectively. Certain potentials
and MoOj contents are given
near vertical arrows. Thick
horizontal arrows indicate the
shift of characteristic potentials
with melt acidity (increase of
MoOj; content). Like in Table 1,
all thermodynamic estimates
are given without regard to
solvation, complex formation,
or association (a). Effect of
MoO; mole ratio on the
experimental characteristic
potentials for different redox b
processes in K,;MoO4~MoO; 15
melts at 1,233 K. For E/E’ .
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demonstrated as well (b).
Assignment to certain redox
pairs is given near each curve,
“?” demonstrates the lack of
assignment. Superscripts a, b,
and ¢ indicate determination
procedure (see text)

of E' region is M002_5 However, the E/E’ characteristic poten-
tials are considerably more negative than thermodynamic
estimates for MoO3/MoO, reduction (—0.88 and —0.44 V,
respectively, for the melt with 50 mol% MoOs). This differ-
ence can be ascribed to the change of activity coefficients
most likely caused by appearance of polymeric species (e.g.,
Mo,0,>", M030;¢> ", or M04O;5%). Low number of electrons

> Minor change in melt composition due to overheating (160-460 °)
cannot be excluded in these experiments.

log[N(MoO;)] B/B'>¢ ?

- 1.1

r-1.2
E/V

--1.3

(n=0.5) formally estimated from the slope of E/E’ characteris-
tic potential vs. log(NM(Mo00O3)) dependence does not contradict
this hypothesis. Actually, it is very typical for polymolybdates
when one electron per polyanion is transferred, which results in
formal value below unity per Mo atom.

In basic melts (<20 mol% MoOs3), the reduction takes
place at more negative potentials, and the dependence of
formal potential on melt acidity is much weaker (n~5). The
most natural hypothesis for the overall reaction is the reduc-
tion of MoOj3 to Mo.

@ Springer



3522

J Solid State Electrochem (2012) 16:3515-3528

The scan rate behavior of peaks E/E’ is also unusual. When
the scan rate is decreased, the second oxidation peak at more
positive potential (—1.06 V) appears in basic melts (Fig. 6).
Further decrease of scan rate results in redistribution of anodic
peak heights. We assume that chemical oxidation of the pre-
viously deposited metallic molybdenum with formation of
some product oxidizing at more positive potential is respon-
sible for this behavior. For example, considering thermody-
namic estimates one can expect chemical oxidation reactions
Mo+Mo0O;=Mo0O, or Mo+0,=Mo0O,. However, if being so,
the appearance of the oxidation peak at —0.4 V should be
expected. This contradiction can be eliminated if to assume
that Mo metal undergoes oxidation to more reduced mixed
valence oxide, like KMo,4Og, at low MoOj; content. Contrary,
in the melts with higher MoO; molar fraction no redistribution
in anodic peak heights was observed.

Characteristic potential of reduction process G' demon-
strates a negative potential shift with melt acidity which can
take place only for potassium ion reduction. At this stage,
we can assume that reduction of potassium is possible at
potentials less negative than estimated thermodynamic value
because of K—Pt alloy formation.

As follows from this overview of redox processes, the
voltammetric data can be self-consistently interpreted under
assumption of chemical oxidation reaction proceeded by
electrochemical reduction.

Preparative galvanostatic electrodeposition

When reduction takes place under diffusion limitations, the
composition of near-electrode layer differs from bulk melt
composition unavoidably.

Assuming electrochemical-chemical (EC) mechanism of
MoO; reduction, one can suggest that molybdenum-to-oxide

il Acm®

—T T T T T T
1.2 -1.0 0.8 -0.6 -0.4 -0.2 0.0
E/V

Fig. 6 Cyclic voltammograms of platinum electrode in 96.15 mol%

K>Mo00,4-3.85 mol% MoO; melt. Scan rates 10 (1), 50 (2), 100 (3),
250 (4), and 500 (5)mVs~', 7=1,233 K
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ratio in the near-electrode layer will define the molybdenum
formal oxidation state in solid deposit as well as deposit phase
composition. One should keep in mind that according to

Table 2 Electrodeposition conditions and the phase composition of
products

Melt i, A Temperature, Deposition Phase
composition em? K time, h composition of
mol% MoO3 deposit®, wt%
3.85 -0.53 1,233 5.0 Mo
-0.18 19.5 KMo4O5—76+
4%
Mo—20+1 %
MoO,—4+1 %
-0.10 5.0 KMo,0—85+
3%
Mo—15+1 %
-0.08 16.4 KMo406—99+
4%
Mo—1+1 %
143 -0.06 1,233 155 KMo40—96+
1%
K3M014022*4
+1 %
-0.06 4.0 KMO40(,
20.0 -0.06 1,233° 13.75 KMo4Og—11+
1%
MoO,—89+2 %
-0.25 1.5 KMo,0s—33+
1%
MoO,—67+3 %
25.0 -0.07 1,068° 2.0 MoO,
-0.24 1,233° 3.4
-0.06 4.6
50.0 -0.05 823° 2.0 MoO,
-0.06 1,233° 18.4 MoO,
75.0 -0.08 843" 1.25 Ko 3M0O;—90+
1%
K2M04013—5:|:
1%
MOOZfSil %
-0.09 853° 1.0 Ko3MoO;—43+
2%
Ko33M005—9+
1%
K2M04013*48
+2 %
Na,MoOy/ -0.15 1213 ¢C° 16.0 MoO,
MoOs 143 0045 1,233° 10.75 MoO,

# Formation of dark intermetallic compound on platinum surface was
observed

®No darkening was observed

¢KMo40¢ and K3Mo,40,, were identified using the patterns calculat-
ed from crystal structure data [29] and [30]
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thermodynamic data, MoOyj itself can act as the oxidant at high
temperatures. We performed a number of electrolyses with
varied molybdenum-to-oxidant ratio by changing melt compo-
sition (MoOj3 content) or deposition current density (i.e., the
rate of metallic Mo accumulation at the electrode surface;
Table 2). XRD phase analysis confirmed that the increase in
MoO; content results in changing the nature of deposition
product from KMo040¢ to MoO,. Low acidity of the melt and
high deposition currents favor molybdenum metal formation
as a major electrolysis product. The decrease of deposition
current density induces the increase of KMo4Og4 content in
the mixture of Mo and MoO, (Fig. 7a). In both cases, typical
electrode potential in the course of deposition was ca. —1.0—
—1.1 V. At the same time, the formation of dark film on the
cathode surface (perhaps intermetallic Pt—~Mo compound) was
detected. EDX data indicate the increase of Mo content in the
film (Mo/K ratio of ca. 4.4) compared with its content in the

melt as well as in KMo4Og crystals (Mo/K~3.9). It can be
seen from SEM image (Fig. 8) that KMo4O¢ crystals
growth takes place on top of this film at least at early
stages. As already stated in the experimental part, although
all the crystals can be easily detached from cathode sur-
face in diluted HCI solution, the complete removal of the
film can be achieved only after prolonged boiling in aqua
regia.

Considering EC deposition mechanism even qualitative-
ly, one can assume that it should affect significantly the
microstructure of KMo4Og. There are three known modifi-
cations of KMo040¢: two orthorhombic forms KMo4Oe-I and
KMo40¢-11 synthesized for the first time via solid-state
reaction route [29] (KMo4Og-1I being a high-pressure poly-
morph [29]), and one tetragonal form KMo4O¢-III, which
was earlier obtained by electrolysis [1]. According to XRD
data, our crystals were identified as KMo4O¢-I1I phase.

Fig. 7 The X-ray powder dif-
fraction patterns of the electro- 120 a
deposition products obtained in

96.15 mol%

K>Mo004—3.85 mol% MoO;

melt at current densities 0.08 100
(1), 0.1 (2), and 0.53 Acm >
(3), T=1,233 K (a). The X-ray
powder diffraction patterns of
deposits obtained under pulsed
regime in 85.7 mol%
K;Mo004-14.3 mol% MoO;
melt. Duty cycles: 23 % (1),
55 % (2), and 100 % (3), other
conditions are the same as in
Table 3 (b). 7=1,233 K. The X- 40
ray powder diffraction patterns

for a wider angle range can be

found in Supplementary 20
materials
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Fig. 8 SEM image of platinum cathode after electrolysis in 85.7 mol%
K>MoO4—14.3 mol% MoO; melt (1,233 K, —0.1 Acm 2, total charge
60 Cem 2) and subsequent washing by diluted HCI and distilled water.
Area a corresponds to bare platinum, area b to molybdenum-rich sub-
layer, and ¢ corresponds to KMo4Og crystals

KMo,40¢ formed in the course of electrolysis consists of the
dark prismatic crystals of typical sizes ranging from 1-3 pum to
600-800 um. It is worth noting that the crystals are strongly
elongated along the crystallographic c-axis, as was reported
previously [1]. Besides diffusion limitations during the elec-
trolysis, this shape can result from conductivity anisotropy.

Small inclusions are observed at the crystals surfaces
(<3 um, Mo/Pt ratios 1.8-3.2), which can be attributed
to Mo-Pt intermetallic compounds. Origin of these
inclusions remains unclear. Incomplete oxidation of ini-
tially deposited intermetallic compound or parallel re-
duction of anodically generated platinum oxides can be
expected. Besides these inclusions, EDX reveals small
amounts of Pt (1.5-4 wt.%), Ti (0.5-1.2 wt.%), and Al
(<0.5 wt.%) in various points of the samples.

Pulsed electrodeposition

Pulsed mode can be also applied to change the Mo/MoOj ratio
in a near-electrode diffusion layer containing initial deposit in
contact with the melt of variable composition, and hence to
change the crystal size [31]. In this case during the pulse of
negative current (—0.1 Acm ?), we expect the metallic mo-
lybdenum deposition. After the deposition pulse, the short
period of zero current follows, which allows for further oxi-
dation of the deposit and recovery of ions concentrations in
diffusion layer. Thus, varying the time ratio of both steps one
can influence (to some extent) the ratio of contributions from
electrochemical and chemical reactions.

As expected, when shortening the duration of the cathodic
pulse we obtained smaller KMo,4Og crystals (Fig. 9). Besides,
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small rounded crystals with slightly higher Mo/K ratio=5+1
appeared.

In contrast to solids obtained under galvanostatic deposi-
tion mode, phase composition of the deposits formed under
pulse mode is rather complex. Full profile refinement of the
XRD patterns was complicated, and quantitative estimation
of phase contents was impossible. Complications go from
the presence of unidentified admixtures and from peak
splitting of both KMo4Og and MoO, phases. It is possible
that the latter indicates the presence of several phases struc-
turally related to MoO, or KMo0,40Og, which are not described
in literature. Information concerning major identified phases
is summarized in Table 3.

Despite of abovementioned difficulties, XRD phase analy-
sis (Table 3) confirms the increase of the content of more
oxidized molybdenum compounds (K3Mo,40,, and MoO5,)
with decrease in duty cycle (Fig. 7b). Similar change in
deposit phase composition can be achieved under galvano-
static mode either by decreasing the current density or increas-
ing the MoOj; content (compare Tables 2 and 3). As the time-
off increases, one can expect successive oxidation Mo—
KMo40—K3M0140,,—>Mo00O,. However, the observed
trend for crystals size KMo04Og>Mo00,>K3Mo040,, as well
as the principal difference in the K3Mo;40,, crystal shapes do
not confirm this hypothesis and indicate the necessity of
further detalization of the mechanism in future (i.e., consider-
ation of nucleation kinetics).

Low temperature melts (823-933 K)

The independent verification of proposed EC deposition
mechanism was also performed in wider interval of acidity,
with involvement of lower temperatures. One can assume
that the decrease in temperature should result in (1) cathodic
shift of the main reduction process £’ and (2) the decrease in
the rate of subsequent chemical step. Increase in acidity
should induce an opposite effect.

Figure 10, curve 1 shows voltammogram of platinum
electrode in acidic molybdenum melt (50 mol% MoOs3) at
823 K. No redox processes in the range from —0.925 to
—0.3 V are observed under these conditions. The character-
istic potential of redox process E/E" is indeed more negative
than those that have been reported above for higher temper-
atures (Fig. 5b). A huge shift of E/E’ potential (0.766 V per
decade) to more positive values was observed with MoO;
addition. Within the experimental accuracy, the value of this
shift is in good agreement with the values found at higher
temperatures. There is a small pre-wave at ca. —0.75 Vand a
distinct reduction wave at —0.835 V in melt with 75 mol%
MoOs. To clarify the nature of this pre-wave, we performed
a number of preparative electrodeposition experiments at
low current densities, but no solid deposits were obtained.
At higher current densities, blue (at 843 K) and a mixture of
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Fig. 9 The SEM images of
deposits obtained under
galvanostatic (a) and pulsed (b—
f) regimes in 85.7 mol%
K>Mo04—14.3 mol% MoO;
melt. 0=1,000-1,300 Cem 2,
f=3 Hz, T=1,233 K, duty
cycles: 66 % (b), 60 % (c),

55 % (d), 50 % (e), and 23 % (f)

- 0918 1160 SE

blue and red (at 853 K) bronzes (Table 2) were obtained.
Only MoO, can be obtained as an electrolysis product at
temperatures above 873 K or at lower melt acidity.

As expected from thermodynamic estimates, heating
leads to the shift of all reduction peaks toward positive
potentials (inset in Fig. 10). However, this shift is too large
(65 mV in the region from 853 to 933 K) as compared with
the estimated values (23 mV) and cannot be explained in
frames of available thermodynamic data. Nevertheless, all
observed trends are in good agreement with our predictions.

.‘\b -

3okvgf ] X309 75 00 + 010111

Furthermore, we could not find any peculiarity in redox
behavior which could be associated with a narrow tempe-
rature range of electrosynthesis of bronzes.

On the other hand, it is well known that typical chemical
synthesis of bronzes can be performed by heating of a melt
(K:Mo00O4+Mo00,+Mo03) in evacuated sealed tubes [32,
33] or, alternatively, by temperature gradient flux technique
[34-36]. For both routes, the nature of reaction product
depends both on the ratio of melt components and on the
temperature gradient. Considering these facts, we assume

Table 3 Electrodeposition conditions and main components of deposits obtained under galvanostatic and pulsed regimes in 85.7 mol% K,;MoO,—

14.3 mol% MoO; melt

Duty cycle 100 % (galvanostatic) 67 % 60 %

55 % 50 % 23 %

Phase composition KMo4O4

KM0406 MOOz KMO406 M002 M002 K3M014022 KMO4O6 M002 K3M014022 KMO406 MOOZ

i=—0.1Acm 2, /=3 Hz, 0=1,030-1,370 Cem 2, T=1,233 K
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0.4
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il Acm?

0.0

-0.24

-0.44

Fig. 10 Cyclic voltammograms of platinum electrode in 50 mol%
K>Mo0O4—50 mol% MoO3 melt at 823 K (/) and in 25 mol%
K>Mo004-75 mol% MoO; melt at 843 K (2). The inset presents cyclic
voltammograms of platinum electrode in 75 mol% K,;Mo00,4—25 mol%
MoO; melt at temperatures 833-903 K. Increment 10 K. Scan rate
100 mVs™'

that the bronze formation includes electrochemical reduc-
tion of MoOj3 to MoO, and subsequent chemical oxidation:

3 KoMoOy4 + 3 MoO, + 14 MoO; — 20 Ky3Mo005

Discussion

Experimental data on electrochemistry of molybdate melts
along with the thermodynamic estimates allowed us to assume
the nature of several electrochemical redox-processes and to
demonstrate the possibility for parallel chemical oxidation
reactions. These data are also helpful to explain some trends
for formation of certain electrodeposited solids as affected by
current density, melt composition, or duty cycle (under pulsed
mode).

Unfortunately, any direct comparison with the previously
published electrosynthetic results is complicated due to the
evident lack of experimental details. We were able to find only
a limited number of consistent data for electrodeposition of
cluster molybdenum compounds from melts of different com-
positions [1-6]. All these compounds were fabricated at similar
deposition currents (2040 mA, electrode areas are unknown)
and temperatures (1,203—1,373 K). The comparison of melt
composition® and molybdenum formal oxidation state in final
deposits (Fig. 11) demonstrates the same tendency as described

®In order to estimate acidity of these melts and to highlight the
contribution of MoOj; as an oxidizing agent, the MoOj; content is
calculated with respect to M,MoO4,~MoO; i.e., additional basicity
going from rare earth oxide is not taken into account.
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Fig. 11 Dependence of the formal molybdenum oxidation state in
reduced molybdenum oxides on MoOj3 content in the melt: KMo4Og,
[17 (1), K3sMo,402; [2] (2), Nd4Mo;303; [6] (3), LaMogO,4 [4] (4),
SmyMo,g03; [6] (5), NdMogOy5 [5] (6), LaMo7 7014 [4] (7), and
LasMo4Oq¢ [2, 3] (8). All the compounds were obtained by fused salt
electrolysis in the M;Mo00O4/Mo0O;/Ln,O; melts at 1,203-1,373 K.
MoOj; content is calculated with respect to M;MoO4~MoOs3, i.e.,
additional rare earth oxide is not taken into account. Index “a” refers
to compounds obtained in this work

above (compare with Table 2): the increase in MoOj; content
results in formation of more oxidized product. It is quite
reasonable to explain this fact by acidity effect on molecular
composition of electroactive species in the melts. This assump-
tion should be further verified by careful analysis of liquid melt
structure. However, our original data on KMo4O4 and
K3Mo;40,, electrosynthetic experiments (see points la and
2ain Fig. 11) demonstrate that other reasons are also possible,
at least in K;MoO4~MoO; melts. In this case we should not
ignore significant contribution of chemical oxidation reac-
tions. Our data on scan rate dependence of Mo oxidation
peak, as well as the dependence of the nature of electrol-
ysis product on deposition current density, melt acidity, and
duty cycle confirm this hypothesis.

The most interesting feature of cluster molybdenum
compounds structure is a short Mo—Mo distance (2.754—
2.879 A for KMo4Og [1]), being comparable to that in
Mo metal (2.725 A).” The formation mechanism of
these molybdenum clusters is still unclear, but it is known
that non-electrochemical synthetic procedure for cluster Mo
compounds often involves chemical oxidation of metallic mo-
lybdenum [38-40]. Therefore, considering our results, we can
assume that these molybdenum clusters can appear after the
metallic molybdenum oxidation, but not directly in the course
of Mo(VI/IV) reduction.

7 Calculated using atomic coordinates from [37].
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Conclusions

Experimental data on electrochemistry of molybdate melts
along with the thermodynamic estimates allowed us to as-
sume the nature of several electrochemical redox processes
and to demonstrate that the most pronounced reduction
wave in basic melts (<20 mol% MoO3) can be attributed
to the formation of metallic molybdenum. No redox pro-
cesses were observed which can be assigned to the direct
formation of KMo040¢ or KsM014055.

The anomalous scan rate dependence of oxidation peak
of metallic molybdenum indicates that the reduction mech-
anism is complicated by a chemical oxidation step. Taking
into account the known procedures of chemical synthesis we
assumed that the Mo/MoOj ratio in a near-electrode diffu-
sion layer is the key parameter affecting the nature of
electrolysis product. Of course this parameter cannot be
measured (or adjusted) directly, but it can be varied by
changing the electrodeposition conditions. The following
trends were observed.

1. Lowering the deposition current (i.e., Mo content)
results in the increase of KMo4Og content in the deposit.

2. At constant deposition current, the increase in MoOj;
content from 3.85 to 50.0 mol% leads to formation of
more oxidized products, in a sequence KMo4Os...
K3M014022. . .MOOz.

3. More oxidized molybdenum compounds (K3Mo0;40,,
and MoQO, instead of KMo40¢) were obtained with
decrease of duty cycle during the pulsed deposition.

In the melts containing 20-50 mol% MoOj at high tem-
peratures, the major electrolysis product is MoO,. Tempe-
rature decrease results in formation of a mixture of blue and
red (at 853 K) or blue (at 843 K) bronzes, but there are no
peculiarities in electrochemical behavior which could be
associated with a narrow temperature range of electrosyn-
thesis. The proposed EC mechanism of bronze formation
agrees well with known procedures of chemical synthesis.

We hope that the presented data would be useful for
initial choice of melt composition and temperature for elec-
trosyntheses of molybdenum cluster compounds. Further
precise electrochemical tuning can be performed by setting
an appropriate deposition current (or changing a duty cycle
under pulsed mode). According to our experience, cell po-
tential can be a helpful indicator of deposition process
despite of its complex nature. Typical electrode potential
values for molybdenum-reduced oxides deposition in basic
melts is —1.0—1.1 V, which corresponds to molybdenum
deposition.

The values of current density reported above are opera-
tive for the small-scale laboratory cell in the absence of
forced convection. For larger-scale electrolysis inducing
the specific hydrodynamic phenomena, as well as for the

cells with melt stirring higher current densities are required,
which should be specified for any unusual bath configura-
tion. However, the effects of key factors listed above are
valid independently of these conditions affecting the specif-
ic features of mass transport.
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