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Current generation, which occurs at the catalytic decomposition
of water HoO — HT + OH~ on electrodes either fabricated
of polycrystalline tungsten (W) or fabricated of n-Si or CrsSi
and covered with a W-admixture electrolytically deposited on
those electrodes from the aqueous solution of a tungsten salt, has
been studied. The catalytic activity of tungsten with respect
to the water decomposition was found to be a little lower
in comparison with the activity of other transition metals;
nevertheless, the inhibited rate of W oxidation can be used in
aqueous electrochemical elements.

1. Introduction

One of the natural sources to obtain energy is the
generation of a current between two electrodes with
different electron work functions (or with different
electrochemical potentials) which are embedded into
distilled water [1-7]. The current generation is a result
of the decomposition of water molecules following the
reaction HoO — HT + OH™ due to the catalytic
action of electrodes (or at least one of them) and
the existing difference of electron potentials between
electrodes; the latter being maintained by the energy
which is released at electrodes, when ions discharge on
them.

The energy obtained in the course of the
decomposition reaction HoO — HT™ + OH™ consists of
two components. One of them is associated with the
current generation arising when the external electric
circuit between the electrodes is closed, and the other
with the generation of hydrogen at the cathode electrode.
The released hydrogen can be further used as fuel. The
theoretical results of work [4] testify that the energy
obtained due to the current generation is much larger
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(by a factor of tens) than that which can be obtained
making use of released hydrogen.

In works [1-7], to obtain the most effective current
generation, we studied various electrodes. The anode
electrode made of ytterbium (YD), the electron work
function for which depends on the degree of electrode
oxidation and ranges from 3.0 to 3.7 eV [4], has appeared
to be the most effective one. Moreover, Yb is a good
catalyst of water decomposition at various degrees of its
oxidation.

A wide collection of different materials were studied
in works [1-7] as cathode electrodes; in particular,
transition metals, which are known [8] to be effective
catalysts in redox processes, as well as silicon and various
silicides after their surfaces having been subjected to
physical and chemical modifications. It turned out
that metals, silicon, and silicides are more effective
at water decomposition, if their surfaces are made
structured (by grinding or chemical etching), or they are
deposited as micro- (nano-) crystalline films onto definite
substrates. The shortcoming of film electrodes is their
relatively fast oxidation in the course of exploitation
and storage in the air environment, which can result
in the deterioration of cathode electrode operational
characteristics [3-7].

In this work, we studied the most refractory and
weakly oxidized transition metal — tungsten (W) — as an
electrode. An electrode made of polycrystalline W was
a cathode in combination with a Yb electrode, and an
anode in combination with a Pt electrode. At the same
time, tungsten island films obtained on Si- and CrsSi-
substrates by electrochemical deposition of W from a
tungsten salt served mainly as cathodes, making use of
Yb electrodes as anodes.
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2. Experimental Technique

The technique of experimental researches of the current
generation between different electrodes embedded into
an aqueous medium was described by us in details
in our previous works (see, e.g., works [1-3]). A pair
of corresponding electrodes was fixed with the help
of the same holder and simultaneously immersed into
distilled water. The electrode-to-electrode distance was
in the range L = 1.5 + 2 cm, and the electrode
area was S = 1 + 2 cm? In 1 to 2 min after
the electrode immersion, an electronic voltmeter was
used to measure a stationary voltage AV, between
the electrodes; afterwards, after the external electric
circuit having been short-circuited, an microammeter
was used to measure the time dependences of the
current J(t) generated in water by H'* and OH™
ions.

In the experiments with different electrodes, the
values of the parameters L, S, and AV, were different.
So, in order to compare the influence of electrode
materials on the rate of water decomposition at
electrodes, we plotted the time dependences of the
effective conductivity of the electrochemical system
oot = AJ(t), where the coefficient A = L/(AV.S).
Besides the current J(t) caused by the difference AVL,
we also measured the currents, when an additional
source of voltage Vy = 9.7 V (a battery) was included
into the external circuit, being connected by its positive
(+) or negative (—) pole, respectively, with the anode
electrode. This enabled us to draw new conclusions
about the role of the voltage amplitude between
electrodes in the formation of the AJ(t) quantity. In
the latter case (Vy # 0), while determining o, the
values of £V + AV, rather than AV, were taken into
consideration.

A Pt electrode is characterized by a relatively stable
value of the electron work function ¢py = 5.32 eV
in comparison with that for electrodes made of other
materials. Therefore, we used it to determine the
electron work function . of other counter electrodes
with respect to this one, by measuring the currents
Ji(t = 0) and Ja(t =~ 0) corresponding to the inclusion
of the voltage +V}, respectively, into the electric circuit
and making use of the formula ¢, = (5.32 — Agp) eV,
where [1-3]

Ji— J2
A@—qV0J1+J27
and ¢ is the electron charge. The Table contains the
data determined in such a way for the work function ¢
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of electrodes used in this work in their various physical
and chemical states.

It is worth noting that, in this work, the current
amplitudes and their time dependences did not vary,
when the natural illumination changed from twilight to
bright sun light. This means that the photochemical
processes played no substantial role in our present
experiments, as it was observed in specially arranged
researches fulfilled in work [5].

3. Experimental Results and Their Discussions

Our research of tungsten as an electrode in an
electrochemical system was stimulated by its physical
and chemical properties. First, tungsten is a transition
metal (its external electron configuration is 4 f45d*6s2)
with the unfilled electron shells 4f and 5d. This
fact must predetermine its catalytic activity in redox
processes; in particular, at the water decomposition
H,O — HT + OH™. Second, tungsten is the most
refractory metal (T, = 3410 °C) and, chemically, is
rather stable. It hardly interacts with water, oxygen, and
hydrogen. An appreciable oxidation of tungsten in the
air environment to the WO3 oxide is observed only at
temperatures T > 450 °C.

At the first stage of our researches, we studied
the electrode pairs Yb-Pt, Yb-W, and W-Pt made
of polycrystalline materials (the electrodes were flat
plates). Note that tungsten is a cathode in the Yb-W
pair and an anode in the W-Pt one. The electron work
function determined for W naturally oxidized in air
was ow = 4.75 eV (see the Table). The value of ¢w
for “clean” tungsten obtained by thermionic methods
amounts to 4.55 eV.

In Fig. 1, the time dependences of the effective
conductivity AJ(t) for electrochemical systems including
those three pairs of electrodes are depicted; the
dependences were measured either when no additional
external voltage (V) = 0) was inserted into the electric
circuit (curves 1, 2, and 3) or when the voltage V =
+9.7 V (curves 101, 2(H) and 3(H)) or Vy = —9.7 V
(curves 1(-), 2(=) and 3(7)) was applied to the anode
electrode. Curves 1, 2, and & are similar to one another
by the character of their time dependence and do not
differ strongly by AJ(t)-value at the same t. A certain
reduction of the AJ(t)-value with time in the interval
t < 2 min is caused by moving apart H* and OH™ ions
emerging at electrodes owing to the catalytic processes
running at the latter before the electric circuit was closed
(at t < 0). After attaining a minimal value, the effective
conductivity grows within the interval 2-15 min to
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Fig. 1. Time dependences of the conductivity A.J(t) measured in
the electrochemical systems of Yb—Pt (curves 1, 1(+), and 1(-)),
Yb-W (curves 2, 2(+), and 2(-)), and W-Pt (curves 3, 3(1),

and 5’(’)) electrode pairs in distilled water without application of

an external voltage Vp (i.e. Vo = 0) (curves 1, 2, and 3) and at
Vo = 9.7 V on the first-in-the-pair electrode (Yb, Yb, and W,
respectively) (curves 1(1), 1(=) 2(+) 2(=) g(+) and 3())

saturation. Such a behavior is associated with the
variation of the catalytic activity of electrodes in the
course of water decomposition at them due to physical
and chemical changes occurring on the electrodes’
surfaces. We note that the simultaneous monitoring
of the variation of AV.-values in time (it was taken
into account while calculating AJ(t)) showed that this
parameter changed within the time interval t = 0 +
30 min from 1.3 to 1.0 V, from 1.15 to 0.45 V, and from
0.5 t0 0.35 V for the Yb-Pt, Yb-W, and W-Pt electrode
pair, respectively. This means that the variation of the
voltage AV,(t) between electrodes cannot explain the
growth of the AJ(t)-value in time.

The character of the time dependences AJ(t) after
the inclusion of an additional voltage Vy = £9.7 V
into the electric circuit (curves 1), 2(+)  3(+) and
1), 205) 3(5)) became different not only by the
AJ(t)-amplitude, but also by the features of the AJ-
variation in time ¢. This circumstance is associated with
the manifestation — by electrodes — of their individual
properties, and how — as an anode or a cathode — the
specific electrode is made use of. The common feature
of the curves obtained in the case where the voltage
Vo = £9.7 V was applied is the appreciable growth of
the AJ(t)-values in comparison with the corresponding
values observed at Vj = 0. This fact, as has been
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directly demonstrated in works [2—4], is associated with
an enhancement of the catalytic water decomposition at
structural and relief inhomogeneities of electrodes, when
the voltage between the latter increases.

By analyzing the dependences AJ(t) exhibited in
Fig. 1, one can draw a number of important conclusions,
namely:

1) the catalytic activity of tungsten as for the
water decomposition is approximately equal to that of
platinum;

2) the catalytic activity of tungsten is a little bit lower
than that of ytterbium;

3) penetration of hydrogen into electrodes made of
tungsten or ytterbium is somewhat larger than that in
the case of platinum electrodes, which manifests itself in
a difference between the relevant AJ(t)-dependences.

In works [3, 4,6, 7], we showed that doping the
surfaces of silicon, diamond-like carbon films, titan, and
chromium silicide CrsSi with transition metals (Pd,
Pt, Cr, and Ni) by various methods (chemical and
electrochemical deposition from the solutions of salts
of those metals or thermal vacuum sputtering) gives
rise to an enhancement of the catalytic activity of the
surfaces of the indicated materials as for the water
decomposition. Therefore, in this work, we studied the
surfaces of n-Si and CrsSi electrodes after doping
them with a W impurity, which was electrochemically
deposited onto the surface from the aqueous solution
of a W salt. The W salt was obtained by solving
polycrystalline tungsten in a 1:3-mixture of HF and
HNOg3 acids and, afterwards, by evaporating the acid
residue.

In Fig. 2, the dependences AJ(t) for the Yb—n-Si
electrode pair with a clean n-Si surface and after the

Electron work function ¢ of electrodes in their different
physical and chemical states

Electrode ‘ Electrode prehistory ‘ p, eV
Yb oxidized in the air 3.64

W polycrystalline, oxidized in the air 4.75

n-Si oxidized in the air 4.45
n-Si(W)y W-doped (2x108 cm—2) 4.12
n-Si(W)2 W-doped (2x10° cm—2) 4.31
n-Si(W)2 aged for 7 days 4.69
n-Si(W)a aged for 15 days 4.77
CrsSi oxidized in the air 4.67
Cr3Si(W) W-doped (6x10™8 cm~—2) 4.47
CrzSi(W) aged for 12 days 4.72
CrsSig ground 5.12
Cr3Si8(Cr) Cr-doped (1.6x10'° cm™2) 5.01
Cr3Sig(Cr, W) Cr- i W-doped (6x10'® cm—2) 4.89
Cr3Sig(Cr, W) aged for 14 days 5.12
CrsSig(Cr, W) aged for 40 days 5.03
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Fig. 2. Time dependences of the conductivity AJ(t) of the following
electrochemical systems in distilled water and at Vp = 0: 1 — Yb—
n-Si, 2 — Yb—n-Si(W)1, 8 — Yb—n-Si(W)2, 4 — Yb—n-Si(W)2 after
7 days of ageing, 5§ — Yb-n-Si(W)2 after 15 days of ageing in the
air. The concentration of doping tungsten: [W]; = 2 x 108 cm ™2,

[W]2 =1 x 10" cm™2

electrolytic deposition of W onto n-Si up to the
concentrations [W]; = 2 x 10'® ¢cm™2 and [W], =
1 x 10" em™2 are depicted. In addition, for the system
Yb-n-Si(W)s, where the notation n-Si(W)y stands for
an n-Si electrode with the surface concentration [W],
of deposited tungsten, we also plotted the dependences
AJ(t) measured after the ageing of the n-Si(W),
electrode for 7 and 15 days. The values of ¢ for
corresponding states of the n-Si surface are given in
the Table. One can see that the deposition of W onto
the n-Si surface enhances the catalytic activity of the
electrode, especially in the vicinity of the ¢ = 0 and
t = 30 min points (curves I, 2, and 3); and that
the corresponding dependences AJ(t), although having
identical characters, are slightly different from one
another owing to the variation of the depth and the
width of their minima.

The ageing of the doped n-Si(W); electrode for 7 and
15 days diminishes its catalytic activity only in the time
interval ¢ = 0 =+ 3 min after the immersion, while, at
t > 3 min, the values of A.J(t) become larger than those
obtained right after the doping (curves 4 and 5). This is
a positive effect of the n-Si(W), electrode ageing. Ageing
is accompanied by some oxidation of the n-Si electrode
covered with a W film, which is confirmed by the growth
of the work function ¢ of the electrode (see the Table).
We note that the AV.-values for both undoped and W-
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Fig. 3. Time dependences of the conductivity of the systems Cr3Si—
Pt (curved 1, 2, and 3) and CrzSi-Yb (curves 1/, 2/, and 3’) at
Vo = 0 before (curves 1 and 1’) and after (curves 2 and 2’) the
doping of the Cr3Si electrode with tungsten ([W] = 6x10'8 cm~2),
and after the 12-day electrode ageing (curves § and 3’)

doped n-Si electrodes practically did not change in time
t. However, they were different after the doping with W
and the ageing, namely, AV, = 0.4 V in the n-Si case,
0.55 V in the n-Si(W); case, and 0.75 V in the n-Si(W),
case, but AV, = 0.45 and 0.30 V in the n-Si(W)y case
after the electrode ageing for 7 and 15 days, respectively.

Although the catalytic activity of CrsSi electrode
with respect to the water decomposition is higher than
that of the n-Si one, doping the Cr3Si electrode with a
W impurity to 6 x 10'® cm~2 turned out less effective
than that in the case of n-Si electrode. In Fig. 3,
the dependences AJ(t) for the electrode pairs CrzSi—Pt
(curves 1, 2, and 3) and Cr3Si-Yb (curves 1, 2’) and
3’) before (curved I and 1’) and after the W-doping
(curves 2 and 2’), as well as after the 12-day ageing of
the Cr3Si(W) electrode in air (curves & and &'), are
presented. Note that the Cr3Si electrode was an anode in
pair with the Pt counter electrode, and a cathode in pair
with the Yb counter electrode, both before and after the
doping with tungsten. Figure 3 makes it evident that an
appreciable increase of the AJ(t)-value at the W-doping
was observed in the whole time interval of measurements
in the case where the Cr3Si electrode played the role of
anode (curves I and 2). The ageing of the CrzSi(W)
electrode for 12 days compensated the growth of AJ(t)
in this case. However, when the Cr3Si electrode, being
in pair with the Yb one, played the role of cathode, the
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Fig. 4. Time dependences of the conductivity of the Yb—Cr3Si

system in distilled water at Vo = 0: I — Yb—Cr3Si (oxidized in the
air), 2 — Yb—Cr3Si?8 (as-ground), 8 — Yb—Cr3Si*8 (Cr) (Cr-doped,
[Cr] = 1.6 x 10! ¢cm™2), 4 — Yb-Cr3Si*8(Cr,W) (doped with Cr
and W, [W] = 6 x 10'® cm—2), 5§ — Yb-Cr3Si®8(Cr,W) aged for
14 days, 6 — Yb-Cr3Si*8(Cr,W) aged for 40 days

increase of AJ(t)-values at the W-doping was observed
only within the time interval ¢ = 0 + 3 min. (curves
1’ and 2’). Ageing brought about a reduction of AJ(t)-
values in this case as well, but now they are larger — in
particular, at £ > 10 min — than the corresponding values
of curves I and 8 measured for the pair with the Pt
electrode. Hence, doping Cr3Si with a W impurity is less
effective than the similar doping of the n-Si electrode,
especially if the ageing effect is made allowance for.

Taking into account that the maximal - by
magnitude — current generation was earlier observed in
the case where a Pd-doped Cr3Si electrode was used as
a cathode [4], we doped a CrsSi electrode two times
in this work — first with a Cr impurity and then with
a W one. In work [7], the doped films made of Pd
and Ni were demonstrated to age most quickly in the
air enviromment, as a result of their oxidation, which
diminished the values of AJ(t). That is why Cr rather
than Pd was selected as a first doping impurity.

In Fig. 4, the dependences AJ(t) for the electrode
pair Yb—Cr3Si with the untreated Cr3Si electrode
(curve 1), after its mechanical grinding (curve 2), and
after its following doping with Cr to 1.6 x 10'? cm=2 by
the method of electrolytic deposition from the aqueous
solution of chromium salt (curve 3) are shown. One can
see a substantial growth of the AJ(t)-value within the
whole time interval of observation. In work [7], it was
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also shown that a Cr film on the Cr3Si electrode ages as
well, which results in a reduction of AJ(t), although it
does not occur so quickly as if a Pd film was used. Taking
into account the positive effect of the tungsten coverage
on the n-Si electrode — in particular, an insignificant
role of ageing after the W-deposition — we hoped for
that the additional covering with W could “stabilize” the
Cr3Si(Cr) surface. Curve 4 was obtained after a W film
(6 x 10'® cm~2) had been electrolytically deposited onto
a Cr3Si(Cr) electrode. An appreciable reduction of the
AJ(t)-values was observed (from curve & to curve 4),
which was evidently caused by a lower catalytic activity
of the W film in comparison with the Cr one.

The ageing of the CrzSi(Cr,W) electrode in the air
environment was also observed, though it was not so
fast as in the absence of the W film. Curve & illustrates
the AJ(t)-values after 14 days of the CrzSi(Cr,W)
electrode ageing. We note that the AJ(t)-values for
curve 5 grew in the course of measurements within
5 h and achieved a value of 32 x 107% Qxcm, which
can be regarded as a positive effect. In so doing, the
growth of AJ(t) in time is associated with structural
and morphological modifications in the CrsSi(Cr,W)
electrode, which stimulates the growth of its catalytic
activity with respect to the water decomposition. At the
same time, the amplitude of the voltage AV, between
the Yb and Cr3Si(Cr,W) electrodes separated by a 1.6-
cm gap remained almost constant and equal to 1.44 V
within the time interval t = 0+ 5 h, whereas the current
increased from 9 to 30 ,uA/cm2 within the same time
interval. The parameters became worse after the 40-
day ageing of the Cr3Si(Cr,W) electrode (see curve 6).
Nevertheless, the application of a Cr3Si electrode as a
cathode should be considered as promising, especially
provided that tungsten silicides are formed on its surface;
those compounds are practically not oxidized in air,
which would enable a stable cathode electrode to be
developed.

4. Conclusions

1. By researching the time dependences of the current
generation between the electrode pairs Yb—Pt, Yb—
W, and W-Pt in distilled water with and without
application of an external voltage Vj = +9.7 V, it was
found that the catalytic activity of a tungsten electrode
with respect to the water decomposition is close to that
of a Pt electrode, but lower than the corresponding
catalytic activity of an Yb electrode. Penetration of
hydrogen into the depth of W and Yb electrodes is a
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little bit larger than into a Pt electrode, which manifests
itself in the values of conductivity AJ(t) at Vo = £9.7 V.

2. The differences between the AJ(t)-dependences
measured at Vyp = 0 and £9.7 V stem from the
enhancement of the electrode catalytic activity with
respect to the water decomposition reaction Ho,O —
H* 4+ OH™, when the voltage between electrodes
increases, due to the emergence of higher electric fields
at structural and relief inhomogeneities of the electrode
surfaces.

3. Electrolytic deposition of W films from the
aqueous solution of tungsten salt onto the surfaces
of n-Si and Cr3Si electrodes increases, as a rule, the
catalytic activity of electrodes with respect to the
water decomposition. In addition, n-Si(W) electrodes
practically do not deteriorate their properties under
ageing in the air environment.

4. A consecutive deposition of Cr and W films onto
the surface of a Cr3Si electrode enables one to obtain
relatively large AJ(t)-values for CrgSi(Cr,W) cathodes
and inhibit their ageing.
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POJIb BOJIb®PAMY YV CTPYMOYTBOPEHHI
ITP1 KATAJIITUYHOMY PO3KJIAJIAHHI BO/N

B.€. IIpumavenro, I.I'. Babiuwes, B.A. Yeprobal, €.D. Benzep
PezwowMme

JlocitigzKeHO CTPYMOYTBOPEHHS [IPU KATAJITUIHOMY PO3KJIaJaHHL
o HoO—HT+OH™ Ha esleKTposax 3 MOMKPHCTAIIIHOrO BOJIb-
dpamy W i Ha esnexkTpomax 3 n-Si i CrzSi 3 jgomimkamu ejek-
TPOJIITUYHO OCa2KEHOro Ha HUX W 3 BOJIHOIO PO3YMUHY HOro COJIi.
Bcranosiieno, mo karagiTudHa akTuBHICTH W B peakiiil po3kJia-
JaHHS BOJM JIEII0 HUXKYa B IMOPIBHAHHI 3 IHIIUMU IEPeXiTHUMNA
MeTaJIaMHU, IPOTE MOXKe Oy TH BUKOPUCTAHE YIIOBIJIbHEHE Or0 OKUC-
JIEHHSI B €JIEKTPOXIMIYHHUX €eJIeMeHTaX Ha OCHOBI BOJH.
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