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The ion implantation method is applied to the improvement of the oxygen-evolution activity for metal oxide
electrodes. The implantation of metal ions such as Cot, Zn™, and Ru* into nanocrystalline RuO, and Ru,Ti;_,O,
(x =1/2 and 2/3) film electrodes caused negative shifts of current density () vs potential (U) curves for oxygen evo-
lution by about 20-100 mV, indicating the lowering of the overvoltage for oxygen evolution. Detailed experiments have
shown that the lowering of the overvoltage is neither due to a change in the chemical composition of the electrode sur-
face nor due to an increase in the effective area of the electrode surface, but rather is due to production of certain crystal
defects (such as atomic gaps) that can act as active sites for oxygen evolution. The result is of much interest, suggesting
that the control of surface defect structures is a promising approach for the improvement of the oxygen evolution activ-

ity.

Electrolysis of water into hydrogen and oxygen is one of the
key reactions in energy conversion technologies. Although
hydrogen evolution reaction proceeds efficiently on some pre-
cious metal electrodes such as platinum,! the oxygen evolution
reaction has a fairly high overvoltage of about 0.2 V even for
the most active electrodes thus far known, such as RuO,,>™*
thus resulting in a serious loss in the energy conversion
efficiency. For realizing an efficient energy conversion system
based on solar electrolysis,’ it is of key importance to lower
(or to discover an effective method to lower) the overvoltage
for oxygen evolution reaction.

A number of studies have been made to find active electrode
materials for oxygen evolution reaction. Various metal oxides,
such as C0304,° Mn,Co;_, 04,7 Co,Fes_,04,8 1r0,,° Ni,-
Al;_,Mn,04,'° LaNiO3,'" Rhy0;,'? PdO,'? NiO,'>!3 and
metal-doped SnO,,'* have been investigated usually under
the concept of activity improvement by changes of the chemi-
cal composition (or the electronic structure) of electrode
materials. For RuO,, the preparation conditions have been
studied in detail to get higher activity.'>"'7 For oxygen evolu-
tion from seawater, (Mn-W)O, electrodes with high overvol-
tages for chlorine evolution have been studied.!® Little atten-
tion has, however, been paid to the activity improvement by
changes in the morphological (or defect) structure of the
electrode surface.

It is well known that crystalline defects at the electrode sur-
face, such as steps and kinks, act as active sites for electro-
chemical reactions. Theoretically, another-type defects, i.e.,
defects such as atomic gaps exposed to the surface (see Fig. 1)
are expected'®?! to act as more active sites, especially for oxi-
dation of small-sized species such as H,O and OH™. In gen-
eral, a large change in the electric charge occurs for a reacting
species in the oxidation reaction, accompanied by a large
change in the electric polarization of the surrounding
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Fig. 1. Schematic illustration of electrochemical oxidation
in the bulk-type defects (such as atomic gaps) as compared
with that at the surface, with surface OH groups taken as
an example of oxidized species.

medium. For the oxidation reaction of a species like OH group
at the surface which is in contact with a polar solvent (like wa-
ter), the reaction causes a large change in the orientation polar-
ization of surrounding solvent molecules, similarly to the case
of the oxidation reaction in a polar solvent. This results in a
large reorganization energy (in Marcus theory) and hence to
a large activation energy (or overvoltage). On the other hand,
for the oxidation of a species like OH group within the atomic
gaps, the reaction only (mainly) causes a change in the elec-
tronic polarization of the surrounding solid electrode materials
that leads to no increase in the reorganization (and activation)
energy, because ionic species within the atomic gaps are main-
ly stabilized by the electronic polarization of the solid elec-
trode materials. Thus, a species within the atomic gaps is more
easily oxidized than that at the surface, or in other words, the
atomic gaps can act as active sites for electrochemical oxida-
tion—reduction reactions.

In the present work, the above idea was investigated by
using the ion implantation method, which can introduce
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bulk-type defects such as atomic gaps near the electrode
surface. Experiments have shown that the control of defect
structure near the electrode surface is a promising approach
for the improvement of the oxygen evolution activity.

Experimental

Nanocrystalline RuO, and Ru, Ti;_,O, films, into which the ion
implantation was carried out, were prepared on Ti-metal plates as
a substrate. First, colloidal RuO, and Ru,Ti;_,O, solutions were
prepared by controlled hydrolysis. For RuO, solutions, 20 mL of
5% HCI containing 8.2 mM RuCls (Aldrich reagent grade
as RuCl;-6H,0) was slowly added to 10 mL 2-propanol (Aldrich
anhydrous grade) at 60 °C with vigorous stirring under N, gas
flow. The mixture was then kept at 60 °C for 3 h, aged at 4 °C
for 24 h, and dried. The resulting RuO, white powder was again
dispersed in dry ethanol. The transparent colloidal RuO, ethanol
solutions thus prepared gave more active film electrodes than
those prepared with no drying process. For Ru,Ti;_,O, solutions,
10 mL ethanol dissolving appropriate amounts of RuCls and TiCly
(Aldrich reagent grade) was slowly added to 0.1 M HNO;3. The
resultant colloidal Ru, Ti;_,O, solutions were used for film forma-
tion without any drying process.

The colloidal RuO, and Ru,Ti;_,O, solutions were then ap-
plied on Ti plates (Nippon Sheet Glass Co. Ltd.) with a spin coater
at 2000 rpm. The RuO, coated Ti plates were heated at 80 °C for
15 min, and further heated at 300 °C for 15 min. This procedure
was repeated several times to get a sufficient film thickness. The
RuO, films thus prepared were finally heated at 300 °C for 4 h in
air. The Ti plates were washed with boiling acetone and pure
water before use. The Ru,Ti;_,O, coated Ti plates were heated
at 150 °C for 10 min, and the procedure was repeated several
times. The films were finally heated at 600 °C for 2 h in air.

Single crystal TiO, (rutile) wafers, as a reference sample, were
obtained from Earth Chemical Co., Ltd. They had an area of 10
mm X 10 mm and a thickness of 1.0 mm, and (110)-cut and alka-
li-polished surfaces. They were used after washing with pure wa-
ter.

The ion implantation was carried out in Ion Engineering Re-
search Institute, Osaka, Japan, with a 200-keV ion implantation
apparatus (B) for an acceleration energy of 5 or 10 keV and with
a 200-keV ion implantation apparatus (C) for an acceleration en-
ergy of 100 keV. The damage density profiles were calculated
using the conventional transportation-in-matter (TRIM) meth-
0d 2223

Current density (j) vs potential (U) curves were obtained with a
commercial potentiostat and a potential programmer, using a Pt
plate as the counter electrode and an Ag/AgCI/KCl(sat.) electrode
as the reference electrode. The RuO, or Ru,Ti;_,O, film elec-
trodes, as the working electrode, were prepared by attaching a
copper wire on an edge of the metal-oxide film with silver paste,
followed by covering the whole part, except the 1.0 x 1.0 cm?
film area, with epoxy resin for insulation. The temperature of
the electrolyte solution was kept at 25 °C. Nitrogen gas was bub-
bled through the electrolyte under stirring. Electrolyte solutions
were prepared using highly pure Milli-Q water and reagent grade
chemicals without further purification.

Surface inspection of RuO, or Ru,Ti;_,O, films was carried
out with a Hitachi S-5000M scanning electron microscope
(SEM) and a Hitachi HF-2000 transmission electron microscope
(TEM). TEM samples were prepared by the FIB (focused ion
beam) method,?* using a Ga™ ion beam. For TEM inspection, se-
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lected area electron diffraction (SAED) measurements were done
at the same time, with the beam diameter of 2-3 nm. The X-ray
photoelectron spectra (XPS) were obtained with a Shimadzu
ESCA-1000 spectrometer, using an Mg Ko line.

Results

The RuO; and Ru,Ti;_,O, films used in the present work
were composed of nanocrystalline particles of about 10-20
nm in diameter, and had the thickness of about 1.5 pum.
Figure 2 shows, as an example, (A) an SEM image of the sur-
face and (B) a TEM image of the cross section for a RuO; film.

Figure 3 compares log j vs U (Tafel) plots in the potential
region of oxygen evolution for several RuO, film electrodes
in 1.0 M NaOH at 25 °C. The j-U curve for Ru™-ion implant-
ed RuO; (open circle) is shifted in potential by about 20—40
mV toward the negative compared with that for as-prepared
(non-implanted) RuO, (triangle). The Ru*-ion implantation
was carried out at an acceleration voltage of 10 kV with a dose
of 1.0 x 10" cm™2. Tt is to be noted that the curve for the non-
implanted RuO, (triangle) in the present work agrees with the
most efficient curve reported for nanocrystalline RuO, film
electrodes (rectangle),* implying that the ion implantation tru-
ly improves the oxygen evolution activity for RuO,. A j-U
curve for a Pt electrode (rhombus) is included in Fig. 3 for
reference.

Figure 4(A) shows the dependence of the j—U curve for the
Rut-ion implanted RuO, film electrodes on the acceleration
voltage in a range of 5 to 100 kV, under a constant dose of
1.0 x 10'5 cm™2. The most efficient characteristic is obtained
at around 10 kV. Figure 4(B) shows the dependence of the j—
U curve on the dose of the ion beam in a range of 0.2 x 103 to

Fig. 2. (A) An SEM image of the surface and (B) a TEM
image of the cross section for a nanocrystalline RuO, film.
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Fig. 3. Log j vs U plots for nanocrystalline RuO; film elec-
trodes in 1.0 M NaOH at 25 °C. Open circle (O) is for
Ru*-ion implanted RuO, (10 kV, 1.0 x 103 cm™2), and
triangle (A) is for as-prepared (non-implanted) RuO,.
Rectangle ([7) and rhomb (<) indicate reported data* for
as-prepared nanocrystalline RuO, and polycrystalline Pt,
respectively.
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Fig. 4. Dependences of the j~U curve for Ru*-ion implant-

ed RuO; film electrodes on the acceleration voltage (V,.)
and the dose (D) of the ion beam. In (A), V. is (a) 5 kV,
(b) 10 kV, and (c) 100 kV, with a constant dose of
1.0 x 101 ecm™2. In (B), D is (a) 0.2 x 10"° cm~2, (b)
0.5 x 10" ecm™2, and (c) 1.0 x 10" cm~2, with a constant
Ve of 10 kV. Curve (d) is for non-implanted RuO,, both
in (A) and (B). The electrolyte is 1.0 M NaOH at 25 °C.
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Fig. 5. XPS spectra in the Ru 3p region for (A) non-im-
planted and (B) Ru*-ion implanted (10 kV, 1.0 x 10"
cm~2) RuO; film electrodes after oxygen evolution experi-
ments were done. Spectrum (C) is for the Ru*-ion im-
planted RuO, film before the oxygen evolution experi-
ment.

g

1.0 x 10" cm™2, under a constant acceleration voltage of 10
kV. The shift in the j-U curve appears to become larger as
the dose increases, though the order is reversed for the doses
of 0.2 x 10" and 0.5 x 10" probably because the shift will
also be influenced by geometrically rough surface structures
of particulate RuO, films, which are different from sample
to sample.

Figure 5 shows XPS spectra in the Ru 3p region for (A) a
non-implanted and (B) a Ru%t-ion implanted (10 kV,
1.0 x 10" cm~2) RuO;, film electrode, both after electrochem-
ical oxygen-evolution experiments (such as in Fig. 3) were
done. Spectrum (C) is for the Rut-ion implanted RuO, film
before the oxygen evolution experiment. Spectra (A) and
(B) have a peak at the peak position for RuO,, with no peak
or shoulder at the peak positions for Ru, RuO, and RuOs, sug-
gesting that both the non-implanted and Ru*-ion implanted
RuO; films after the oxygen evolution experiments are really
composed of RuO;. On the other hand, spectrum (C) shows
a weak peak at the peak position for Ru metal, indicating that
the film just after the Ru™-ion implantation contains a small
amount of Ru metal.

The above result suggests that the negative shifts in the j—U
curves by the RuT-ion implantation are not caused by a change
in the chemical composition of the films but by production of
certain damage (crystal defects) in the films. This expectation
is supported by the fact that the calculated damage density pro-
files can explain the acceleration-voltage dependence of the j—
U curves in Fig. 4(A). The calculation was carried out for
RuO; single crystals (with no consideration of occurrence of
sputtering) by using the TRIM method,?>?? in which a colli-
sion of a Ru™ ion with a Ru or O atom in RuO, crystal is as-
sumed to produce one defect. As shown in Fig. 6, the maxi-
mum of the calculated damage density profiles for 5 and 10
kV lies close (about 8 and 10 nm respectively) to the surface,
whereas that for 100 kV is rather far (about 35 nm) from the
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Fig. 6. Damage density profiles for Ru*-ion implanted
RuO; crystals, calculated by the TRIM method. The cal-
culation was done for acceleration voltages of 5, 10, and
100 kV, with a constant dose of 1.0 x 10" cm™2.
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Fig. 7. Log j vs U curves for (a) non-implanted, (b) Zn™-
ion implanted, and (c) Co™-ion implanted Ruy3Ti; 30,
nanocrystalline film electrodes in 1.0 M NaOH at 25 °C.
The ion implantation was carried out at 10 kV and
5.0 x 10" em~2 for both Co* and Zn* ions.

surface. The ineffectiveness of the 100-kV implantation in
Fig. 4(A) can thus be explained as being due to the fact that
only defects produced close to the surface are effective for
the improvement in the electrochemical activity. The ineffec-
tiveness of the 5-kV implantation can be attributed to the fact
that ions of too low energy such as 5 keV are apt to cause sur-
face sputtering rather than ion implantation.”

We did similar experiments for Ru,Ti;_,O; film electrodes,
where x is 1/2 or 2/3. Fairly large negative shifts in the j—-U
curves by ion implantation, exceeding 100 mV, were observed
for such mixed-oxide electrodes under appropriate conditions,
though the mixed oxide electrodes themselves are less active
for oxygen evolution than the RuO, electrodes.

Figure 7 shows the dependence of the j-U curves for the
Ruy/3Ti; 30, electrode on the kind of implanted ions. The
j-U curves for the Co*- and Zn*-ion implanted electrodes
nearly agree with each other, both being shifted toward the ne-
gative from that for the non-implanted electrode. As the elec-
trochemical properties of Co and Zn are quite different, this re-
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Fig. 8. Damage density profiles for Co™- and Zn*-ion im-
planted TiO; crystals, calculated by the TRIM method.
The calculation was done for an acceleration voltage of
10 kV and a dose of 1.0 x 105 cm™2.
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Fig. 9. Cross-sectional TEM image (upper figure) for a
Rut-ion implanted RuO, nanocrystalline film, together
with SAED patterns (lower figures) for two areas designa-
ted by open circle and rectangle in the TEM image. The
ion implantation was carried out at 10 kV and 1.0 x 10"
cm™2,

sult again indicates that the negative shifts in the j—U curves
are not due to a change in the chemical composition of the
films but due to production of damages. In fact, the calculation
has shown that Co* and Zn™ ions with the same mass number
produce nearly the same damage density profiles, as shown in
Fig. 8.

Figure 9 shows a cross-sectional TEM image for a Ru*-ion
implanted RuO, film, together with SAED (selected area elec-
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Fig. 10. Cross-sectional TEM image (upper figure) for a
Tit-ion implanted TiO, single crystal, together with
SAED patterns (lower figures) for two areas designated
by open circle and rectangle in the TEM image. The
ion implantation was carried out at 10 kV and 2.0 x
105 cm™2.

tron diffraction) patterns for two areas marked by a circle and a
rectangle in the TEM image. It is known?’ that the ion implan-
tation in general produces two surface layers, the uppermost
damaged layer and the second uppermost ion-implanted
layer. The TEM image in Fig. 9 indeed indicates the forma-
tion of two surface layers, designated by (a) and (b), each hav-
ing the thickness of about 10 nm. The TEM image for the up-
permost surface layer (a) shows almost no lattice image,
contrary to the underlying parts (b) and (c). However, the
SAED pattern for the layer (a) shows fringed concentric rings
together with ordered spots, suggesting that the layer (a) is
composed of multi-cracked crystalline or disordered micro-
crystalline domains.

Figure 10 shows, for reference, results of similar experi-
ments to above for single crystal TiO,, for which, contrary
to the case of nanocrystalline films (Fig. 9), the effect of the
ion implantation on the surface structure will be more easily
understood. TiO; single crystal is chosen because its crystal
properties are similar to those for RuO; and no RuO, single
crystal is available. Figure 10 shows essentially the same re-
sults as Fig. 9, indicating that the above-mentioned interpreta-
tion for Fig. 9 is reasonable.

Discussion

Though it is likely that the morphologically rough surface
structures of the nanocrystalline RuO, film electrodes more
or less influence the experimental results such as the shifts
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in the j-U curves, it is evident from Figs. 3, 4, and 7 that
the ion implantation causes the negative shifts in the j-U
curves indicative of the improvement of the oxygen-evolution
activity of the electrodes. The experimental results also show
that the activity improvement is not caused by a change in the
chemical composition of the electrodes but by production of
certain damage (crystal defects) acting as active sites, as men-
tioned in the preceding section. It is to be noted also that the
Rut-ion implanted RuO, electrode has the higher activity than
the RuQ; electrode itself that has thus far been known to be the
most active (Figs. 3 and 4).

What kinds of damage (or crystal defects) do act as active
sites for oxygen evolution? First it is to be noted that we can
exclude a possibility that the negative shift in the j-U curve
is caused by an increase in the effective area of the electrode
surface by ion implantation. If the negative shift were caused
by such an increase in the effective surface area, the current
density jimp(U) for an ion-implanted electrode, calculated for
an apparent surface area, should increase in proportion to the
current density j,on(U) for a non-implanted electrode at every
potential (U),

jimp(U) =k x jnon(U) (1)

where k is a constant independent of U. This implies that the
log j vs U curves for the ion-implanted and non-implanted
electrodes should agree with each other by a parallel shift
along the j-axis.

10g jimp(U) = 10g jnon(U) + logk 2

However, this is not the case experimentally, as shown in
Fig. 11.

The TEM and SAED investigation (Fig. 9) indicates that the
ion implantation produces two surface layers, the uppermost
damaged layer and the second uppermost ion-implanted
layer. They also suggest that the uppermost damaged layer
is composed of multi-cracked crystalline or disordered micro-
crystalline domains. Thus we can expect that a number of
crystalline gaps of atomic sizes are produced by the ion im-
plantation near the electrode surface. Such gaps can act as ac-
tive sites for oxygen evolution, as explained in the Introduction
section (see also Fig. 1), leading to the lowering of the
overvoltage. Further detailed discussions on the defect struc-
ture and activation mechanism are difficult on the basis of the
present experiments with the nanocrystalline film electrodes,
for which a variety of defects with different structures and
properties may be produced by the ion implantation. Studies
with single crystal RuO; electrodes are necessary to get a de-
finite conclusion on these points.

It may be interesting to note in the above respect that much
larger negative shifts in the j—U curves are observed in the re-
gions of the lower current densities in Figs. 3 and 4. This re-
sult is in harmony with the consideration that the larger nega-
tive shift is caused by the more active sites of a smaller
density. If this is the case, we can expect that a much larger
lowering of the overvoltage is obtained by controlling the de-
fect structure at the surface so as to increase the density of such
more active sites.

In conclusion, the present work has revealed that the ion im-
plantation causes negative shifts of the j—U curves for oxygen
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Fig. 11. (A) j-U curve (a) for a Ru™-ion implanted RuO,
film electrode (10 kV, 5.0 x 103 ¢cm~2), compared with
that (b) for non-implanted RuO,. Curve (c) is an upward
shift of curve (b) along the j-axis. (B) The same as above
for Co*-ion implanted (10 kV, 5.0 x 10" cm~2) and non-
implanted Ruy/3Ti;30; film electrodes.

evolution on nanocrystalline metal oxide electrodes, indicating
the lowering of the overvoltage for oxygen evolution. The
analyses of the electrochemical behavior and the surface struc-
ture of ion-implanted electrodes have shown that the lowering
of the overvoltage is neither due to a change in the chemical
composition of the electrode surface nor due to an increase
in the effective area of the electrode surface, but rather is
due to production of certain crystal defects such as atomic gaps
acting as active sites. The result is of interest, indicating that
the control of defect structures near the electrode surface is a
promising approach for the improvement of the oxygen evolu-
tion activity.
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