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Abstract

Ruthenium chloride and iridium chloride precursors (denoted hereafter as RuClz-aH,O and IrCl;-bH,0) reacted with water molecules and
transformed into the chloro-oxy-hydroxyl-metal (denoted as Ru(OH)sCl;_s-cH,O and Ir(OH),,Cl;_,,-dH,0) structures when they were
dissolved in water. The storage time, preheating, and initial pH of the deposition baths were demonstrated to significantly influence the
structures of these dissolved precursors. The rate of hydrous oxide deposition by means of cyclic voltammetry was predominantly determined
by the structures of the dissolved precursors and the initial pH of the deposition bath, which also caused a variation in the performance (i.e.
specific capacitance) of the hydrous oxides (i.e. RuO,-nH,0 and (Ru + Ir)O,-mH,0) for the application of electrochemical supercapacitors.
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1. Introduction

Due to the unique properties of high pulse power density
[1,2], electrochemical (EC) supercapacitors have been
recognized as an important and effective device promoting
the performance of the energy storage and conversion
systems. The most promising materials for EC supercapa-
citors should utilize both the fast and reversible faradaic
pseudocapacitance coming from the redox transitions of the
interfacial electroactive species [2-9] and the indefinitely
reversible capacitance of electric double-layer formed at the
electrolyte—electrode interface [9—11]. Based on this point of
view, the electrochemical supercapacitors can be considered
as a hybrid device exhibiting transitional behavior between
batteries and capacitors. Since the capacitance of electrical
double-layer is very low (5-30 puF cm ™2 in usual), potential
candidates of electrodes should be consisted of electroactive
materials with very high surface areas, which prosecute the
fast reversible redox transitions in the potential window of
charge and discharge.

Both amorphous and microcrystalline ruthenium oxides
[1-4,7-9,12,13] have been employed as the electrode
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materials for the EC supercapacitors although ruthenium
is a noble metal. Moreover, the intercalation of hydrous
iridium oxide (denoted as IrO,-kH,O) into the hydrous
ruthenium oxide (denoted as RuO,-nH,O) matrix greatly
enhanced the utilization of the electroactive species [3,8]
while an understanding of the preparation of these hydrous
oxides with very high specific capacitance is still very lack.
Moreover, the Kinetics of electron transfer and/or the diffu-
sion of protons within the electroactive materials determined
the reversibility of redox transitions [1-4,7-9,14-16]. An
integration relating the electrochemical characteristics and
textural properties to their preparation methods are very
important in searching and optimizing the suitable materials
for the application of EC supercapacitors.

In our previous work [3,4,7,8], RuO,-nH,O and
(Ru + Ir)O,-mH,0, prepared by cyclic voltammetry, were
found to exhibit high pseudocapacitance with good electro-
chemical reversibility in the potential region of water decom-
position. The performance and utilization of these materials,
however, were found to strongly depend on the deposition
conditions [7] that significantly influenced the electrochemi-
cal characteristics of hydrous oxides. In addition, the mechan-
ism of hydrous oxide deposition was expected to be a function
of the chemical structure of the dissolved precursor [7,8].
Accordingly, the effects of storage time, preheating and initial
pH of the precursor solutions on the chemical structures of
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dissolved RuCl;-aH,O and/or IrCl;-bH,0O were systemati-
cally investigated. The performance of these oxides in the
application of EC supercapacitors was also studied.

2. Experimental

The preparation of RuO,-nH,O and (Ru + Ir)O,-mH,0
films is similar to that outlined in our previous work
[3,4,7,8,16]. Prior to voltammetric deposition, commercial
99% titanium substrates (10 mm x 10mm X 2 mm) were
mechanically polished by emery particles blown by a high-
pressure air compressor. These substrates were then degreased
with soap and water, and etched in a 6 M HCI solution at ca.
90 °C for 1.5 h. They were rinsed with water again, and then
pickled for 10 min in a solution containing N,N-dimethylfor-
mamide (DMF, Wako E.P, Japan), water, and HF (Wako E.P.,
Japan) with volumes of 40, 7.5, and 2.5 cm’, respectively.
After pickling, the substrates were rinsed with acetone and
water, coated with PTFE films, and then placed in the plating
solution. The exposed surface area of these substrates is equal
to 1 cm?. The plating baths are mainly consisted of 0.1 M KCl
and 5 mM RuCls3-aH,O (Johnson Matthey). For binary oxi-
des, 1 mM IrCl;-bH,0 (Johnson Matthey) was added into the
plating baths. Note that some deposition solutions have been
subjected to certain pretreatments (e.g. stored in a flask from 0
to 144 h or preheating at 60 or 80 °C for 20 min). Finally, the
initial pH of the deposition solutions was adjusted to the
specified value with 1 M HCI or 1 M NaOH before the
electrochemical deposition. The hydrous oxide-coated elec-
trodes were prepared by electrolytic deposition through
means of cyclic voltammetry between —200 and 1000 mV
at 50 mV s~ ' for 120 cycles. After deposition, the PTFE films
were removed from the electrodes. These electrodes before
and after oxide deposition were dried by a cool airflow. The
loading of oxides was confirmed by the weight difference of
electrodes before and after oxide deposition. The hydrous
oxide-coated electrodes with exposed geometric surface areas
of 1 cm? for the electrochemical measurement were doubly
coated with epoxy resin and PTFE films.

Cyclic voltammetry for the deposition and characteriza-
tion of RuO,-nH,0 and (Ru + Ir)O,-mH,0 films was per-
formed by an electrochemical analyzer system, CHI 633A
(CH Instrument Inc., USA). All experiments were carried
out in a three-compartment cell. An Ag/AgCl electrode
(Argenthal, 3 M KCl, 207 mV versus SHE at 25 °C) was
used as the reference electrode meanwhile a piece of Pt
gauze with an exposed area of 5 cm” was employed as the
counter electrode. A Luggin capillary, whose tip was set at a
distance of 1-2 mm from the surface of the working elec-
trode, was used to minimize errors due to iR drop in the
electrolytes. The scan rate of CV was kept at 20 mV s~ for
the electrochemical characterization of oxides.

All solutions used in this work were prepared with
18 MQ cm water produced by a reagent water system
(Milli-Q SP, Japan), and all reagents not otherwise specified

in this work were Merck, GR. In addition, the deposition
baths and the 0.5 M H,SO, solution used to study the
electrochemical behavior of oxides were degassed with
purified nitrogen gas before voltammetric measurements
meanwhile nitrogen was passed over the solutions during
the measurements. Temperature of the 0.5 M H,SO, solu-
tion was maintained at 25 °C by means of a water thermostat
(HAAKE DC3 and K20).

3. Results and discussion
3.1. Effects of storage time

In our previous work [7], the initial pH of the deposition
baths has been demonstrated to strongly influence the rate (and
probably the mechanisms) of RuO,-nH,0O deposition. This
effect was considered to be due to the chemical conversion of
the dissolved RuCl;-aH,Ointo the Ru(OH)sCl;_s-cH,O struc-
ture. This proposal was further verified by monitoring the
variation of pH with the storage time of aRuCl;-aH,0O solution.
Typical results for a5 mM RuCl;-aH,0 solution are shown as
curve 1 inFig. 1b. Inaddition, results forthe solution containing
5 mM RuCls-aH,0 and 1 mM IrCl5-bH,0 are also shown as
curve 2 in Fig. 1b. Note that pH of pure water should be neutral
while a sharp decrease in pH was found when the chloride
precursors were added into water (see Fig. 1a). Moreover, pH of
both solutions decreased almost linearly with storage time (see
Fig. 1b) when the storage time was longer than 6 h. These
results demonstrate a chemical reaction between RuCls-aH,O
(IrCl5-bH,0) and water molecules, which can be simply
expressed as follows:

MCl; - aH,0 2 MCl; - ¢H,0 (1)
MCl; - ¢H,O + H,O
— M(OH);Cls_s - ¢H,0 + SHT + 5CI~ )
23

0 30 60 90 120 150
t/hr

Fig. 1. (a) The initial 360 s of curve 1 in (b); and (b) pH against the
storage time for a solution containing (1) 5 mM RuCl;-aH,0, (2) 5 mM
RuCls-aH,0 and 1 mM IrCl5-hH>0 at 25 °C.
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where M is indicative of Ru or Ir atoms. Note that the chemical
conversionfromMCl;-cH,OintoM(OH)sCl;_s-cH,Odonates
protons to the solution, resulting in a decrease in pH, which is
similar to a sol—gel process [17]. From the decrease in pH for
both solutions in Fig. 1, the total amount of coordinated
chlorides replaced by hydroxyl- and/or oxy-groups can be
theoretically calculated on the basis of Eq. (2). In addition, the
number of coordinated chlorides (in average) replaced by
hydroxyl- and/or oxy-groups (denoted as o) for every RuCl;--
cH,0 molecule can be estimated by the following equation:
[H+L - [Hﬂ [H+]1 B 1077

6= 2= 3
[RuCl; - aH,0] 5% 103 )

where [H'],, [H+]t0’ and [RuClz-aH,0] represent the proton
concentrations at storage time of ¢, and ¢y, and the RuCl;-aH,O
concentration, respectively. These results are shownin Table 1.
Note that approximate 0.45 coordinated chloride was imme-
diately replaced for every RuClz-aH,O molecule when
RuCl;3-aH,0 was dissolved in water. After storing for 6 h,
about 1.52 coordinated chlorides were replaced for every
RuCl;-aH,0 molecule and then, J increased almost linearly
with the storage time. Also note that J is not an integer,
indicating that the number of coordinated chlorides replaced
by the hydroxyl- and/or oxy-groups is not in a stoichiometric
ratio. This leads to the speculation that certain amount of
central metal atoms may share the replacing hydroxyl- and/
or oxy-groups, implying the formation of aggregates consist-
ing of chloro-oxy-hydroxyl-ruthenium species. This inference
was further supported by the finding of a somewhat fogy
solution (i.e. the formation of colloids) after the 5 mM
RuCl5-aH,0 solution was stored at 25 °C for 4 or more weeks.
From the earlier results and discussion, the rate of coordinated
chloride replacement should be very fast during the initial
several hours (ca. from O to 6 h).

Similarly, the number of coordinated chlorides (in aver-
age) replaced by hydroxyl- and/or oxy-groups (denoted as
w) for every RuCl;-aH,O and IrCl;-bH,0 molecule can be
estimated by the following equation:

[, — [H] Y, — 1077

— fo — 4
@ = RuCl; - af0] + [ICh - bH,0] ~ 6x 103 P

Table 1
Effects of storage time on the degree of chemical conversion for the
dissolved metal-chloride precursors

Storage time (h)

0 6 24 48 96 144
pH* 2.65 2.12 2.08 2.05 2.03 2.02
[CI] (mM)* 2.24 7.59 8.32 8.91 9.33 9.55
0 0.45 1.52 1.66 1.78 1.87 191
pH® 2.32 2.06 2.03 2.01 2.00 1.99
[CI7] (mM)° 4.79 8.71 9.33 9.77  10.0 10.23
w 0.8 1.45 1.56 1.63 1.67 1.71
& 0.36 1.14 1.27 1.35 1.4 1.45

? For the 5 mM RuCl;-aH,O solution.
® For the 5 mM RuCls-aH,O and 1 mM IrCls-bH,O solution.

where [IrCl;-bH,O] represents the concentration of the
dissolved IrCl3-bH,O precursor. These data are also shown
in Table 1. A comparison of é and w reveals that the degree
of coordinated chloride replacement for every RuCls-aH,0
molecule was depressed by the presence of IrCl;-bH,0 with
the exception when t was equal to 0 (i.e. 6 = 0.45 and
o = 0.8 at r = 0). Since pure hydrous iridium oxide (i.e.
IrO,-kH,0) can not be deposited by cyclic voltammetry
[3,8,16], the earlier phenomenon may be attributed to a very
fast and over-replacement of the coordinated chlorides for
IrCl;-bH,0O (presumably the formation of Ir(OH);-dH,0).
Based on this assumption, the number of coordinated chlor-
ides (in average) replaced by hydroxyl- and/or oxy-groups
(denoted as ¢’) for every RuCls-aH,O molecule can be
estimated by the following equation:

5 [H'], — [H"], — 3[IrCl; - bH,O]
[RUC13 . aHzO]

[HY], - 1077 -3 x 1073

=55 10— ©)

These data are also shown in the last row of Table 1. Note
that at any storage time, ¢’ is obviously smaller than J,
indicating the inhibition of the coordinated chloride repla-
cement of RuCl;-aH,0 due to an over-replacement of the
coordinated chlorides of IrCl;-bH,0.

Since pH of the precursor solutions varied with storage
time, effects of this variable on the rate of oxide deposition
and the electrochemical properties of hydrous oxide films
were investigated. Typical cyclic voltammograms for oxide
deposition measured in two solutions containing 5 mM
RuCl3-aH,O and 0.1 M KCI with their storage time of
20 min (including heating from room temperature to
50 °C and oxygen degassing) and 144 h are shown in
Fig. 2a and b, respectively. Note that the initial pH of both
solutions was adjusted to 2.5 before the voltammetric
deposition since the rate of RuO,-nH,0 deposition reached
a maximum at this initial pH [7]. From a comparison of
Fig. 2a and b, two features have to be noted. First, the redox
shoulders, C;/A;, were still found in Fig. 2a although this
redox reaction seemed to be more hysterestic with the
deposition cycles. In Fig. 2b, these redox shoulders were
obscurely found in the initial 30 cycles and disappeared
in the following cycles. It is worthy noting that only peaks
C,/A, were observed on the CV diagrams of the RuO,-nH,0
deposition when the initial pH of baths (storage
time ~ 20 min) was >3.0 [7]. Hence, the disappearance
of Ci/A, is expected to indicate an over-replacement of
the coordinated chlorides (i.e. the formation of an OH-rich
Ru species). The formation of OH-rich Ru species should
depress the rate of RuO,-nH,O deposition since it reached a
maximum at an initial pH of 2.5 [7]. Second, the electro-
chemical reversibility of the redox reaction corresponding to
peaks C,/A, in Fig. 2a is better than that in Fig. 2b. This
result indicates that the electrochemical reversibility of
oxide deposition is significantly depressed by increasing
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Fig. 2. Cyclic voltammograms of RuO,-nH,O deposition at 50 mV s~
and 50 °C in a 5 mM RuCl3-¢H,0 and 0.1 M KCI bath with the storage
time of (a) 20 min; and (b) 144 h.

the storage time, probably due to the chemical conversion
from RuCl;-aH,O into Ru(OH)sCl;_s5-cH,O. The above
phenomena imply that the redox transitions during the oxide
deposition became more hysterestic when an OH-rich struc-
ture of the dissolved ruthenium species, gradually converted
from the Cl-rich structure, was formed in the deposition bath.

The effects of storage time on the rate of oxide deposition
were compared through means of their voltammetric charges
from the CVs measured in an inert electrolyte. Typical
results for the RuO,-nH,0 films deposited from the 5 mM
RuCl;-aH,0 and 0.1 M KCl solutions with their initial pH of
2.5 and 2.15 are shown as curves 1 and 2 in Fig. 3,
respectively. In addition, the effects of storage time on
the voltammetric charges of (Ru + Ir)O,-mH,0 films depos-
ited from a bath containing 5 mM RuCl;-¢H,0, 1 mM
IrCl3-bH,0, and 0.1 M KCI with its initial pH of 2.15 are
also shown as curve 3 in Fig. 3. From a comparison of curves
1 and 2, several important features have to be mentioned.
First, voltammetric charges reached a maximum at the
storage time of ca. 24 h on curve 1 (i.e. the initial case
pH = 2.5) while they reached a maximum at the storage

0.30

0 200 40 60 80 100 120 140 160
t/hr

Fig. 3. Effects of storage time on the voltammetric charges of RuO,-nH,O
films deposited from a 5 mM RuCl;-aH,O and 0.1 M KCI solution with
initial pH of (1) 2.5, (2) 2.15 and (3) of (Ru + Ir)O,-mH,0 films from a
bath containing 5 mM RuCl;-aH,0, 1 mM IrCl3-bH,0O and 0.1 M KCl
with initial pH of 2.15.

time of ca. 40 h on curve 2 (i.e. the initial case pH = 2.15).
Second, the maximal voltammetric charge (0.26 C cm %)
fabricated from the former solution was much larger than
that (0.19 C cm_z) prepared from the latter solution. Third,
on curve 1, the voltammetric charge decreased sharply when
it just passed through the maximum and then, a gradual
decrease in voltammetric charges was found with the storage
time. However, an opposite trend was found on curve 2. The
above difference indicates that (i) the formation of an OH-
rich Ru precursor renders a decrease in the deposition rate of
RuO,-nH,O and (ii) the initial pH of deposition solutions
also exhibits significant influences on the deposition rate.

On curve 3, voltammetric charges of (Ru + Ir)O,-mH,0
films increased more quickly with the storage time during
the initial 8 h and then increased almost linearly in the
following storage period (i.e. 8—144 h). In addition, from
an examination of Fig. 3, the voltammetric charges of binary
oxide were obviously smaller than those of RuO,-nH,O
films obtained in the baths with initial pH of 2.15 and 2.5
when the storage time was shorter than 48 h. However, an
opposite result was found when the storage time was longer
than ca. 96 h. The former result reveals that the rate of oxide
deposition was significantly depressed by the presence of
IrCl5-bH,0 in the deposition solution, which has also been
found previously [3,8,16]. The latter result can be explained
by the inhibition of an over-replacement of the coordinated
chlorides for RuCls-aH,O due to the presence of IrCl;-bH,O
(see Table 1) since the over-replacement of coordinated
chlorides of the dissolved precursors inhibited the oxide
deposition.

3.2. Effects of preheating

Since the conversion of RuClz-aH>0 into Ru(OH)sCl;_s--
cH,O is a chemical reaction, this reaction should be
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Table 2

Effects of preheating for 20 min on the degree of chemical conversion for
the dissolved metal-chloride precursors and voltammetric charges of
RuO,-nH,0 and (Ru + Ir)O,-mH,0 deposits measured in 0.5 M H,SO, at
20mVs~!

Preheating temperature (°C)

25 60 80
pH? 2.65 1.95 1.87
[C17] (mM)? 2.24 11.22 13.49
B 0.45 224 2.7
¢" (mC cm™2)? 2322 72.0 41.6
Loss in ¢" (%)* - 69.05 75.13
pH® 232 1.89 1.82
[CI7] (mM)° 479 12.88 15.14
o 0.8 2.15 2.52
o 0.35 1.98 2.43
¢" (mCcm )P 186.0 99.7 76.4
Loss in ¢* (%)° - 46.4 58.9

# For the 5 mM RuClz-aH,0 solution.
® For the 5 mM RuCls-aH,0 and 1 mM IrCl;-bH,0 solution.

accelerated by preheating the deposition solution. Typical
results of ¢* for RuO,-nH,0 and (Ru + Ir)O,-mH,0 depos-
its, measured in 0.5 M H,SO, at 20 mV s against pre-
heating temperature are shown in Table 2. Note that the
RuCl5-aH,0 and IrCl3-bH,0 solutions were preheated indi-
vidually for 20 min, then added KCl to reach the specified
concentration (i.e. 5 mM RuCls-aH,0, 1 mM IrCl5-6H,0,
and 0.1 M KCl), and finally adjusted to the initial pH. In
addition, the final pH values of the preheating solutions
containing 5 mM RuCls-aH,0 and 5 mM RuCl;-aH,O and
I mM IrCl3-bH,O are also shown in this table in order to
calculate the number of coordinated chlorides replaced by
hydroxyl- and/or oxy-groups (see J, @ and ¢'). From an
examination of ¢ data, the loading of both RuO,-nH,0 and
(Ru + Ir)O,-mH,0 deposits was obviously lower than that of
their unheated counterparts, indicating an inhibition of oxide
deposition due to preheating the precursors. This phenom-
enon is predicable since ¢ is approximately equal to 2.7 for
the 5 mM RuCl;-aH,O preheated at 80 °C for 20 min,
indicating a highly over-replacement of the coordinated
chlorides. From the earlier results and discussion, it is
reasonable to believe that an over-replacement of the coor-
dinated chlorides of the dissolved precursors obviously
inhibited the oxide deposition.

In previous section, the rate of (Ru + Ir)O,-mH,0 deposi-
tion was gradually promoted with increasing the storage
time while it was obviously depressed by preheating. Hence,
conflict effects of the chloride replacement on the rate of
(Ru + Ir)O,-mH,0 deposition seem to be found. However, a
comparison of the ¢’ values in Table 1 (i.e. 1.45) with those
in Table 2 (i.e. 1.98 and 2.43) reveals that the number of
coordinated chlorides replaced by hydroxyl- and/or oxy-
groups for every RuCl;-aH,O molecule after preheating is
much larger than that with a storage time of 144 h. The
effects of chemical conversion of RuCl;-aH,O on the rate of
oxide deposition for the earlier two cases are probably

different since a suitable replacement of the coordinated
chloride of RuCl;-aH,0 is expected to promote the rate of
oxide deposition. It is worthy noting that a comparison of ¢*
data between RuO,-nH,O and (Ru + Ir)O,-mH,0 deposits
reveals the larger loss in ¢* due to preheating for the former
oxide. Therefore, the presence of IrCl;-bH,O depressed the
over-replacement of coordinated chlorides of RuCl;-aH,0,
providing a positive effect on the rate of (Ru + Ir)O,-mH,0
deposition. This inference was further supported by the
significant difference between 6 and ¢’ in Table 2.

3.3. Effects of initial pH on the rate of binary Ru—Ir
oxide deposition

In our previous paper [7], the rate (and probably the
mechanisms) of RuO,-nH,0O deposition onto the titanium
substrate was strongly affected by the initial pH of the
deposition baths. Moreover, the deposition of (Ru+
Ir)O,-mH,O was obviously inhibited by the presence of
IrCl;-bH,0 in the deposition solutions although pseudoca-
pacitance of the mixed oxides reached a maximum at
[IrCl3-bH,0]:[RuCl;s - aH,0] = 1:5 [3]. Therefore, the
effects of initial pH of the deposition baths on the deposition
rate and the electrochemical properties of (Ru + Ir)O,-mH,0
films were also studied in this work. Typical cyclic voltam-
mograms of the (Ru + Ir)O,-mH,0 deposition from a solu-
tion containing 5 mM RuCl5-aH,0, 1 mM IrCl3-bH,0, and
0.1 M KCI with the initial pH of 2.15 and storage time of
144 h are shown in Fig. 4.

In general, these deposition curves are very similar in
shape to those of (Ru + Ir)O,-mH,0 deposited from the
same plating bath with storage time ~0 (20 min) [3]. For
example, two pairs of redox peaks (labeled as C;/A; and
C,/A,, respectively) are found although peak C; is relatively
smoother. In addition, passive behavior was observed
between —200 and 100 mV on the positive sweeps at cycle

24

i/ (mA cm?)

C1 CZ
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-200 0 200 400 600 800 1000
E/(mV vs. Ag/AgCl)

12 F

Fig. 4. Cyclic voltammograms of (Ru + Ir)O,-mH,O deposition at
50 mV s~! and 50 °C in a solution containing 5 mM RuCl;-aH,0, 1 mM
IrCl;-bH,0 and 0.1 M KCl with initial pH of 2.15 and a storage time of
144 h.
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Fig. 5. (a) i, of A, for (Ru+ Ir)O,-mH,0O deposition against the cycle
number of CVs from a plating bath containing 5 mM RuCl3-aH,0, 1 mM
IrCl;3-bH,0, and 0.1 M KCl with initial pH of (1) 2.15, (2) 2.5; and (b) the
initial 20 cycles of curve 1 in (a).

number below 100 and voltammetric currents were approxi-
mately potential-dependent and increased with the cycle
number of CV. Since these deposition curves were very
similar to those of RuO,-nH,O deposition [4] and since an
OH-rich Ir species was expected to form in the deposition
solution (see the Section 1), the kinetics of binary oxide
deposition should be dominated by the mechanism of
RuO,-nH,O deposition.

In our previous work [3,4,7,8], i, of A; was indicative of
the relative loading and pseudocapacitance of the oxides
fabricated from the same deposition solutions. In addition,
the slope of i, of A; against the cycle number of CV for
oxide deposition showed the deposition rate. Thus, i, of A
for (Ru + Ir)O,-mH,0 deposition against the cycle number
of CVs was examined. Typical results for the plating baths
containing 5 mM RuCl3-aH,0, 1 mM IrCl;-bH,0, and
0.1 M KCI with the storage time of 144 h and their initial
pH of 2.15 and 2.5 are respectively shown as curves 1 and 2
in Fig. 5a. In general, the peak current is directly propor-
tional to the number of deposition cycles in both cases, as
evidenced by the two linear lines in Fig. 5a. The slope of 7,
against cycle number, however, is much lower for the
solution with a higher initial pH, indicating a relatively
slow rate of deposition. From an examination of Fig. 5,
two features have to be discussed. First, in both solutions, the
induced period of the oxide deposition was not found,
especially for the oxide deposited from the bath with the
initial pH of 2.5 (see Fig. 5b). Second, there were two linear
regions on curve 1, suggesting a more rapid rate of
(Ru + Ir)O,-mH,0 deposition at the cycle number of CVs
above 90. In fact, a change in growth rate for the RuO,-nH,O
deposition has also been found when the deposition solution
was kept at 65 °C (above 60 cycle) [7]. This phenomenon
was attributed to the formation of a suitable Ru(OH)sCl3_5--
cH,O structure (due to a suitable replacement of the
coordinated chlorides), promoting the rate of oxide deposi-

tion. Note that a longer storage time increased the degree of
chemical conversion of RuCls-aH,0O into Ru(OH)sCls_s--
cH,0, which could be accelerated by heating the solutions.
In addition, the deposition of both RuO,-nH,O and
(Ru + Ir)O,-mH,0 films was usually carried out at a higher
temperature (e.g. 50 °C). Thus, the chemical conversion of
RuCl;-aH,0 into Ru(OH)sCl;_s-cH,O and the deposition of
hydrous oxides should occur simultaneously during the CV
deposition process. Based on the earlier discussion, the
structure of RuCl;-aH,0 in the deposition baths should vary
with the CV cycles of oxide deposition (i.e. the deposition
time). Since the rate of RuO,-nH,O and (Ru + Ir)O,-mH,0
deposition could be promoted by a suitable replacement of
the coordinated chlorides of RuCl;-aH,O, a more rapid rate
of RuO,-nH,0 or (Ru + Ir)O,-mH,0 deposition should be
obtained when the CVs of deposition were above certain
cycles.

3.4. Pseudocapacitance evaluation

Hydrous oxides (e.g. RuO,-nH,0 and (Ru + Ir)O,-mH,0)
have been recognized to be one of the most promising
materials applicable for the electrochemical supercapacitors
since these electroactive materials prosecuted reversible
redox transitions between various oxidation states in the
potential range of water decomposition [1-4,7-9,12,13].
The capacitance mainly coming from the fast faradaic redox
transitions of electroactive materials is called pseudocapa-
citance [1-9], which is very different in electrochemical
characteristics from the double-layer capacitance. For
RuO,-nH,0 and (Ru + Ir)O,-mH,0, pseudocapacitance
should mainly come from the M(III)/M(II), MIV)/M(III)
and M(VID)/M(1V) transitions [3,4,14,15,18], where M indi-
cates both Ru and Ir. In addition, the number of electroactive
oxycations involving in the redox transitions can be effi-
ciently evaluated by means of ¢* [3,4,14,15,18], which is
integrated from a cyclic voltammogram measured in an inert
electrolyte (e.g. 0.5 M H,SO,). Therefore, pseudocapaci-
tance of hydrous oxides can be estimated from ¢*. Note that
the performance of an EC supercapacitor is predominantly
determined by the electrochemical reversibility of the redox
transitions at/within the electroactive materials. This impor-
tant property can also be efficiently examined by cyclic
voltammetry [3-8].

Typical CV diagrams measured in 0.5 M H,SO, for the
oxide-coated electrodes deposited from the plating solutions
containing 5 mM RuCl;-aH,0 and 1 mM IrCl;-bH,O with
initial pH values of 1.9, 2.15, 2.35, 2.5 are, respectively,
shown as curves 1-4 in Fig. 6. On these curves, there are two
pairs of symmetric redox peaks in the potential regions from
100 to 700 mV and 700 to 1150 mV, indicating good rever-
sibility of the redox couples at/within the hydrous oxides.
The former and latter peaks are likely attributed to the redox
couples of Ru(IV)/Ru(Ill)/Ru(Il) and Ru(VI)/Ru(IV),
respectively [18]. In addition, the shape of these i—E curves
is similar to each other, which are very similar in shape to
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Fig. 6. Cyclic voltammograms of (Ru + Ir)O,-mH,0 electrodes in 0.5 M
H,SO,4; the oxide-coated electrodes were deposited from the plating
solutions containing 5 mM RuCl;-aH,0, 1 mM IrCl;-bH,0 and 0.1 M KC1
with initial pH of (1) 1.9, (2) 2.15, (3) 2.35, and (4) 2.5.

those of RuO,-nH,0, demonstrating that RuO,-nH,O is the
main electroactive species within the binary hydrous oxides.

The effect of initial pH of the plating baths on ¢* of
(Ru + Ir)O,-mH,0 is shown in Fig. 7a. Since a higher
voltammetric charge of a hydrous oxide-coated electrode
should result from a higher loading and/or a higher degree of
utilization of oxides, the specific capacitance (Cs) (based on
unit mass) of various (Ru + Ir)O,-mH,0O deposits is thus
employed to distinguish these two effects. Typical result of
Cs against the initial pH of electroplating baths is shown in
Fig. 7b. Note in Fig. 7a that with increasing the initial pH
values of plating baths from 1.9 to 2.6, voltammetric charges
reached a maximum at an initial pH of ca. 2.15. In addition,
the loading of (Ru + Ir)O,-mH,O deposits also reached a
maximum at this pH value. These results reveal that the rate
of oxide deposition is significantly influenced by the initial
pH of the plating baths. This effect is reasonably attributed
to the strong effect of the initial pH on the degree of

0.20

1.8 2.0 2.2 2.4 2.6 2.8
pH

Fig. 7. (a) Voltammetric charges, ¢*; and (b) specific capacitance, Cs, of
the (Ru + Ir)O,-mH,0 electrodes against the initial pH of deposition baths.

chemical conversion of RuCl;-aH,0. Also note that in
our previous work [7], the rate of RuO,-nH,O deposition
reached a maximum when the initial pH was equal to ca. 2.5.
However, the loading of (Ru+ Ir)O,-mH,O deposits
decreased very sharply when the initial pH of plating baths
was above 2.35, indicating the obvious inhibition of oxide
deposition due to the presence of IrCl;-xH,O. Thus, there
very likely exists a compromise between the enhancement of
oxide deposition due to the initial pH influencing the degree
of chemical conversion for RuCl3-aH,O and the inhibition of
(Ru + Ir)O,-mH,0 deposition because of the presence of
IrCl;-bH,O (probably Ir(OH);-dH,O). This compromise
effect may result in the existence of a maximum for the
loading and ¢" of (Ru+Ir)O,-mH,O deposits when the
initial pH value of the deposition bath is equal to 2.15.
The pseudocapacitance of these hydrous oxides was
calculated on the basis of the following equations [3-8]:

*

voltammetric charge ¢
Cy = =

(6)

voltage range AV
_ Cy
® ™ loading of electrodes

(M

where Cy and Cg are respectively indicative of pseudoca-
pacitance and specific capacitance of each electrode. Note
that data of the specific capacitance, shown in Fig. 7b, for the
(Ru + Ir)O,-mH,0 films deposited from the solutions with
initial pH >2.35 were not precise because their loading is too
small to measure accurately. In Fig. 7b, the specific capa-
citance of (Ru + Ir)O,-mH,0 gradually increased from ca.
220 to 380 F g~ ' with the continuous increase in initial pH
of the deposition baths. This result indicates that the elec-
trochemical and textural properties of (Ru + Ir)O,-mH,0
should be significantly influenced by the initial pH of the
deposition solutions. In our previous work [3], the inter-
calation of IrO,-kH,O was found to enhance the utilization
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Fig. 8. Specific capacitance against the storage time of deposition baths
for (1) RuO,-nH,0 prepared at initial pH of 2.5, (2) RuO,-nH,O prepared
at initial pH of 2.15, and (3) (Ru + Ir)O,-mH,O prepared at initial pH of
2.15.
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Fig. 9. SEM photographs of the deposits grown from the baths with (RuCl;-aH,O, IrCl3-bH,0) concentrations equal to (a) (5, 0) mM and initial pH of 2.15;
(c) (5, 1) mM and initial pH of 2.15; (e) (5, 1) mM and initial pH of 1.9, respectively (3000x); and (b) (5, 0) mM and initial pH of 2.15; (d) (5, 1) mM and

initial pH of 2.15; (f) (5, 1) mM and initial pH of 1.9, respectively (7000x).

of RuO,-nH,0, due to an increase in non-stoichiometric site.
The earlier results, a change in specific capacitance for
(Ru + Ir)O,-mH,0, may be resulted from a combination
of (i) different degrees of intercalation and/or dispersion of
IrO_-kH,O within the oxide matrix; and/or (ii) different
microstructures (e.g. different surface area/volume ratios).

In order to gain a further understanding of the earlier
phenomena, the effects of storage time on the specific
capacitance of the following oxides: RuO,-nH,O prepared
at initial pH of 2.5; RuO,-nH,0 prepared at initial pH of
2.15; and (Ru + Ir)O,-mH,0 prepared at initial pH of 2.15,
were examined. These results are respectively shown as
curves 1-3 in Fig. 8. On curve 1, Cg is approximately

constant (200 F g~ ") in the whole duration of storage time.
On curve 2, similar phenomenon is found but the constant
specific capacitance is close to 285 F g~ '. The above dif-
ference in specific capacitance for RuO,-nH,0 supports the
inference that the microstructure (e.g. the surface area/
volume ratio) of oxides is significantly influenced by the
initial pH of the deposition baths. On curve 3, Cg increases
obviously from ca. 300 to 400 F g~ ' during the initial 24 h
while it keeps almost constant in the following 120 h. This
trend on curve 3 is very similar to the ¢* data of the same
series of electrodes. A comparison of curves 1-3 reveals that
the utilization of RuO,-nH,0 is considerably enhanced by
the presence of IrO,-kH,0, probably due to an increase in
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non-stoichiometric sites and/or a change in microstructure,
resulting in the obvious increase in specific capacitance of
the binary oxides.

3.5. Scanning electron microscopic photographs

The earlier results and discussion suggest that the change in
specific capacitance of RuO,-nH,O and (Ru + Ir)O,-mH,0
deposits, prepared at different initial pH, can be linked to
their different microstructures (e.g. the surface area/volume
ratio). In order to gain an understanding of this relationship,
scanning electron microscopy is used to examine the micro-
structure of the following films: RuO,-nH,O prepared at
initial pH of 2.15; (Ru + Ir)O,-mH,0 prepared at initial pH
of 2.15; and (Ru + Ir)O,-mH,O prepared at initial pH of 1.9.
These results are shown in Fig. 9. In Fig. 9a, the uneven
RuO,-nH,O0 film, probably due to the porous nature of the
titanium substrate, is relatively compact. The relatively low
degree of utilization for the electroactive Ru species may be
due to this more compact nature. On the other hand, the
average size of the spherical RuO,-nH,0 particles is ca.
0.3 um (see Fig. 9b). Thus, if the RuO,-nH,O film has a
hyper-extended microstructure, the utilization of the elec-
troactive species must be highly promoted. In Fig. 9c, the
morphology of the binary oxide film is very porous with
many open holes, which favors the penetration of electro-
Iytes (e.g. proton) into the oxide matrix. However, the
average size of the spherical (Ru + Ir)O,-mH,O particles
is about 0.4-0.5 um (see Fig. 9d). A comparison between
Fig. 9a and c demonstrates that the porosity (i.e. surface
area) of a RuO,-nH,0 deposit is sharply increased by the
intercalation of IrO,-kH,0O. Accordingly, the utilization of
RuO,-nH,0 is promoted by the presence of IrO,-kH,0. The
change in microstructure indicates the influence of
IrCl5-bH,0O (probably Ir(OH);-dH,O) on the mechanism
of binary oxide deposition although the voltammetric curves
of (Ru + Ir)O,-mH,0 deposition remains the key features of
RuO,-nH,O deposition. A comparison of Fig. 9c and e
reveals that morphologies of the (Ru + Ir)O,-mH,O films
prepared at different initial pH are very similar to each other
while the open pores distributed on the former deposit (i.e.
prepared at initial pH of 2.15) is larger than the latter (i.e.
prepared at initial pH of 1.9). Note that the average size of
the spherical (Ru + Ir)O,-nH,0 particles prepared at initial
pH of 1.9 (see Fig. 9f) is somewhat larger than those
prepared at initial pH of 2.15. Thus, the decrease in initial
pH of the deposition baths causes the increase in particle size
and the decrease in porosity (i.e. a decrease in surface area).
Hence, a lower utilization of RuO,-nH>O was found in this
case.

4. Conclusions

The rate of (Ru + Ir)O,-mH,0 and RuO,-nH,0O deposi-
tion was predominantly determined by the structure of the
dissolved ruthenium and iridium precursors and the initial
pH of the deposition baths. The structures of these precur-
sors could be effectively controlled by preheating, changing
the storage time and adjusting initial pH of the deposition
baths. The intercalation of IrO,-kH,O and the initial pH of
the deposition baths were found to significantly influence the
microstructures of oxides, resulting in the different degrees
of utilization of the electroactive species although the
deposition of (Ru + Ir)O,-mH,0 was significantly depressed
by the presence of IrCl;-bH,O (probably Ir(OH)s-dH,0).
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