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Ruthenium oxide/ruthenocyanideuthenium oxide/hexacyanoruthenate, or mvRuO/Ru@nt iror{lll) ruthenocyanidéruthe-

nium purple, or RP hybrid films have been prepared using consecutive cyclic voltammetry, and the deposition process and the
films’ electrocatalytic properties in electrolytes containing"Rind C$ have been investigated. The hybrid ruthenium oxide/
ruthenocyanide and RP films showed four obvious and separated redox couples with formal potentials bét®@esa 1.0 V in
monovalent cation aqueous solutions of RoND CsNG,. The cyclic voltammograms recorded the deposition of the hybrid films
directly from the mixing of R&", F€*, and RUCN)g~ ions in aqueous Rbor Cs" cation solutions. An electrochemical quartz
crystal microbalance and cyclic voltammetry were used to study the growth mechanism of the hybrid films. The electrochemical
properties of the films indicate that the redox process was confined to the immobilized and mixed ruthenium oxide/ruthenocyanide
and RP films. The electrocatalytic reduction properties o@Séhd 50@’ by the hybrid films were also determined, as well as

the electrocatalytic properties of dopamine and epinephrine. The electrocatalytic reactions of the hybrid films were investigated
using the rotating ring-disk electrode method.
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Iron ruthenocyanidgruthenium purple, or RPand ruthenium  the electrocatalytic activity measurements are applicable to analyti-
oxide/ruthenocyanide (ruthenium oxide/hexacyanoruthenate or cal applications and to the electrochemical oxidation of low electro-
mvRuO/RuCN are the ruthenium analogs of iron hexacyanoferrate.active compounds.

Metal hexacyanoferrates and metal ruthenocyanides show interest- This paper discusses the first successful preparation of a hybrid
ing redox chemistry that is accompanied by changes in their e|ecﬁlm of iron ruthenocyanide and ruthenium oxide/ruthenocyanide in
trochromic, ion exchange, and electrocatalytic properties. Metaf@queous Rband Cs electrolytic solutions and their resulting elec-
hexacyanoferrafé® chemically modified film electrodes show inter- trocatalytic properties. The paper also discusses the electrocatalytic
esting electrochemical properties. They are used in both chemistrproperties and EQCM measurements made during the deposition
and in material science, in such areas as electroanalysis, chemic?[‘d ion-exchange processes of the RP and mvRuO/RUCN hybrid
sensing, and electrocataly&i&’ in studies on interfacial charges, M- Simultaneous CV and microgravimetry using an EQCM can

electrochromicity, in the study of ion-exchange and electron-transfeiSONtinuously detedn situ the surface mass change on an electrode
processe&®18 and in research on the chemical composition of sur- in an experimental s_olutlon. This technlqu_e is useful f_or elucidating
face filmslb the growth mechanism and electrochemical properties of RP and

mvRuUO/RuUCN films, as well as their hybrid films. The electrocata-

An RP film can bﬁ deposited onto a Work_lng electrode using alytic reduction of S@ and SO2~ by an RP and mvRUO/RUCN
two-step proceduré»?*and an mvRuO/RUCN film can be deposited Avbrid fil b d 8 I th ble elect talvsi
onto a working electrode by cycling the potential between 0.5 and ybrid Tm was observed, as wes as the feversibe electrocatalysis

) o ) of dopamine and epinephrine. The analytical methods used are es-
1202;/7 using RUCN)g~ in an aqueous 0.5 M KCI solution at pH  {aplished techniques and are important for the determination of these
277" To realize practical applications of RP and ruthenium oxide/ analytes. Dopamine and epinephrine are important neurotransmitters
ruthenocyanide film—modified electrodes for ion sensor applica-in the mammalian central nervous system, and therefore the devel-
tions, the deposition processes of these films must be fully characepment of electrochemical methods that can be used to monitor
terized. these compounds is important. The electrocatalytic reduction of per-

An important and interesting possibility is a modified hybrid oxosulfate and persulfate is of interest for environmental applica-
electrode containing RP and mvRuO/RuCN films that have differenttions, and the electrocatalytic oxidation of dopamine and epineph-
properties, which can be used to convert reactants to selected prodine is of interest for biomedical applications. The electrocatalytic
ucts. Hybrid films are highly relevant to contemporary material sci- Oxidation of dopamine was active, and the products of the oxidation
ence, and a hybrid RP and mvRuO/RUCN film is a member of thisof dopamine could be electrocatalytically reduced. The electrocata-
interesting class of materials. lytic reactions qf dopamlr)e anq eplneph(lne by an RE and. vauO/

This paper discusses the successful preparation of hybrid films oRUCN hybrid film were investigated using the rotating ring-disk
iron ruthenocyanide and ruthenium oxide/ruthenocyanide in aqueou§!€ctrode(RRDE) method.

Rb* and C¢ electrolytic solutions. These show good stability, as

well as well-defined redox couples and electrocatalytic properties. Experimental

No previous discussion has occurred in the literature on the prepa-
ration of RP and mvRuO/RuCN hybrid films, although a few reports
Cﬁg(r:;rné?gst:;egi;lgggg%itgé)gléh%rorgififggeilécggsgeggﬁl tiostats. CV was conducted using a thre_e-electrode cell in whic_h a
q y BAS glassy carboriGC) electrode, a platinum electrode, and a tin
cited. L . e . . dioxide electrode were used as the working electrodes. The GC elec-

The fabrlcgtlon of a chgmlcally_modlfled film electrode is easny trode was polished with 50 nm alumina on Buehler felt pads and
controlled using consecutive cyclic voltammet@V), because in  ihen yltrasonically cleaned for 1 min. The auxiliary compartment
this synthetic method, an increase in the peak current of the filmcontained a platinum wire, which was separated from the rest of the
induces the appropriate redox couple of the modified film. Results ofcompartment by a medium-sized glass frit. All cell potentials were

measured using either a g CI|KCI (saturated solutionreference
electrode or a Hig,Cl,|KCI (saturated solutionreference elec-

Z E-mail: smchen78@ms15.hinet.net trode.

Electrochemistry was performed using a Bioanalytical Systems
model CV-50W and CH Instruments CHI-400 and CHI-750 poten-
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The working electrode for the EQCM measurements was an 8
MHz AT-cut quartz crystal with gold electrodes. The diameter of the
quartz crystal was 13.7 mm and the gold electrode diameter was £
mm. The spectroelectrochemical cell consisted of a 1 mm cuvette, €
100-mesh platinum gauze used as a working electrode, a platinur
wire used as an auxiliary electrode, and anA%eCl reference elec-
trode.

RRDE experiments were performed using a Pine Instruments Co.
electrode in conjunction with a CH Instruments CHI-750 poten-
tiostat connected to a model AFMSRX analytical rotator. The rotat-
ing disk electrodéRDE), purchased from the Pine Instruments Co.,
consisted of a GC disk electrode and a @€ platinun) ring elec-
trode.

UV-visible spectra were measured using a Hitachi model U-3300
spectrophotometer.

The ion chromatograph used in the experiments was a Dionex
Instruments ion chromatograph model DX-100, which consisted of a
pump, a conductivity detector, an electrochemical detector, and a
syringe loading system with a 2B8_ sample loop. The columns used
throughout were an lonPac AG4A guard column, an lonPac AS4A
analytical column, and an anion self-regenerating suppressor col-
umn. All measurements were conducted at room temperature.

All chemicals used were of analytical grade. The aqueous solu-
tions were prepared using doubly distilled deionized water, and the
solutions were deoxygenated by purging with prepurified nitrogen
gas.

The electrochemical formation of the hybrid iron ruthenocyanide
and ruthenium oxide/ruthenocyanide films was performed by con-
tinuous cycling of the potential of the working electrode in a defined
potential range in a suitable aqueous solution containing®Ru
Fet, and RlﬂCN)é* ions. Typical electrochemical formation of hy-
brid RP and mvRuO/RuCN films was performed by repetitive CV
on cycling the potential of the working electrode in a defined poten-
tial range in an aqueous Rior Cs" supporting electrolyte solution
containing K,RU(CN)g with Ru** (with the balancing anion being
chloride or nitrate

ent

Curr

Results and Discussion

Hybrid RP and mvRuO/RuCN film deposition in aqueous RpPNO T T T T T T T T T T T
and CsNQ@ solutions—The electrochemical formation of hybrid 12 10 08 06 04 02 0 -02 -04
iron ruthenocyanide and ruthenium oxide/ruthenocyanide films on a
GC electrode was carried out using consecutive CV in aqueous

RbNO; and CsNQ solutions. E/V VS. AglAgCl

The hybrid RP and mvRuO/RuCN film showed four redox

couples_ with .formal potentials at0.05, 9'26' 0.73, and 0‘9_4 v, Figure 1. Repetitive CVs of a GC electrode modified with a hybrid ruthe-
respectively, in aqueous monovalent cation RBN®Iutions (Fig. nium oxide/ruthenocyanide and irgh) ruthenocyanide film synthesized
1A). Figure 1B shows the consecutive CVs of the hybrid RP andfom 2 x 102 M Ru(CN)%~ added to aqueous % 102 M Ru** and 1
mMVRUO/RUCN film showing the four redox couples with formal x 1073 M Fe** mixed in a pH 2.0 agueous solution ¢A) 0.2 M RbNO,
potentials at 0.03, 0.28, 0.64, and 0.90 V in aqueous Gsitlu- and(B) 0.2 M CsNQ. Scan rate 0.1 V/s.
tions. The reason for choosing cesium and rubidium as the electro-
lyte solution salts is that the films exhibited four clear redox couples
with cesium or rubidium electrolytes, but with lithium, potassium, or
sodium salt electrolytes the four redox couples were not well sepaclose linear dependence kf; on the scan rate, with the ratio of the
rated or did not exhibit a well-defined shape. anodic to cathodic peak curretit,/l ¢, equal to unity.

The results show the successful formation of a hybrid RP and
mvRUO/RUCN film and demonstrate that the voltammetric proper-
ties of the hybrid RP and mvRuO/RuCN film depend on the
monovalent cation (Rbor Cs') of the electrolyte. The experimen- Table I. The electrochemical properties of RP, mvRUGRUCN,
tal results also show that the hybrid RP and mvRuO/RuCN films can  @nd RP and mvRuQRUCN hybrid films.
be formed directly from the mixing of P&, R**, and RUCN)g~

: ) i ] Film/electrolyte RbNO; (V)  CsNQ; (V)  pH
ions by consecutive CV using Rband C§ cations as the electro- : % @
lyte solution and give the four separate redox cougdes Fig. 1 and Ironruthenocyanide 0.30 0.34 2.0
Table . Ruthenium oxide/ruthenocyanide 0.03 0.06 2.0

Figure 2A shows that a hybrid RP and mvRuO/RuCN film was 0.68 0.70
obtained on a GC electrode from the 0.2 M aqueous Rpdilution 0.92 +0.96

the . q RP and mvRUO/RUCN 0.06 0.04 2.0

at pH 2.0 and shows four chemically reversible redox couples for 0.26 0.28
various scan rates. The inset of Fig. 2A shows a plot of the anodic 0.72 0.64

peak current] ,,, vs.scan rate at a potential of 0.15 V, illustrating a 0.92 0.86
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Figure 2. (A) CVs of a GC electrode modified with a hybrid RP and
mvRuO/RuUCN film in an aqueous solution at pH 2.0(4f 0.2 M RbNG,
and(B) 0.2 M RbNQ, for scan rates ofa) 0.01,(b) 0.02,(c) 0.03,(d) 0.045,
(e) 0.06, (f) 0.08,(g) 0.10, (h) 0.12,(i) 0.14,(j) 0.16, (k) 0.18, and(l) 0.20
V/s. Inset 2A: Plot of the anodic peak currgat a potential of 0.15 Yvs.
scan rate. Inset 2B: Plot of cathodic peak current at a potenti@) &.05 V
and(b) anodic peak currents. scan rate at a potential of about 0.40 V.

Figure 2B shows that a hybrid RP and mvRuO/RuCN film was

obtained on a GC electrode from the 0.2 M aqueous Gsdtution
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where T, (g/cmz), v, A I, andM (g/mol) represent the surface
coverage concentration, the scan rate, the electrode area, the peak
current, and the effective molar mass, respectively. This result indi-
cates that the redox process was confined to the surface of the hybrid
RP and mvRuO/RuUCN film on the GC electrode, confirming the
immobilized state of the hybrid RP and mvRuO/RuCN
film.3®31  The four redox couples are proposed to
arise  from the [RuU'-OJ/[RuU'(CN)s]/[RU"-O[RU'(CN)g],
[Fé'-NC-RU"J[FE"-NC-RuU"],
[RU"-OJ/[RU"(CN)g]/[RU"-ONRU" (CN)g], and
[RU"-OJ/[RU" (CN)]/[RUV-OJ/[RU" (CN)g] processes in passing
from the negative to the positive potential regions.

Figure 3Aa) shows RP formation CVs that exhibit one redox
couple with a formal potential at aboEf” = 0.30 V (vs.Ag|AgCl)
in an aqueous 0.2 M RbNsolution at pH 2.0. Figure 3#) shows
the CVs of mvRuUO/RuCN film formation, which exhibit three redox
couples with formal potentials at abokf’ = 0.03, 0.68, and 0.92
V (vs.Ag|AgCl), respectively, in an aqueous 0.2 M Rbj&blution
at pH 2.0. The CVs of RP and mvRuO/RuUCN film formation exhibit
four redox couples with formal potentials at ab&%t = 0.06, 0.26,
0.72, and 0.92 Mvs.Ag|AgCl), respectively, in an aqueous 0.2 M
RbNG; solution at pH 2.0.

Figure 3Ba) shows RP formation CVs that exhibit one redox
couple with a formal potential at aboBf’ = 0.34 V (vs.Ag|AgCl)
in an aqueous 0.2 M CsNGolution at pH 2.0. Figure 3B) shows
the CVs of mvRuO/RuUCN film formation, which exhibit three redox
couples with formal potentials at abokf’ = 0.06, 0.70, and 0.96
V (vs.Ag|AgCl), respectively, in an aqueous 0.2 M CsNéblution
at pH 2.0. The CVs of RP and mvRuO/RUCN film formation show
four redox couples with formal potentials at ab&tt = 0.04, 0.28,
0.64, and 0.86 Mvs.Ag|AgCl), respectively, in an aqueous 0.2 M
CsNG; solution at pH 2.0Table ).

RP, mvRUO/RUCN, and RP and mvRuO/RuCN hybrid film
deposition and in situ EQCM measurement¥Ve successfully
grew RP, mvRuO/RuUCN, and RP and mvRuO/RuCN hybrid films on
gold electrodes from an aqueous 0.2 M Rbj\glution at pH 2.0.
The CVs are shown in Fig. 4A, with Fig. 4B showing the growth of
the RP film on a gold electrode and the resulting change in EQCM
frequency. The RP film obtained from the aqueous 0.2 M RpNO
solution at pH 2.0 showed a single redox couple occurring between
potentials of —0.2 and 0.6 V, with the formal potential being at
approximately 0.3 V(vs. Ag|AgCl). Figure 4B shows the EQCM
frequency change recorded during the first ten cycles of the consecu
tive CV. The voltammetric peak current in Fig. 4A and the frequency
decreasé€or mass increagén Fig. 4B are consistent with the growth
of an RP film on the gold electrode. The EQCM results show that
the deposition of the RP film occurred between the potential range
0.2 and—0.2 V (vs. Ag|AgCl). This potential range is the region
where [Fé'-NC-RU'] species form and deposit on the electrode
surfacet®>3234

In the EQCM experiments, the change in mass at the quartz
crystal was calculated from the change in the measurement fre-
quency using the Sauerbrey equatit?

Mass change(Am) = (—1/2)(f;?)(Af)A(kp)*? [2]

at pH 2.0 and shows three chemically reversible redox couples be- ) )
tween potentials of-0.2 and 0.9 V for various scan rates. The inset WhereA s the area of the gold disk coated onto the quartz crystal,
of Fig. 2B shows a plot ofta) the cathodic peak current at a poten- is the density of the crystak is the shear modulus of the crystalf

tial of 0.05 V and(b) the anodic peak current at about 0.40v¥.
scan rate, illustrating a close linear dependenceé,adn the scan

is the measured frequency change, dgdis the oscillation fre-
qguency of the crystal. A frequency change of 1 Hz is equivalent to a

rate, and that,,/1,,. was close to unity. The behavior shown in Fig. change of 1.4 ng in mass. During the first CV scan, approximately
2A and B is consistent with a surface-type behavior, a reversiblel890 ng/cfi of RP was deposited on the gold electrode. Approxi-
electron-transfer process at low scan rates. The peak current ariately 9450 ng/cthof RP was deposited on the gold electrode after
scan rate are related by the following equatfoit ten CV scans.
We also successfully grew mvRuO/RUCN on a gold electrode
from an aqueous 0.2 M RbNGsolution at pH 2.0. The CVs are

Ip = N*F2AT JAMRT [1] shown in Fig. 5A, with Fig. 5B showing the growth of the mvRuO/
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Figure 4. (A) Consecutive CVs of a gold electrode modified with an iron
14 12 1.0 0.8 06 0.4 02 0 -02-04 ruthenocyanide film synthesized from> 1072 M Ru(CN)¢~ and added

2 X 107* M Fe*" in an aqueous 0.2 M RbNGolution at pH 2.0. Scan rate

0.02 V/s.(B) Change in EQCM frequency recorded concurrently with the
E/ V VS. AglAgCl consecutive CVs of Fig. 4A. Inset 4A: Plot ¢f) cathodic peak currents.

scan cycle andb) cathodic peak current change during a single scan cycle

vs.scan cycle. Inset 4B: Plot @¢8) total frequency changes.scan cycle and
(b) frequency change during a single seanscan cycle.

Figure 3. Repetitive CVs of a GC electrode modified wit an iror(lll)
ruthenocyanide film synthesized fromx 1073 M Fe** and 2Xx 1073 M
Ru(CN)‘e", (b) a ruthenium oxide/ruthenocyanide film synthesized from 1
X 103 M Fe*" and 2x 107° M Ru(CN)z, and(c) a film synthesized
from 2 X 1073 M Ru(CN)¢™ in a pH 2.0 aqueous solution ¢A) 0.2 M equatiort>3¢ During the first CV scan, approximately 725 ngfcof
RbNG; and(B) 0.2 M CsNG. Scan rate 0.1 V/s. mvRuO/RUCN was deposited on the gold electrode. Approximately
3808 ng/cm of mvRuO/RUCN was deposited on the gold electrode
after seven CV scansee Fig. 5.
RUCN film on the gold electrode and the resulting change in the Successful growth of the RP and mvRuO/RuCN hybrid film on a
EQCM frequency. The mvRUuO/RuUCN film obtained from the aque- gold electrode surface was achieved using an aqueous 0.2 M RbNO
ous 0.2 M RbNQ solution at pH 2.0 showed three redox couples solution at pH 2.0. Figure 6A shows the CVs of the RP and mvRuO/
occurring between potentials 6f0.2 and 1.0 V, with the formal RuCN hybrid film deposition from an aqueous 0.2 M RbN&dlu-
potentials being at approximately 0.03, 0.68, and 0.92(Ve. tion at pH 2.0.
Ag|AgCl). Figure 5B shows the EQCM frequency change recorded Figure 6 shows the growth of the RP and mvRuO/RuUCN hybrid
during the first seven cycles of the consecutive CV. The EQCMfilm and the resulting change in frequency in the EQCM measure-
results show that the deposition of the film occurred between thements on a gold electrode in an aqueous 0.2 M RpN@ution at
potential range of 0.85 and 1.0(Vs.Ag|AgCl). This potential range  pH 2.0. The film obtained from the aqueous 0.2 M Rbj\N®Ilution
is where[RuV-O)[RU"(CN)g] species form and deposit on the at pH 2.0 showed four redox couples between potentials-®f2
electrode surface. and 1.0V, with the formal potentials being at about 0.06, 0.26, 0.72,
The change in mass at the quartz crystal was calculated from thand 0.92 V(vs.Ag|AgCl; see Fig. 6A. Figure 6B shows the EQCM
change in the measurement frequency using the Sauerbrefrequency change recorded during the first ten cycles of the consecu-
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Figure 5. (A) Consecutive CVs of a gold electrode modified with an RP film
synthesized from X 1073 M Ru(CN)a~ added to 1x 10~ M Ru** in an
aqueous 0.1 M RbN@solution at pH 2.0. Scan rate 0.02 V(B) Change in
EQCM frequency recorded concurrently with the consecutive CVs of Fig.
5A. Inset 5A: Plot of(a) cathodic peak currents.scan cycle at a potential of
—0.04 V and(b) change in cathodic peak current during a single scan cycle
vs.scan cycle. Inset 5B: Plot @) total frequency changes.scan cycle and

(b) frequency change over a single scan cyaescan cycle.

E/V vs. AglAeCl

Figure 6. (A) Consecutive CVs of a gold electrode modified with a ruthe-
nium oxide/ruthenocyanide film synthesized fromx110° M Ru®*, 1

X 107° M Fe*", and 2x 103 M Ru(CN)¢~ in an aqueous 0.1 M RbNO
solution at pH 2.0. Scan rate 0.02 V/8) Change in EQCM frequency
recorded concurrently with the consecutive CVs of Fig. 6A. Inset 6A: Plot of
(a) cathodic peak currents.scan cycle at a potential of 0.0 V afin) change

in cathodic peak current over a single scan cydescan cycle. Inset 6B:
Plot of (a) total frequency changes. scan cycle andb) frequency change
over a single scan cyches. scan cycle.

tive CV. The voltammetric peak current in Fig. 6A and the frequency hybrid films on gold electrodes, and these films all grow steaily

decreaséor mass increagén Fig. 6B are consistent with the growth ~ time on a gold electrode. The EQCM measurements obviously show

of the RP and mvRuO/RuCN hybrid film on the gold electrode. The that the deposition of the RP film occurred at a potential more nega-

EQCM results show that the deposition of the film obviously oc- tive than 0.2 V(see Fig. 4B and that the deposition potential of the

curred between two potential ranges: one between 0.85 and 1.0 WWRUO/RUCN film occurred at potentials more positive than 0.85 V

(vs. Ag|AgCl) and the second between 0.2 aréD.2 V (vs. (vs.Ag|AgCl) (see Fig. 5B. The deposition potential of the RP and

Ag|AgCl). During the first CV scan, about 1300 ngfwf RP and mvRuO/RUCN hybrid film occurred over two potential ranges: one

mVRUO/RUCN hybrid film was deposited on the gold electrode, andmore positive than 0.85 Ws.Ag|AgCl), and the other more nega-

a total of about 9800 ng/chof RP and mvRUO/RUCN hybrid film  tive than 0.2 V(vs.Ag|AgCI). The results also show that the RP and

was deposited on the gold electrode after ten CV scans. The EQCNNVRUO/RUCN hybrid film, which exhibits four redox couples and

data in Fig. 4-6 were also used to estimate the RP and mvRuOfwo deposition potential ranges, shows similar behavior to that of

RUCN deposition on the gold electrode for the RP and mvRuO/combined RP and mvRuO/RUCN films.

RUCN hybrid film. The mass of RP and mvRUuO/RUCN hybrid film ~ The single redox couple of RP is attributed to fif(Il)-NC-

on the gold electrode surface was estimated to be about 5800 hg/cniRu(ll) J[Fe(ll)-NC-Rull)] redox reaction. There are three redox

of mvRUO/RUCN and about 4000 ng/€mf RP. couples of the mvRuO/RuCN film, which are proposed to
EQCM measurements are a very good method for monitoring thearise ~ from  the [Ru'-OJ[Ru'(CN)g]/[ RU"-OJ/[RU"'(CN)g],

in situ growth of RP, mvRuO/RuUCN, and RP and mvRuO/RUCN [Ru"-OJ/[Ru"'(CN)g]/[RU"-OJ[RU" (CN)g], and
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20 ! 7A(b) is consistent with an Rbion exchange of the redox couple
A reaction(from potentials of—0.2 to 0.6 V).
16 f5°'° The redox process of RP in Rband C$ electrolyte aqueous
12] 450 solutions may be written as folloks3234
< o 40 Fel'[RU'(CN)gls + 46 + 4Rb" — Rb,FE[RU'(CN)gls
a a 350 [3]
v 4 30.0
@ N Fel'[RU'(CN)g]; + 46" + 4Cs" = CsFe[RU'(CN)gl3
= %0 T
5 0 = [4]
®) 200 g
41 15.0 Figure 7B shows the results of the CV and EQCM measurements of
8] \ 100 an mvRUuO/RuCN film in an aqueous 0.2 M RbN6blution at pH
) 2.0. EQCM and potential scanning measurements of an mvRuO/
421 50 RUCN film in an aqueous 0.2 M RbNGolution at pH 2.0 were also
0 performed. The EQCM frequency change was recorded over a
A6 e e e T single cycle using CV between potentials ©0.2 and 1.0 V. The
060 050 040 030 020 0.10 0 010 020 CV frequency(or EQCM) responses recorded during a single cycle
using CV in an agueous RbNGolution are shown in Fig. 78)
2 E/V VS. AglAgCl 800 and 7Bb). The redox couple voltammetric current varied between
B ’ potentials of—0.2 and 1.0 V, and the frequency increased/decreased
20 0.0 (or mass decreased/increasedth the cation exchange of the three
redox couple reactions.
10 600 The results showing the three redox couples with voltammetric
§ currents(and the frequency changfrom potentials of—0.2 to 0.4
3 ‘ 500 V (frequency increase/mass decrgasem potentials of 0.40 to
§ N +0.85 V (frequency decrease/mass increaaad from potentials of
S 10 , [ 40.0 % 0.85 to 1.0 V(no obv[ous change in frequgr}cy_re given in Fig.
&) a a 7B(b). The frequency increagenass decreagén Fig. 7B(b) is con-
201 [ 30.0 sistent with an Rb ion exchange of the redox couple reaction from
potentials of—0.2 to 0.4 V. The frequency decrease/mass increase in
230 -20.0 Fig. 7B(b) is consistent with an Rbion exchange of the redox
couple reaction from potentials of 0.40—-0.85 V, and with the fre-
-40 F10.0 guency showing no obvious change from potentials of 0.85—-1.0 V.
Figure 8 shows the results of CV and EQCM measurements of an
-50 1 F0 RP and mvRuO/RuUCN hybrid film in an aqueous 0.2 M RRNO
T T T T T T solution at pH 2.0. EQCM and potential scanning measurements of
12 10 08 06 04 02 O 02 04 a hybrid RP and mvRuO/RuCN film in an aqueous RaN®lution
were also performed. The EQCM frequency change was recorded
E/V VS. AglAgCl over a single cycle using CV between potentials-@f.2 and 1.0 V.

The CV frequencyor EQCM) responses recorded for the hybrid RP
and mvRuO/RuCN film during a single cycle using CV in an aque-
ous RbNQ solution are shown in Fig. 8&) and 8Ab). The redox
couple voltammetric current varied between potentials-6f2 and

1.0 V, and the frequency increased/decreag@dmass decreased/
increaseglwith the cation exchange of the three redox couple reac-
tions.

Results showing the four redox couples with voltammetric cur-
rents (and frequency changén potential ranges of-0.2 to 0.2 V
(frequency increase/mass decrea®e2—0.5 V(frequency increase/
mass decreae0.5-0.85 V(frequency decrease/mass incrg¢ased
in the potential range 0.85-1.0 #o obvious change in frequency

The electrochemical properties of RP and mvRuO/RUCN hybridare given in Fig. 8A. The frequency increa@ mass decreas@
films—Figure 7A shows the CV and EQCM measurements on anFig. 8A is consistent with an Rbion exchange of the two redox
RP film in an aqueous 0.1 M RbNGolution. EQCM and potential  couples(in the potential ranges of0.2 to 0.2 and 0.2-0.5 V¥ The
scanning measurements of an RP film in an aqueous Ri¥d¢@- frequency decreag®r mass increagen Fig. 8A is consistent with
tion at pH 2.0 were also performed. The EQCM frequency changean Rb" ion exchange of the redox couple in the potential range
was recorded during a single cycle using CV between potentials 00.50-0.85 V, and with no obvious change in frequency in the poten-
—0.2 and 0.6 V. The CV frequendand EQCM responses recorded tial range 0.85-1.0 V.
during one cycle of the RP film using CV in an Rbh@queous Kinetics of potential switching in the potential range-60.2 to
solution are shown in Fig. 7A. The redox couple voltammetric cur- 0.2 V [Fig. 8B(@)], 0.2-0.5 V[Fig. 8B(b)], and 0.5-0.85 V[Fig.
rent varied between potentials 0.2 and 1.0 V, and the frequency 8B(c)] were elucidated to assess the performance of a hybrid RP and
increased/decreasddr mass decreased/increasedth the cation mvRuUuO/RuCN film in RbNQ@ in these experiments. A square wave
exchange of the single redox couple reaction. potential was applied ovea 2 speriod during film cation exchange.

Results showing the single redox couple with voltammetric cur- The results are shown in Fig. 8B. The reversibility of the hybrid RP
rent (and the frequency chang&om potentials of—0.2 to 0.6 V and mvRuO/RuUCN film during the cycling and frequency change
indicating the frequency increase/mass decrease are given in Figvas good, and cation exchange is obvious from the redox couples.
7A(a) and 7Ab). The frequency increasgnass decreagen Fig. From the EQCM results, the kinetics of the cation exchange rate in

Figure 7. (A,a) CVs of a gold electrode modified with an RP film in an
aqueous 0.1 M RbNgsolution.(A,b) EQCM frequency change recorded for
this film in an aqueous 0.1 M RbNGolution.(B,a) CVs of a gold electrode
modified with a ruthenium oxide/ruthenocyanide film in an aqueous 0.1 M
RbNG; solution.(B,b) EQCM frequency change recorded for this film in an
aqueous 0.1 M RbNQsolution.

[RU"-OJ[RU" (CN)g]/[RUV-OJ[RU"(CN)g] redox processes.
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40 molar mass is taken to be equivalent to 1 mol of positive charge

0. A - 110 exchangedi.e., 1 mol of Rb').
a - 100 The EQCM results in Fig. 7A show that an increase in frequency
20 90 (or a decrease in mgshad occurred during the oxidation of the
10 %0 mvRuO/RuUCN film. During the CV, the frequency change was about
i 18.4 Hz(or 25.8 ng for a 0.196 cri gold electrode. This frequency
0 - 70 change was smaller than that of the frequency exchange occurring at
10 - 60 the film (if the total Rb" ion exchange reaction in the film that had
L 50 a frequency change of about 50 }HZhese results show that there
-20 was perhaps watésolven) transfer in the switching of the RP film,
0] - 40 as water would exit an RP film upon cation insertion. The EQCM
b 30 results of ruthenium oxide/hexacyanoruthenate films also exhibit a
40 L 20 similar phenomenon.
50 L 10 Figure 6B and 8 show the EQCM results of a 9800 nd/cm
L0 (1.1 X 107° mol/cn?) ruthenium oxide/hexacyanoruthenate and RP

0 hybrid film that was deposited on a gold electrode. For a one-
electron redox couplen = 1, the effective molar massyl, was
estimated to be about 1840 g/mol at the peak potential of (@sv
E/V VS. AgIAgCI suming that one effective molar mass is taken to be equivalent to 1
mol positive chargei.e., 1 mole of RIY, exchangen
The EQCM results in Fig. 8B show that an increase in frequency

Current /it A
AflHz

AAANARBUNARE] T RS SSEUMABUAARUNARS AR MR
10 09 08 07 08 05 04 03 02 01 0 01 02

a
PRSI AT |

(or a decrease in mgshad occurred during the oxidation of the
ruthenium oxide/hexacyanoruthenate and RP hybrid film. During the
i CV, the frequency change was about 67 (dz 93.8 ng for a 0.196
3 cn? gold electrodgassuming that the total RHon-exchange reac-
tion had a frequency change of about 19 Hkzhis frequency change
was larger than that of the frequency exchange occurring at the film.
These results also show that there was perhaps wsbérent, or

hydrated ion transfer occurring during the switching of the film, as
b

water (or hydrated ionswould be exchanged in the hybrid film
upon cation insertion.

Electrocatalytic reduction of 3 and S@ by hybrid
ruthenium(lll) ruthenocyanide and RP filmsThe electrocatalytic
reduction of $03~ and S@~ by hybrid RP and mvRuO/RuCN
films in aqueous 0.2 M RbNgsolutions at pH 2.0 was investigated.

Figure 9A shows the CVs of the hybrid RP and mvRuO/RuCN
film in an aqueous 0.2 M RbN{buffered solution at pH 2.0 in the
absence and presence oj(]%’. The cathodic peak current of the

B
2001 M b hybrid RP and mvRuO/RuCN film for the redox couple at 0.05 V

AflHz

NN S VR EE S BT R |

150 (vs. Ag|AgCl) increased noticeably, while the anodic peak current
decreased as the concentration gD§ increased. The cathodic

] peak current of the hybrid RP and mvRuO/RuUCN film redox couple

1 at 0.30 V(vs.Ag|AgCl) also increased, but a smaller electrocatalytic
current was observed. The experimental results also show the CVs
of a hybrid RP and mvRuO/RuCN film in an aqueous 0.2 M RGNO

100 i
501

04

5.0 LLEN B RLELEL AN LR B L BRI BN B T T . . . .
buffered solution at pH 2.0 in the presence 0f§SOAn increase in
O 5 10 15 20 25 30 35 40 the cathodic peak current appears as the concentration ?)T BO
. creases in the aqueous 0.2 M RbNévlution at pH 2.0. Figure 9B
TlmC(S) shows the CVs of a hybrid RP and mvRuO/RuUCN film in an aque-

ous 0.2 M RbNQ buffered solution at pH 2.0 in the absence and
RuCN hy::”d film in f’:j“ 3‘1“9?#5 gl-l M Rbl\g@olutlon(.)(?,ta Eg&'ﬂ"ﬂfre‘ couples of the hybrid RP and mvRuO/RuCN film at potentials of
quency cnange recorded for this Tiim In an aqueous ©. Mition. — aphoyt 0.05 and 0.30 Ws.Ag|AgCl) both increased noticeably, but
(B) EQCM measurements on an RP and mvRUG/RUCN hybrid film in an e other two redox couples of the hybrid RP and mvRuO/RuCN
aqueous 0.1 M RbN@solution during potential switching frorte) Epy film that occurred at potentials between 0.6 and 1.4/&/Ag|AgCl)
E 79'20?50'02 Q/ ://S'A%A&Ca(b) .tiapzp' :t_g{z'o'?E’ Vvs.AglAgCl, and(c) stayed the same and showed no obvious electrocatalytic current. In
appl = 0-49-0.6 VVS.AGIAGLI WIth 2 S TIme pulses. aqueous solutions of the cesium or rubidium electrolytes, the elec-
trocatalytic processes that developed from the redox couples were
easier to observe than in the corresponding potassium or sodium
. . aqueous electrolyte solutions.
the potential ranges of 0.2 to 0.2 V[Fig. 8B(a)] and 0.2-0.5 V The electrocatalytic activity was shown only through the two

[Fig. 8B(b)] were both faster than the cation exchange rate in thepeqative redox couples of the hybrid RP and mvRuO/RUCN film.
potential range of 0.5-0.85 WFig. 8B(c)].

For a one-electron redox couple,= 1, the effective molar
mass,M, was estimated to be about 2290 g/mol. Figure 7A shows
the EQCM results of a 9450 ng/énfabout 4.1x 10~° mol/cnT) B B
RP film that was deposited on a gold electrdifeone effective SCGE + 2e + 2H" — SO + H,0 (6]

S,03” + 2e — 2SG;” (5]
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E/V vs. AglAgCl
E/V VS. AglAgCl Figure 10. (A) CVs of a hybrid rutheniuitll ) ruthenocyanide and irghl )

ruthenocyanide film adhered to a GC electrode in a 0.1 M Rpstution at
Figure 9. (A) CVs of a hybrid rutheniuttill ) ruthenocyanide and irghl ) pH 5.0. (A) [dopaming = (a) 0.0,(b) 4 X 1073, (c) 7 X 1073, and(d)
ruthenocyanide film adhered to a GC electrode in a 0.1 M Rbstflution at 1 X 1072 M. (a') Bare GC carbon electrodgdopaming = 1 X 102 M.
pH 2.0.(A) [SCE"] = (a) 0.0,(b) 5 X 1073, (c) 1.0 x 1072, and(d) 2.0 (B) [epinephring = (a) 0.0, (b) 4 X 1073, (¢) 7 X 1073, and (d) 1
X 1072 M. () Bare GC electrode[SCE ] = 2.0X 1072 M. (B) X 1072 M. (&) Bare GC electrodd,epinephring = 1 X 102 M.
[S,027] = (a) 0.0,(b) 6 X 1073, (c) 1.2 X 1072, and(d) 2.4 X 1072 M.
(@) Bare GC electrodd,S,057] = 2.4 X 1072 M.

T T T T

noticeably, and an increasing cathodic peak curtelectrocatalytic
reduction appeared as the concentration of epinephrine increased.
Electrocatalysis of dopamine and epinephrine by hybrid RP and T he other redox couple of the hybrid RP and mvRuO/RUCN film at
mVRUO/RUCN films-The electrocatalytic oxidation of dopamine & Potential of about 0.0 \lvs.Ag|AgCI) showed no obvious elec-
and epinephrine by a hybrid RP and mvRuO/RUCN film in an aque-trocatalytic current.

ous 0.2 M RbNQ solution at pH 5.0 was investigated. Figure 10A Both the anodic and cathodic peak currents increased as the con-
shows the CVs of a hybrid RP and mvRUO/RUCN film in an aque_centranon of dopaminéor epinephringincreased. The electrocata-

ous 0.2 M RbNQ buffered solution at pH 5.0 in the absence and Iytic o>.<idation of dopaminéor epinephrin&and the reo!uction of its.
presence of dopamine. The anodic peak current of the hybrid RP angidation products were both electrocatalytically active when using
mvRuO/RUCN film of the redox couple at a potential of about 0.30 a hybrid RP and mvRUG/RUCN film in an aqueous solution at pH
V (vs.Ag|AgCl) increased noticeably, and the cathodic peak current5'oélseet Tabltell)i_ idati fd . b hvbrid RP and
also increased, as the concentration of dopamine increased. The c%-leig /gﬁglsl¥|:$1 i?mxénaaioﬂegus So(fiﬁgzjlgeat yH% 03(8 :jlescribe%nb
thodic peak current of the hybrid RP and mvRuO/RuUCN film redox the followi fi hqrﬁé_gg PR . y
couple at a potential of about 0.0 (Vs.Ag|AgCl) showed no elec- € loflowing reaction sche

trocatalytic current. Figure 10B shows the CVs of a hybrid RP and H 0 q

mvRUO/RUCN film in an aqueous 0.2 M RbN®uffered solution HO N
at pH 5.0 in the absence and presence of epinephrine. The anodi +2H +2¢
peak current of the redox couple of the hybrid RP and mvRuO/ - o7 BN

RUCN film at a potential of about 0.30 ¥s.Ag|AgCl) increased  HO N 2 [7]
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Table Il. The electrocatalytic properties of dopamine with a hy- e
brid RP and mvRuO/RuCN film and a bare GC electrode in d A
aqueous solutions at pH 5.0. c IR /
b
Anodic peak Cathodic peak a
potential potential
Electrodé (V) (V) AE, (V) Reactarit a
RP and 0.33 0.22 0.11 Dopamine
mvRuO/RUCN b
GC 0.44 0.13 0.31 Dopamine
RP and 0.38 0.27 0.11 Epinephrine
mvRUuO/RuCN
GC 0.56 0.21 0.35  Epinephrine c < .
P ¢
2GC is a bare glassy carbon electrode. § »
b The first cathodic peak potential. d 50 b
o
2 4
o 104A {dopaminel/t¢'M
The electrocatalytic oxidation of epinephrine by a hybrid ruthe- 5 €
nium(lll) ruthenocyanide and RP film in an aqueous solution at pH e T T T T
5.0 is described by3° é g
HO OH 0 OH £
ji j—_/T \I :]—p d
_— +2H +2¢ g
0~ H a
HO HITI |
CHj CHs (8]
0 OH HO OH
\]: j_N_/_( I rj a
b
I | d
CH; CHjs €
O OH [9] f 002 004 006 008
HO OH AN g w yz/l romi %2
= +2H +2¢
0% N L s I S 0 LA B B e e I I 0 G
HO i | 06 05 04 03 02 01 0 -01-02

CHs CH;

el EIV vs. AglAgCl

The CVs of epinephrine in an aqueous buffered solution at pH 5.0
shows one oxidation peak and two reduction pedkg. 10B). The Figure 11. (A) RRDE voltammogram of a hybrid rutheniht) rutheno-
irreversible oxidation peak occurred at a potential of about 0.57 Vcyanide and iroll) ruthenocyanide film adsorbed on a GC disk electrode
(vs.Ag|AgCl) and stems from the oxidation reaction shown in Eq. with differing concentrations of dopamine in an aqueous 0.1 M RpNO
8-10. The two reduction peaks occurring at potentials of about 0.22olution at pH 5.0[dopaming = (a) 0.0,(b) 2 X 1074, (c) 4 x 1074, (d)
and —0.08 V (vs. Ag|AgCl) arise from the reduction reactions 6 x 107% and(e) 8 X 107 M at a rotation rate of 2500 rpng = 0.15 V.
shown in Eq. 8 and 10. Inset 11A: Plot of(@) Ig, (b) 15, and(c) I vs. [dopaming. (B) RRDE
voltammogram of a hybrid rutheniuil) ruthenocyanide and irghl) ru-
Study of the electrocatalytic oxidation properties using the thenocyanide film adsorbed on a GC disk electrode in an aqueous 0.1 M
RRDE methog—Figure 11 shows the electrocatalytic oxidation of RbNO; solution at pH 5.0 with different rotation rate&) 200, (b) 400, (c)
dopamine by a hybrid RP and mvRuO/RuUC3N film using the RRDE 600, (d) 900, () 1200, (f) 1600, and(g) 2500 rpm.[dopaminé = 4
method. Figure 11A shows the dopamine present in an aqueous so¢ 104 M. Eg = 0.15 V. Inset 11B: Plot of ! vs. 12
lution at pH 5.0 with different concentrations of dopamine when the
hybrid RP and mvRuO/RuCN film modified ring GC electrode had
220?’5?'52 gg;i‘nntq'ﬁ:eofp?;g]’fiﬁ%ﬁ%ﬁggfjg&;ﬂ% ';Itgpl)JILGS%Bwhe In Fig. 11B, the value of, is the oxidation current and the value
the hybrid RP and mvRUO/RUCN film modified ring GC electrode i I r is the reduction current shown in Eqg. 7. The collection effi

. . - ciency for various rotating rates plottedlagd| p vs.»*? was almost
had an applied potential of 0.1 Ws. AglAgC) and [dopaming clonst);nt \\//vitklu Lr:\n ave:age valu?a closeafoDO\gﬁﬁwE W: 0.1 V).
= 4 x 107* M for different rotation rates. The inset of Fig. 11A ! R

h lot of dl ; he disk in the ab These results are consistent with the curignbeing the reduction
S %WS aploto %an Caté p Minus t,”e IS .currenlt . I'e a s(ejnce current shown in Eq. 7. The RRDE data were analyzed using the
of dopaming and | vs.[dopaming, illustrating a close linear de- Koutecky-Levich equatio?®**and plotted ad ! vs. w2, as
pendence ofp, |4, andlg on the scan rate. The valueslgf and

Dy ! - ’ shown in the inset of Fig. 11B
| r are the oxidation and reduction currents at 0Big. 11) and 0.42
V (Fig. 12, respectively(wherel reaches a plateauThe ratio of N =2+ W ¢ [17]
Ir:l1p was equal to 0.30, and the collection efficiendy,is defined
aslg/lp. where
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Figure 12. (A) RRDE voltammogram of a hybrid ruthenigti) rutheno-
cyanide and irofill) ruthenocyanide film adsorbed on a GC disk electrode
with differing concentrations of epinephrine in an agueous 0.1 M RpNO
solution at pH 5.0[ epinephring = (a) 0.0,(b) 1 X 1074, (c) 3 X 1074,
and(d) 4 X 10™* M at a rotation rate of 2500 rpnEg = 0.15 V. Inset 12A:
Plot of (a) I1g, (b) Ip, and(c) |4 vs. [epinephring at 0.38 V.(B) RRDE
voltammogram of a hybrid rutheniuiil ) ruthenocyanide and irghl ) ru-
thenocyanide film adsorbed on a GC disk electrode in an aqueous 0.1
RbNG; solution at pH 4.0 with different rotation rate&) 200, (b) 400, (c)
600, (d) 900, (e) 1200, (f) 1600, and(g) 2500 rpm.[epinephring = 4

X 107 M. Eg = —0.2 V. Inset 12B: Plot of ! vs.» 2

liim,c = 0.6hFA Dg’% 1/2U—1IGC~(;;

The parametely, . is the measured limiting current of the diskjs
the rotation rateD, and Cj are the diffusion coefficient and the
bulk concentration of dopamine, respectively, arid the kinematic

[12]
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a potential of about-0.15 V for |, andlg. The best straight line
passing through the data points was then selected and the RRDE
data analyzed using the Koutecky-Levich equation and plottéd as
vs.w 2 as shown in the insets of Fig. 11B and 12B.

The inset of Fig. 11B shows a plot df * vs. w Y2 for I,
= nFAKI'C} , wherek is the rate constant of the chemical reaction
between the film and dopamine, ahids the coverage of the catalyst
on the electrode surfacE.was estimated to be 7.8 10~ mol/cn?
for the RP film, and the rate constant was estimated to be 5.2
X 1P M tsh

Figure 12 shows the electrocatalytic oxidation of epinephrine by
a hybrid RP and mvRuO/RUCN film using the RRDE method. Fig-
ure 12A shows the epinephrine present in an aqueous solution at pH
5.0 when the hybrid RP and mvRuO/RuUCN film modified ring GC
electrode had an applied potential of 0.1(%&. Ag|AgCl) with dif-
ferent concentrations of epinephrine at 2500 rpm. The inset of Fig.
12A shows a plot oflp, I (Ica iS Ip,im Minus the disk current
when the reactant concentration is zero at the same potential in the
presence of catalytic filim and Iz vs. [epinephring respectively,
illustrating a close linear dependencel gf, 1.5, andlg on the scan
rate, and thatg:1 was equal to 0.30.

Figure 12B shows the oxidation of epinephrine present in a pH
5.0 buffered solution when a ring GC electrode potential was ap-
plied at—0.2 V (vs.Ag|AgCl) at different rotation rates. The param-
eter | is the oxidation current shown in Eg. 8 and of the further
oxidation shown in Eq. 10. In Fig. 12Bg denotes the reduction
current of Eq. 8 and 10. The RRDE data were also analyzed using
the Koutecky-Levich equatidf** (11 = 11, + U, ), where
lim,c is the observed limiting current of the disk ahd= nFAk I'
[epinephriné Plots ofl ~* vs.w %2 are shown in the inset of Fig.
12B. The surface coveragd; was estimated to be 8 108
mol/cn? for the RP in the hybrid film, as deduced from the chrono-
coulometry charge and the EQCM frequency. The rate constant of
the chemical reactiorg, was estimated to be an average value of
50X 10> M™! s from three epinephrine concentrations: 1
X 1074, 2 X 1074 and 4Xx 1074 M.

The electrocatalytic properties depicted in Fig. 11 and 12 clearly
show the electrochemical oxidation and electrocatalytic reduction of
dopamine and epinephrine and their oxidation products by a hybrid
RP and mvRuO/RuCN film.

Conclusions

Hybrid RP and mvRuO/RUCN films were successfully synthe-
sized using consecutive CV on various electrodes directly from
RU**, FE, and RUCN)g~ ions in various electrolyte solutions
containing RB and C$ cations. The formal potentials and shapes
of the CVs show four obvious and separated redox couples which

Mjepended on the electrolyte cation.

EQCM and CV were used to study the growth mechanisms of the
RP and mvRuO/RuCN films, and the hybrid RP and mvRuO/RuCN
films. EQCM and CV were used to study thesitu growth of the
RP, mvRUuO/RuCN, and hybrid RP and mvRuO/RuCN films. The
results indicate that the redox processes were confined to the sur-
face, confirming the immobilized state of the RP and mvRuO/
RuCN, and the hybrid RP and mvRuO/RuCN films. The ionic ex-
change processes of the RP, mvRuO/RuUCN, and the hybrid RP and
mvRUuO/RUCN films were also discussed using EQCM and CV.

The hybrid RP and mvRuO/RuUCN films can electrocatalytically
reduce S& and SO . Hybrid RP and mvRuO/RuCN films are

viscosity of water in the experimental rotating rates. In Fig. 11 andelectrocatalytically active in the oxidation of dopamine and epineph-

12, the zero current is observed at a potential of abeutl5 V, and

rine. The electrocatalytic reactions of dopamine and epinephrine

the values ofl, and | are the oxidation and reduction currents at with hybrid RP and mvRuO/RuCN films were investigated using the

potentials of 0.37Fig. 11) and 0.42 V(Fig. 12, respectivelywhere

RRDE method and the rate constant of the chemical reaction was

the value ofl ; reaches a plateauThe baseline zero current was at estimated.
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