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Abstract

The remarkable stability of ruthenium Prussian blue analogue (designated as RuOx—PB) in strongly acidic media and for the enzymeless
electrocatalytic oxidation of glucose was demonstrated in this study. The RuOx—PB combinative film neither dissolves nor denatures in concentrated
acids, such as HC1Oy, HCl, H,SO,, and HNO;, investigated in this study. The catalytic response was found to directly proportional to [H*]. Such
features are unique since neither RuOx- nor PB-based compounds are effective for direct carbohydrate oxidation in acidic media. The RuOx-PB
film showed a highly reversible redox peak at ~1.2'V in 5 M HCIO;, as a result of the fast proton-coupled electron transfer behavior of high valent
ruthenium intermediate, Ru¥"V!. The formation of internal multiple-hydrogen bond as well as the generation of the )Ru""=0 species in strongly
acidic media were proposed to play a key role in this feature. The RuOx—PB holds high potential for use in catalytic oxidation, corrosion protection,

biofuel cell, etc.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Prussian blue (PB) and its analogues are mixed-valent
bimetallic zeolite type of supramolecular compounds with
polymeric internal structure and have been used for numer-
ous applications [1-6]. Ruthenium Prussian blue analogue
(-RuRu(CN)g—) was reported to perform excellent electrocat-
alytic activity towards the oxidation of alcohols, thiols, aldehyde,
amide, methanol, and insulin in ~pH 2 solution in the presence
of alkaline metal ions [7-16]. The -RuRu(CN)g— film is believed
to possess the combined characteristics of ruthenium oxide
(RuOx) and PB and is thus referred to as RuOx—PB henceforth.
Recently our studies on this material reveal a peculiar behavior
of unusual stabilization of electrogenerated high-valent inter-
mediate, )RuV'=0, in pH 2 media [17-19]. The performance in
glucose catalytic oxidation reaction was further demonstrated,
as it is important in biological and biochemical systems as well
as in bioenergy technology. Note that even though glucose oxi-
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dation is a thermodynamically allowed reaction, it is kinetically
unfavored on most solid electrodes (including RuOx) in acidic
media.

Here we report an interesting electrocatalytic behavior with
stable characteristics of the RuOx—PB in strongly acidic media
(e.g., SM HCIOy). Both the )Ru"'=0 stabilization effect and
the catalytic performance were substantially improved with the
increase in [H*]. It is well known that the classical PB ana-
logues are soluble even in diluted acid condition [20], and so
is the ruthenium oxy/hydroxide material under acidic condition
of [H*]= 1 M. The concentrated acid-assisted stabilization and
catalytic activity of the RuOx—PB combinative analogue is thus
abreakthrough and novel to the mixed-valent bimetallic material
chemistry and holds high potential of use for catalytic oxidation,
corrosion protection, biofuel cell, etc.

2. Experimental

Cyclic voltammetric (CV) experiments were carried out using
a CHI 406 electrochemical workstation (Austin, TX, USA).
The three-electrode system consists of either a glassy carbon
electrode (GCE) or a screen-printed carbon electrode (SPE) as
a working electrode, an Ag/AgCl reference electrode (RE-5,
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BAS), and a platinum auxiliary electrode. Since dissolved oxy-
gen did not interfere with the working system, no deaeration
was performed in the present study. The simplified equation
of ErRHE = [(Eag/agct +0.06pH) + Egg/AgCl(O.ZZ)] was used for
converting the potential between Eag/agct and Erpge (RHE,
reversible hydrogen electrode) [17].

Prior to the modification, a GCE was polished and soni-
cated in dilute 0.1 M HNOj3 for ~3 min. The indium tin oxide
(ITO) electrode was first washed with acetone and then soni-
cated in 0.1 M HNOj3 for ~5 min. All working electrodes were
equilibrated for 10 continuous CV cycles at respective base elec-
trolyte with a scan rate (v) of 50 mV/s followed by washing
with copious amount of distilled water. Supporting electrolytes
used in the work include concentrated HNO3 (14.4 M), H,SO4
(18.0M), HCI (12.1 M), HCIO4 (11.6, 5, 0.5, and 0.01 M), and
pH 2 (0.01M HCI+0.1 M KCl) solution. The RuOx—PB was
prepared by a potential cycling method (from —0.5 to 1.25V
at v=50mV/s, n=20) using 1 mM RuCl3 + I mM Ru(CN)g3~
solution in different base electrolytes. To reduce the charg-
ing current of the Nafion/RuO, modified SPE, RuO, powder
was pretreated at 500 °C for 6 h in a muffle furnace [21]. Then
75 mg/ml RuO, powder was mixed with 5 wt.% Nafion solution
followed by sonication at room temperature for 5 min. Finally,
5 pl of the above solution was dip-coated onto a clean SPE sur-
face and allowed to dry for ~30 min in air.

Nafion (S5wt.% in lower aliphatic alcohols), ruthenium
trichloride hydrate, ruthenium oxide, ITO, and potassium hex-
acyano ruthenate!! were purchased from Aldrich. p(+)glucose
was bought from Sigma. SPE (0.07 cm?) was obtained from Zen-
sor R&D (Taichung, Taiwan). Other chemicals employed were
of analytical grade and used without any purification. Aqueous
solutions were prepared from doubly distilled deionized water.

3. Results and discussion
3.1. Electrochemical properties of the RuOx—PB

So far, almost all classical PB and its related analogues
were prepared and stabilized in the presence of alkali metal
ions (e.g., KCI). In this work, according to the formation of
RuOx-PB in both pure acid and acid + alkali metal ion con-
ditions, the RuOx-PB shows a H"-dependent and alkali metal
ion-independent stability. Fig. 1 compares typical responses to
the formation process of RuOx—PB in 0.01 M HCIO4 (A) and
conventional 0.01 M, pH 2 KCI/HCl medium (B) at a scan rate of
50mV/s for 20 cycles. As can be seen, the responses are qualita-
tively similar except that the latter case shows a relatively higher
current response. In classical PB electrochemical behavior, alka-
line metal ions (especially K*) are necessary to maintaining the
electrical neutrality and further stabilizing the face center cubic
structure as shown below [1].

KFe'[Fe?*(CN)g] + Kt +e™ = KyFel[Fe? T (CN)g]

KFe'[Fe>* (CN)] = Fe'lFe’ (CN)s + KT + ¢~

In the above equations, Fe'™'II and Fe3*/>* correspond to high
spin and low spin of iron, respectively. It is unusual to observe

(A) RuCl, + Ru(CN); in 0.01 M HCIO4

1.2 0.8 0.4 0.0 -0.4
E IV vs. Ag/AgCI

Fig. 1. Cyclic voltammetric responses for the formation of RuOx—PB films on
GCE in different supporting electrolytes with 1 mM each of RuCl3 + Ru(CN)2~
at a scan rate of 50 mV/s.

such a redox behavior at the RuOx—PB in the absence of alka-
line metal ions. Interestingly, the behavior is also true in other
strongly acidic media, such as HCI, H;SO4, and H3PO4. Because
of a wide potential window of HC1O4 medium, it was chosen in
all subsequent studies.

As shown in Fig. 1, the three redox couples centered at
~0.1, ~0.8, and ~1.0V versus Ag/AgCl correspond to the
redox peak responses of A1/C1, A2'/C2’, and A2/C2, respec-
tively, in the RuOx—PB matrix. As is the case with PB, A1/Cl1
and A2'/C2’ are the electron transfer reactions of high spin
nude metal ions (-CN-Ru™!_) and low spin cyanometal-
late ions (-Ru"™(CN)¢-), respectively [7—11,13-15]. Differ-
ent assignment, however, were reported for the A2/C2 redox
couple by various groups. For example, either —Ru¥"IVO- or
—RuV!(=0),-/~(OH)Ru" (=0)- redox species were assigned by
Cataldietal.[10,13,14]; Gorski and Cox [11] suggested the exis-
tence of (-O-)Ru!Y(OH),(OH,)»/(-0-),Ru"}(OH)4 at 1.0V
versus Ag|AgCl in pH 2 solution; Loetanantawong et al. [22]
reported a tetracycline electrocatalysisat 1.10 V versus Ag|AgCl
in pH 1 solution from the Ru'¥/™ redox couple; Chen et al.
[23] reported the electrocatalytic oxidations of dopamine, thi-
ols, and alcohols in pH 1.5 solution at ~1.0 V versus Ag|AgCl
as RHIVOQ/RUHIZO3 state.

In order to justify the A2/C2 assignment, our group has
adopted an indirect method to investigate the exact nature of the
Ruredox group within RuOx—PB in pH 2 solution by conducting
selective oxidation reactions with well-stabilized redox organic
probes [17,18]. This is similar to earlier RuOx-based electro-
catalytic studies in which the higher )RuYVI=0 redox couple
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was responsible for selective glucose oxidation in alkaline pH
(pH> 12) and the lower redox state RuV"V for formaldehyde
oxidation in a wide pH range of 1-14. We found the existence of
the high-valent )RuVVI=0 redox state at 1.0 V versus Ag|AgCl
unusually in the RuOx-PB film in pH 2 solution. Parallel ex
situ X-ray photoelectron spectroscopic (XPS) studies with the
RuOx-PB film prepared by potentiostatic technique at 1.1V
versus Ag| AgCl (where the )RuY'=0 species can be electrogen-
erated) prove the existence of oxy (—O-), hydroxy (—OH) and
aqua (-OH») functioned )Ru¥!'=0 traces within the RuOx-PB
film [17]. Although the precise nature of the RuOx—PB structure
is not known, the available physicochemical and electrochemical
evidence suggests that basic RuOx—PB network contains combi-
nation of (i) -C=N-, (ii) -Ru—O-Ru-, and (iii) strong hydrogen
bonding linkages [17,18]. Note that classical PB is made up
purely with cyano blocks; while RuOx consists of -Ru—O-Ru—
and hydrogen bonding [1].

According to the CV of Fig. 1A, a relatively weak nucle-
ation response of the A1/Cl1 redox process indicates a limited
role of the alkali—metal ion to stabilize the network structure
in the RuOx—PB. As an alternative, the proton intercalation at
A2/C2 and A2'/C2’ is expected to be essential for the network
stability and hence for the redox catalysis in the acidic condi-
tion. This is also reflected in the fact that some of the redox
active sites of the RuOx—PB are highly deficient in proton.
Based on these results, the electrochemical activity of RuOx-PB
in strongly acidic media should be related to -Ru—O-Ru- and
strong hydrogen bonding rather than the -C=N- (i.e., A1/C1)
linkages (Fig. 2).

Regarding the Ru oxidation state, perruthenate ion
(RuO47) is a well-known inorganic compound with a solu-
tion phase redox potential of 1.35-1.45V versus RHE [24-26].
Burke et al. concluded that, in strong alkaline condition, the
RuO4 ™ species can exist in the RuO,-coated electrode at a redox
potential close to the solution phase RuO4~ ions [27]. Later
development suggested that the solid phase RuO4~ consists of
the ruthenium oxo and hydroxo species [21,28—-30]. BothRuO4 ™~
and oxy—/hydroxy— )RuY"=0 inorganic analogues were unsta-
ble and can disproportionately decompose (DDP) to lower oxi-
dation states of Ru'VO, and RuOj in pH < 12 solution [26,27].
Fig. 3 illustrates the RuO4_/RuO42_ redox characteristics and
selective glucose oxidation with a conventional RuO; elec-

VIl

Multi d-bonding I

A2 /[C2

Fig. 2. Schematic representation of the RuOx-PB film with -Ru-CN-Ru-,
—Ru—O-Ru- and multi-hydrogen bonding sites proposed in this work.

Nafion/RuO; modified SPE in 0.1 M NaOH

RuO,/Ru0,* RuO,/Ru,0,
pa —

Ru0,*IRu0,

E/V vs. RHE
blank

100 mM glucose

Fig. 3. Cyclic voltammetric responses of a Nafion/RuO, modified SPE with-
out/with 100mM glucose in 0.1 M NaOH at a scan rate of 10mV/s. The
parenthesis corresponds to the respective Ru redox transitions in the CV graph.

trode in 0.1 M NaOH solution. As can be seen, a well-defined,
intense, and reversible redox couple was obtained at 0.45 V ver-
sus Ag|AgCl (equivalent to 1.49V versus RHE) corresponding
to RuO4~/RuO4>~. In agreement with the reported standard
redox potentials, the other Ru redox transitions of RuO42~/Ru0,
and RuO,/Ru;03 appeared with relatively weaker signals at
~0V versus Ag|AgClI (1.06 V versus RHE) and —0.6 V versus
Ag|AgCl (0.45V versus RHE), respectively [31]. In the pres-
ence of glucose, a clear electrocatalytic signal (Ej»=0.45V
vs Ag/AgCl) was noticed originating from the oxidation state
RuO4~/RuO42~. This result thus rules out the possibility of
glucose oxidation by lower oxidation states of RuO4>~/RuO;
and RuO,/Ru,03 using conventional RuO;-based electrodes.

3.2. Catalysis for carbohydrates oxidation in acidic
solution

The obvious effect of the acidity towards the glucose oxida-
tion at the RuOx—PB film can be seen in Fig. 4A. Both A2/C2
and A2//C2’ peak responses are markedly altered as the concen-
tration of proton varied. This is not the case with the A1/C1 in
base electrolyte. Upon increasing the acidity, both A1/C1 and
A2'/C2' peaks start to decrease with an increase in the reversibil-
ity of the A2/C2 redox couple. As the acidity increases to SM
HCIOy4, the A2/C2 peak leads to a perfect reversible nature
in couple with the disappearance of both A1/C1 and A2'/C2’
peaks. Note that these characteristics are similar to the surface
bound RuO4~/RuO42~ species observed with a RuO, electrode
in alkaline condition as shown in Fig. 3. Presumably with a facile
proton-coupled electron transfer redox behavior of the electro-
generated )RuVIVI=Q, the peak potential separation (AEp) is
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(A)

1.2 0.8 04 0.0
E/V vs. Ag/AgCI

Fig. 4. (A) Cyclic voltammetric responses of the RuOx-PB in various [HClO4]

log[HCIO4], and ig‘;‘ vs. AE,, plots.
close to O mV. Most importantly, this observation is new and
novel to the RuOx—PB redox chemistry.

Detailed electrocatalytic responses of the RuOx—PB film in
the presence of glucose are studied next. As can be seen in

Fig. 4B, the iggt (i.e., i%i“wse — ig?nk) responses are relatively
weak in 0.01-1 M HCIlOy4; while a steep increase in the icit
response is noticed in strongly acidic media of 1-5M HCIO4.
The increase in the i$2' value was ~200 times as the concentra-
tion of HCIOy4 increased from 0.01 to 5 M. Fig. 4B also shows
various plots applied to analyze the feature of the RuOx—PB and
its catalytic behavior against [HCIO4]. First, the plot of E},, ver-
sus [H*] yields a slope of 55mV/dec in 0.01-1 M HCIO4 and
increases by ~3 times (165 mV/dec) in 1-5 M HCIO4. This is an
interesting result as it denotes different proton-coupled electron-
transfer/charge-transfer mechanism of (1H*, 1le™) and (3H*,
le™) in weakly and strongly acidic media, respectively. Note
that since the RuOx—PB contains three mixed valence electron-
transfer processes, it is highly difficult to isolate single peak
effect of A2/C2 from the overall system. In dilute [H*] solution,
the cathodic peak signals (i,c and Epc) were masked or cou-
pled with counter reduction peak currents (Fig. 4A). Since the
A2/C2 redox couple showed reasonable reversible peak charac-
teristics, we took the anodic peak potential, Ep,, as a reference
to the pH effect. The following speculative reaction mechanism
for the A2/C2 redox couple is proposed for the PB—RuOx under
weakly and strongly acidic conditions at an applied potential of
1.2V versus Ag/AgCl.

Step-1: slope =55 mV/pH

AEL IV 1
T T T T T L |
o
.
at A2:
°
at A2:
glucose
ipa blank
".p:m
T T ST BT

1855
1.2 ﬂ“ﬂ’seg 55 mVidec 165“‘\; por-s
blank E;

2 o8}
S
AE
0.4 \[r\ﬂ\p
at A2:

[0 )0 ) R TTYTT A PTTYY BRI R
0.001 0.01 0.1 1 10

[HCIO, /M

with/without 100mM glucose at v=50mV/s. (B) E, vs. log[HCIO4], ipa vs.

The functional ligands with the Ru species are similar to the
earlier assignment on RuO; and RuOx-PB [11,28]. In fact, our
own XPS data also supports the observation with strong hydro-
gen bonding effect [17].

As reported earlier, surface functional group and its H*
and/or OH™ interaction is a key to the RuOx redox transition
[21,27-30]. In concentrated acids, most of the surface func-
tional groups should get protonated and are thus capable of
forming strong multi-hydrogen bonding (both inter and intra)
in the network. The phenomena can be understood easily as
illustrated in Fig. 5. As is the case with the gear function in
machine, either OH™ or H* can act as a control gear to con-
vert the Ru-redox transition without rupturing the basic network
under its corresponding working potentials. In the functional
model, a higher slope base was drawn indicating the neces-
sity of strong alkaline condition with high potential to achieve
the high-valent RuYV! species in the RuOx system. Note
that Nernstian response is not expected for pure/ideal metal
oxides because H* and OH™ are not lattice ions in principle.
The observation of pH-dependent behavior (Nernstian type)
implies a specific role of the surface bound H*/OH™ ions in
the redox transition. The discussion also validates the hydro-
gen bonding effect within the functional group together with
the —-Ru—O-Ru— and —C=N- linkages to protect the frame-
work from the DDP reaction in this work. Since the secondary
hydrogen bonding effect was reported to control and orga-
nize the DNA and RNA supramolecular structures [32], it is

PBl-(-0-):Ru" 'O (OH); + IH'  — PB-(-0-):Ru""(=0)(0")(OH)> + H,0O + le~

Step-2: slope =165 mV/pH

PB]-(-0-),Ru" 'O (OH); + 3H' — PB-(-0-):Ru"(=0)(OHx*)2+ H:0 + le”
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Fig. 5. A gear cartoon picture represents the surface functional group assisted RuOx redox transition mechanism. The high-valent Ru
roll-down to lower oxidation states of Ru'v O, and Ru¥10;.

only at strong alkaline condition; while in acidic condition Ru"!"

thus expected that some unusual configuration with non-ideal
PB structures may exist in the RuOx—PB. Of course, further
characterization is necessary to confirming the real structure.
Nevertheless, considering the fact that classical PB analogues
are highly soluble even in dilute acid [20], numerous practical
applications can be readily imagined with this new catalytic
system.

Effect of the scan rate (v) on the glucose catalysis was
finally investigated in concentrated 5M HClO4 solution. The
catalytic current values were found to regularly increase against
v2 up to 200mV/s indicating a diffusion controlled mecha-
nism. Current function, if=i/v!/2 (;¢: baseline uncorrected
catalytic current) was calculated by normalizing the catalytic
current against v'/2. As can be seen in Fig. 6, a parabolic type
of response where the if value showed a maximum at slower
v was obtained. This is a typical example of the “EC” cou-
pled chemical reaction with the reaction mechanism as shown in
Scheme 1.

[HCIO,]=5M
700 |- P
N
{ =
>
600
-] E
=~ 20 <
4 =
T — -~
@
™
500 g
i o
. l | ! !
0 5 10 15 20 25

V2 (mV )%

Fig. 6. Plots of catalytic current (left) and current function (right) against
square root of scan rate for catalytic glucose (100 mM) oxidation reaction at
the RuOx-PB in 5M HClOy.

VIV yedox state can be operated

3.3. Stability in strongly acidic media

Fig. 7A shows typical CV responses of the RuOx-PB
upon increasing concentration of glucose in 5M HCIO4 at
v=10mV/s. The catalytic response is linear up to 100 mM with
sensitivity (I5) of 1.01 wA/mM. As shown in inset Fig. 7, the
I value is ~4 times as large as the case of [HC1O4]=0.5 M.

(A)
’\ bare v=10mV/s
\
D P
< y=1056+1.01x
= 80 N +.
s g 5M [H]
3 100 Lol
2 40 |
I 05M
| 00 mM E : '
100m 0 40 80 120
[glucose] / mM
'200 I T I T I T | T
1.2 0.8 04 0.0 -0.4
_200 I T | T | T | T

1.2 0.8 0.4 0.0 0.4
E/V vs. Ag/AgCI

Fig. 7. Cyclic voltammetric responses of increasing [glucose] at (A) RuOx-PB
and (B) Nafion/RuO; modified SPE in 5M HClOy4 (v=10mV/s). Inset figure
shows the plots for the catalytic current response obtained from 5 and 0.5M
HCI1Oy4 against [glucose] at the RuOx—PB.
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HNO:

¥
| FHQSOJ

Fig. 8. Pictures of (A) RuOx—PB/ITO electrodes in different concentrated acids and (B) insoluble RuO-PB microcrystals (peel off from RuOx-PB/ITO by a spatula)

in the absence (a) and presence (b) of ~10 mg RuO; in concentrated HCI.

Parallel experiment with a RuO,-modified electrode failed to
give such an activity and catalytic response in strongly acidic
media (Fig. 7B). Long-term stability of the RuOx—PB film was
further checked by continuous cycling in HCIO4 solution for
~30 min. Excellent stability was observed especially in strongly
acidic condition of [HCIO4] > 1 M. The RuOx—PB was found to
degrade slowly in [HC104] < 1 M media with the A2 peak current
decreased by ~35% in 0.01 M HC1Oy4 after continuous cycling
for 30 min. This is also true even in the presence of alkaline
metal ions.

To further test the stability, an RuOx—PB modified ITO elec-
trode was thus prepared and immersed in various concentrated
acid solutions of HCIO4 (11.6M), HNO3 (14.4M), H2SO4
(18.0M), and HCI (12.1 M). As can be seen in Fig. 8A, the
RuOx-PB films were highly stable in all concentrated acids.

NIV
e g il

é
+1.2V/Ht

NIRY
o=hu—
(0]

S

-« Electrode —»-=--- Solution

1/2 glucose

1/2 gluconic acid

-

Scheme 1. Conceptional representation for the proton-coupled glucose oxida-
tion at the electrogenerated )RuY"=0 intermediate site within the RuOx—PB
in strongly acidic media. A minimal structure of the network confined with
—RuV"WVI=Q active site was presented.

When ~10 mg of commercially available RuO, powder sample
was mixed with a RuOx—PB microparticle containing concen-
trated HCI solution, black color appeared, clearly indicating the
high solubility of the RuO, powder (Fig. 8B). The RuOx-PB,
on the other hand, is stable with a clear solution under the same
concentrated acid condition. Note again that classical PB film
starts to dissolve even in <1 M of acid solution [20].

To test the repeatability of the RuOx—PB preparation proce-
dure, four RuOx-PB films were prepared individually. A very
small RSD value of <3% for glucose oxidation as a model indi-
cates that the preparation method reported in this study is highly
repeatable. Overall, the characteristics of the RuOx—PB material
in concentrated acid solution open a new research direction in
the development of corrosion protection, catalysis and biofuel
cell, etc.

4. Conclusions

A ruthenium Prussian blue analogue (RuOx-PB) film has
been demonstrated to substantially mediate glucose oxidation
in strongly acidic media. Unlike regular PB redox behavior, the
RuOx—PB shows a reversible proton-coupled electron-transfer
response corresponding to the )RuV/VI=0 redox transition at
5M HCIO;. In contrast to classical PB electrodes, the high-
valent Ru species holds a perfect surface character without
any disproportionation—decomposition reaction. A bare RuO;-
based electrode is unable to stabilize the high-valent RuY!'=0
species in pH< 12 solutions. With the stabilization of high-
valent )RuV'=0 species, glucose is oxidized by an EC type of
mechanism. The sensitivity in the determination of glucose using
the RuOx—PB film increases by ~4 times as the concentration of
HCIOy4 increases from 0.5 to 5 M. Considering the anti-corrosion
behavior in concentrated acids, the RuOx—PB material can be
useful for a variety of applications and further work is in progress
in our laboratory.
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