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The heterogeneous electron transfer at SiMo12O40
4‒ monolayers on GC, HOPG, and Au electrode surfaces are investi-

gated using cyclic voltammetric and electrochemical impedance spectroscopic (EIS) methods. The electron transfer 
of negatively charged Fe(CN)6

3‒ species is retarded at SiMo12O40
4‒ -modified electrode surfaces, while  that of positively 

charged Ru(NH3)6
3+species is accelerated at the modified surfaces. This is due to the electrostatic interactions between 

SiMo12O40
4‒ layers on surfaces and charged redox species. The electron transfer kinetics of a neutral redox species, 1,1’- 

ferrocenedimethanol (FDM), is not affected by the modification of electrode surfaces with SiMo12O40
4‒, indicating the 

SiMo12O40
4‒ monolayers do not impart barriers to electron transfer of neutral redox species. This is different from the case 

of thiolate SAMs which always add barriers to electron transfer. The effect of SiMo12O40
4‒ layers on the electron transfer 

of charged redox species is dependent on the kind of electrodes, where HOPG surfaces exhibit marked effects. Possible 
mechanisms responsible for different electron transfer behaviors at SiMo12O40

4‒ layers are proposed.
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Introduction

Heterogeneous electron transfer at electrode surfaces has long 
been the subject of many investigations since it plays important 
roles in electroanalytical applications such as electrocatalysis 
and electrochemical sensors. Electrode kinetics is known to de-
pend on the nature of the electrode surfaces, where the treatment 
methods of the electrode surfaces affect the rate of electron 
transfer. McCreery and co-workers intensively investigated the 
electron transfer behaviors at carbon based electrode surfaces 
such as glassy carbon (GC) and highly ordered pyrolytic grap-
hite (HOPG). They showed that HOPG or GC surfaces can be 
activated for heterogeneous electron transfer by anodization or 
pulsed laser irradiation.1,2 The pretreatment of electrodes sur-
faces results in increased electron transfer rate constants (k0), 
which is ascribed to the generation of edge planes in HOPG sur-
faces and removal of chemi- and physisorbed impurities on GC 
surfaces, respectively. The electron transfer kinetics is known 
to be also affected by the structure of redox systems. Depending 
on the redox systems employed, the electron transfer occurs via 
either outer-sphere or inner-sphere routes which have an effect 
on the electron transfer rate constants.3-5

In addition to bare electrode surfaces, electron transfer be-
haviors at electrode surfaces modified with self-assembled mo-
nolayers (SAMs) of thiolates were widely investigated.6 The 
existence of organic layers on conducting electrode surfaces 
provides substantial barriers to heterogeneous electron trans-
fer.7-9 It is well known that the degree of barriers for hetero-
geneous electron transfer is proportional to the chain length of 
alkanethiols. For example, SAMs of dodecanethiols on Au sur-
faces almost effectively block the electron transfer from an 
outer-sphere redox couple such as Fe(CN)6

3‒.9,10 Introducing 
functional groups other than methyl groups at the end of thiols 
affects the electron transfer kinetics through SAMs on Au sur-
faces. Chidsey et al. investigated the blocking properties of thi-

ols with neutral terminal groups, where the electron transfer rate 
constants for redox couples varies depending on the polarity of 
the terminal groups as well as the charge species on the redox 
couples.11 Ionic terminal groups substituted at the end of thiols 
exhibit similar but marked blocking behaviors; for negatively 
charged Fe(CN)6

3‒, electron transfer kinetics is retarded in the 
order of NH2

+ < OH < COO− terminal groups, while the response 
of Ru(NH3)6

3+ is enhanced in the same order.12  
Polyoxometalate (POM) is a large class of metal oxide mole-

cules and has various structures, sizes, and chemical reactivi-
ties.13 POM anions are well known to spontaneously adsorb on 
various electrode surfaces such as Au, Ag, and carbon.14-16 
Especially Keggin type POMs were widely investigated and 
known to forms well ordered monolayer arrays on electrode 
surfaces.17-20 For example, scanning tunneling microscopy ima-
ges of the adsorbed monolayers of SiW12O40

4‒ on Ag(111) re-
vealed that a four-fold square adlattice structures are formed 
on surfaces.18 The self-assembly of inorganic molecules can be 
viewed as inorganic SAMs. While the electron transfer be-
haviors through organic SAMs were extensively investigated, 
no attention has been paid to the electron transfer behaviors at 
inorganic SAMs on electrode surfaces. Since inorganic mono-
layer systems consisting of POM anions and electrode surfaces 
have many practical applications such as heterogeneous cata-
lysis and electrocatalysis,21,22 it would be very desirable to elu-
cidate the electron transfer features through inorganic SAM sys-
tems. Recently, we reported the adsorption behaviors of four 
different Keggin type POMs on GC and HOPG, where silico-
molybdate anions (SiMo12O40

4‒) adsorbed on HOPG exhibit uni-
que electrochemical behaviors.23  

In this report, we investigated the electron transfer behaviors 
through SiMo12O40

4‒ monolayers on GC, HOPG, and Au elec-
trode surfaces. We utilized three redox probe molecules with dif-
ferent charge species, positive, neutral, and negative charges, 
respectively. The electron transfer behaviors of three redox pro-
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bes at SiMo12O40
4‒ modified electrode surfaces were examined 

by cyclic voltammetry and electrochemical impedance spectro-
scopy (EIS). Detailed electron transfer behaviors depending 
on either redox probes or electrode surfaces were compared 
with each other and possible electron transfer mechanisms are 
proposed.

Experimental

Chemicals. All solutions were prepared using purified water 
(Milli-Q, 18.2 MΩ･cm). The supporting electrolyte was 0.1 M 
H2SO4 (Merck). H4SiMo12O40, K3Fe(CN)6, Ru(NH3)6Cl3, 1,1’- 
ferrocenedimethanol (FDM) and all other chemicals were ob-
tained from Aldrich and used as received. A typical concentra-
tion of electroactive species was 1 mM.

Electrode preparation and instruments. A commercially av-
ailable glassy carbon (GC) electrode (CH Instrument, 3 mm in 
diameter) was employed. The surface was mechanically poli-
shed with alumina powder from a lager particle size down to a 
smallest one (ca. 0.05 µm) on a Microcloth pad (Buehler). Bet-
ween each polishing step the electrode was sonicated for 5 min 
in water. HOPG was obtained from either TAAB Laboratories 
(Berkshire, UK) or SPI Supplies (PA, USA, SPI-1 grade equi-
valent to ZHA grade). Fresh basal plane surfaces were prepared 
by cleaving top layers using Scotch tape to give a flat, shiny 
surface immediately before use. This cleaving procedure result-
ed in variable amount of edge plane densities on the surface 
(vide infra). The Au substrates prepared by thermal evaporation 
of 5 nm of titanium and 200 nm of gold onto silicon wafers were 
purchased from Korea Materials & Analysis Corp. (Korea) and 
cleaned for 1 min in piranha solution (1:3 by volume of 30% 
H2O2 and H2SO4, Caution: piranha solution reacts violently with 
most organic materials and must be handled with extreme care), 
rinsed with water and dried. The HOPG and Au surfaces were 
confined in a Viton O-ring with an inner diameter of 2.9 mm 
and used as a working electrode.  

Cyclic voltammetric measurements were conducted using a 
BAS 100BW (Bioanalytical Systems) or CHI 660C (CH Instru-
ment) potentiostat. Electrochemical impedance measurements 
were conducted using a CHI 660C potentiostat at the formal 
potential of the redox probe in the frequency range between 0.01 
Hz and 100 kHz. All solution was purged with N2 prior to use. Pt 
wire and Ag/AgCl electrodes were used as counter and reference 
electrodes, respectively. All potentials are reported relative to 
the Ag/AgCl reference electrode (3 M KCl). X-ray photoelec-
tron spectroscopy (XPS) was performed on a ESCALAB 210 
spectrometer (VG Science). 

Electrode modification. For modification of electrode sur-
faces with SiMo12O40

4‒ layers, the electrodes were dipped in a 
solution containing 1 mM SiMo12O40

4‒ + 0.1 M H2SO4 and po-
tential cycles were applied between 0.5 V and ‒0.1 V. Typical 
cyclic voltammograms at GC and HOPG have been previously 
reported23 and that at an Au electrode is shown in the supporting 
information (SI, Figure S1). The electrodes were then emmersed 
and transferred into a pure electrolyte solution, where redox 
waves corresponding to SiMo12O40

4‒ species confined on the 
electrode surfaces were observed (SI, Figure S2). The surface 
coverage of SiMo12O40

4‒ on electrode surfaces can be evaluated 

from the charge density under the redox peaks from surface 
confined species. Considering that the redox waves are two- 
electron processes, the surface coverages of SiMo12O40

4‒ at GC, 
Au, and HOPG were measured to be around 1.2 ~ 1.5 × 10‒10 mol 
cm‒2. These values are comparable to the monolayer surface 
coverage of a Keggin-type POM (AsMo11VO40

4‒) on Au and 
HOPG as previous reported.24,25  

Results

We first note that there were some differences in cyclic 
voltammograms obtained from solutions containing 1 mM 
SiMo12O40

4‒ + 0.1 M H2SO4 at three different electrodes during 
the electrode modification procedures. On a GC electrode the 
peak separations (∆Ep) between cathodic and anodic waves for 
first and second redox couples were 38 mV and 56 mV, res-
pectively. On Au electrodes, the first two redox waves were 
observed with ∆Ep values of 61 mV and 71 mV, respectively. 
These ∆Ep values are ca. 20 mV larger than those observed on 
GC surfaces, indicating slower electron transfer kinetics on Au 
surfaces. Differently from the GC and Au surfaces, the electron 
transfer of SiMo12O40

4‒ in solution is quite retarded on a HOPG 
electrode. The first two redox waves almost disappear and only 
the third wave appears with a larger ∆Ep value than that found 
on GC or Au electrode. It is known that the electron transfer 
kinetics of many redox species on basal plane HOPG surfaces 
is very slow.3,5 We checked the voltammetric response of edge- 
plane HOPG surfaces in SiMo12O40

4‒ containing solutions, 
which exhibited a similar cyclic voltammogram as shown in 
Figure S1 of SI. Therefore we assume that the retardation of 
electron transfer of SiMo12O40

4‒ species on HOPG surfaces can-
not be ascribed to the inherent slow electron transfer kinetics 
on basal plane HOPG surfaces.  

Gewirth et al. reported that SiW12O40
4‒ adsorbed on Ag passi-

vates the Ag surfaces towards solution redox chemistry.26 This 
passivation is only observed on Ag surfaces, while not found on 
Au or carbon surfaces. The authors attributed this phenomenon 
to the formation of Ag-SiW12O40 layers, which may act as elec-
tron transfer barriers. In this study, SiMo12O40

4‒ adsorbed on 
HOPG exhibits a similar passivation of solution redox event 
that was observed from SiW12O40

4‒ on Ag surfaces, while the 
modifications of GC and Au surfaces with SiMo12O40

4‒ do not 
change the voltammetric response of the SiMo12O40

4‒ in solution 
phase strongly.  

Electrochemical behavior of SiMo12O40
4‒-modified electrode 

surfaces toward Fe(CN)6
3‒. To further investigate the electron 

transfer kinetics on SiMo12O40
4‒-modified electrode surfaces, 

Fe(CN)6
3‒ species were utilized as redox probes. Figure 1 shows 

cyclic voltammograms of three different electrodes obtained 
from a solution containing 1 mM Fe(CN)6

3‒ + 0.1 M H2SO4. On 
bare GC and Au electrode surfaces, Fe(CN)6

3‒ couples exhibit 
well defined redox waves with ∆Ep values less than 70 mV. This 
indicates the redox reaction of Fe(CN)6

3‒ is fast and reversible 
on these surfaces. In contrast, bare HOPG surfaces exhibited a 
larger ∆Ep value of ca. 100 mV. Although this value is larger 
than that observed on GC and Au surfaces, it is quite smaller 
than the ∆Ep values of basal plane HOPG surfaces with low 
edge plane densities previous reported.3,5 It is well known that 
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Figure 1. Cyclic voltammograms of SiMo12O40
4‒-modified (solid) and

bare (dashed) electrode surfaces obtained from a solution containing 
1 mM Fe(CN)6

3‒ + 0.1 M H2SO4  (A) GC, (B) HOPG, and (C) Au elec-
trodes. Scan rate was 50 mV s‒1.

the electron transfer kinetics of Fe(CN)6
3‒ species on HOPG 

surfaces is very sensitive to the edge plane densities on HOPG 
and can be variable from every experiment.27 We observed rela-
tively large variations in ∆Ep values for Fe(CN)6

3‒ on bare HO-
PG surfaces depending on cleavage procedures, which might 
results in different edge plane densities.

Upon the modification of electrode surfaces with SiMo12-
O40

4‒, the three electrode surfaces exhibited different electron 
transfer behaviors for Fe(CN)6

3‒ species. On SiMo12O40
4‒-modi-

fied GC surfaces, ∆Ep value is ca. 70 mV that is slightly larger 
than that observed on bare GC surfaces. This suggests that the 
electron transfer rate for Fe(CN)6

3‒ species is slightly retarded by 
the existence of SiMo12O40

4‒ layers on GC surfaces. We further 
evaluated heterogeneous electron transfer rate constants (k0) 
from the relationship between ∆Ep values and the scan rates (v) 
according to the Nicholson equation;

k0  =  ψ [πDOν (nF / RT)]1 / 2

(1)
(DO / DR)α / 2

where DO and DR, are the diffusion coefficients of the oxidized 
and the reduced species, respectively; α is the transfer coeffi-
cient; and n is the number of electron exchanged. The term ψ 
is the transfer parameter and related to ∆Ep and the relationship 
is available in the literature.28,29 The ∆Ep values with different 
scan rates between 50 and 2000 mV s‒1 have a linear relationship 
with square root of scan rates, from which k0 values were eva-
luated (SI, Figure S3). The calculated k0 values are listed in 

Table 1. On a bare GC surface k0 is 0.11 cm s‒1, which is com-
parable to those previously reported.1,3 SiMo12O40

4‒-modified 
GC surface has k0 of 0.051 cm s‒1, which is slightly smaller than 
that measured on a bare GC surface. This consistent with the in-
crease ∆Ep in cyclic voltammetric measurements, which indi-
cates that SiMo12O40

4‒ layers on GC surfaces slightly inhibit 
electron transfer of Fe(CN)6

3‒ species.
Figure 1B shows that electron transfer of Fe(CN)6

3‒ on Si-
Mo12O40

4‒-modified HOPG surfaces is highly retarded. Since the 
cathodic waves from SiMo12O40

4‒ species adsorbed on HOPG 
surfaces overlaps with that of Fe(CN)6

3‒, we estimated the ca-
thodic peak potential of Fe(CN)6

3‒ by subtracting the cyclic vol-
tammogram obtained from SiMo12O40

4‒-modified HOPG in a 
pure supporting electrolyte solution. The estimated ∆Ep is ca. 
400 mV and this large peak separation corresponds to a quasi- 
reversible electron transfer model. The value of k0 on a bare 
HOPG surface is calculated to 0.005 cm s‒1, which is an order of 
magnitude smaller than that obtained on a bare GC surface. The 
k0 value of Fe(CN)6

3‒ on SiMo12O40
4‒-modified HOPG is esti-

mated to be less than 0.001 cm s‒1 and could not be exactly eva-
luated by the Nicholson method due to large peak separations. 
It has been suggested that k0 values for large ∆Ep can be esti-
mated by the simulation of extended working curve between 
∆Ep and logψ .30 Based on this method, we expect k0 value of 
Fe(CN)6

3‒ on the SiMo12O40
4‒ modified HOPG surface is ca. 10‒5 

cm s‒1, which is more than two orders of magnitude smaller than 
that observed on bare HOPG surfaces.  

On Au surfaces, we also observed the inhibition of electron 
transfer of Fe(CN)6

3‒ by SiMo12O40
4‒ layers as shown in Figure 

1C. In this case, the ∆Ep is estimated to be ca. 200 mV, which is 
smaller than that found on HOPG surfaces modified by SiMo12-
O40

4‒ layers. The k0 value on SiMo12O40
4‒-modified Au is mea-

sured to be 0.001 cm s‒1. This value lies between the k0 value 
measured on SiMo12O40

4‒-modified HOPG and Au electrode 
surfaces. From all of these cyclic voltammetric measurements, 
we conclude that electron transfer of Fe(CN)6

3‒ is retarded by 
SiMo12O40

4‒ layers on electrode surfaces in the order of HOPG > 
Au > GC. 

Electrochemical impedance spectroscopy (EIS) is a useful 
tool to describe the electron transfer behaviors across electrode 
surfaces.31 We performed EIS measurements on three electrode 
in the presence and absence of SiMo12O40

4‒ layers using Fe- 
(CN)6

3‒ as a redox probe. Figure 2 shows the EIS results pre-
sented in Nyquist plots.29 The electrode processes on bare GC 
and Au electrode surfaces are mass transport limited over the 
whole frequency range and this fast electron transfer kinetics 
is consistent with the cyclic voltammetric observation as shown 
above. On bare HOPG surface, a semicircle located near the 
origin at high frequency regions indicating kinetic-controlled 
electron transfer is observed as shown in the inset of Figure 2B. 
The Randles circuit that consists of a double-layer capacitor 
(Cdl) in parallel with a charge transfer resistor (Rct) and a War-
burg impedance (W), connected in series with a resistor mea-
suring  the resistance of the electrolyte solution (Rs) was used 
to fit the impedance data.31 The Rct values of bare HOPG surface 
for Fe(CN)6

3‒ redox probes are estimated ca. 0.3 kΩ. This value 
varied depending on cleavage processes of HOPG as is the case 
observed in the cyclic voltammetric measurements.  
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Figure 2. Nyquist plots for electrochemical impedance measurements of bare (filled circle) and SiMo12O40
4‒-modified (empty circle) electrodes

in a solution containing 1 mM Fe(CN)6
3‒ + 0.1 M H2SO4  (A) GC, (B) HOPG, and (C) Au electrodes.  
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Figure 3. Cyclic voltammograms of SiMo12O40
4‒-modified (solid) and

bare (dashed) electrode surfaces obtained from a solution containing 
1 mM Ru(NH3)6

3+ + 0.1 M H2SO4 (A) GC, (B) HOPG, and (C) Au elec-
trodes.  Scan rate was 50 mV s‒1.

When the electrode surface is modified with SiMo12O40
4‒ 

layers, all of three electrodes exhibited kinetic controlled elec-
tron transfer behaviors. The Rct values estimated by the Randles 
circuit for SiMo12O40

4‒-modified GC, HOPG, and Au surfaces 
are ca. 0.4 kΩ, 70 kΩ, and 6 kΩ, respectively. The variation of 
Rct values measured on GC and Au surfaces relative small, while 
HOPG surfaces gave relatively large variations in Rct. Although 
these values are variable to a certain degree, the Rct increases 
in the order of GC < Au < HOPG, which is well consistent with 
the retardation of charge transfer of Fe(CN)6

3‒ on three elec-
trodes modified with SiMo12O40

4‒ observed by voltammetric 
measurements as described above.  

Electrochemical behavior of SiMo12O40
4‒-modified electrode 

surfaces toward Ru(NH3)6
3+ and FDM. To examine the effect of 

charge species of electroactive compounds, we utilized Ru 
(NH3)6

3+ and FDM as positively charged and neutral redox pro-
bes, respectively. Figure 3 shows cyclic voltammograms of 
three different electrodes obtained from a solution containing 
1 mM Ru(NH3)6

3+ + 0.1 M H2SO4. Voltammetric responses of 
Ru(NH3)6

3+ on bare electrode surfaces are similar with those of 
Fe(CN)6

3‒ species. The ∆Ep values of Ru(NH3)6
3+ on GC and Au 

surfaces are ca. 75 mV, while HOPG surfaces exhibits sluggish 
electron transfer kinetics with a ∆Ep value of 145 mV. The vol-
tammetric responses of Ru(NH3)6

3+ on SiMo12O40
4‒-modified 

GC and Au surfaces are similar as those observed on bare sur-
faces. Cathodic waves appearing at around ‒245 mV (denoted by 
asterisks) correspond to the fourth reduction wave of SiMo12-
O40

4‒ adsorbed on electrode surfaces.23 The cathodic peak poten-
tials of Ru(NH3)6

3+ were carefully determined by correcting with 
background cyclic voltammograms obtained from SiMo12O40

4‒ 
modified electrode surfaces in pure electrolyte solutions. The 
∆Ep values decreased slightly, indicating the electron transfer 
rates of Ru(NH3)6

3+ species at SiMo12O40
4‒ modified GC and Au 

surfaces are slightly faster than those at bare GC and Au sur-
faces. The k0 values evaluated by the Nicholson method (Table 
1) shows that SiMo12O40

4‒ layers results in an order of magnitude 
faster electron transfer compared with bare GC and Au surfaces. 
We also performed EIS measurements on GC and Au electrodes 
in the presence and absence of SiMo12O40

4‒ layers using Ru-
(NH3)6

3+ as redox probes. However all the electrode processes 
were mass transport limited and no kinetic controlled electron 
transfer behaviors were observed (SI, Figure S4).

The effect of SiMo12O40
4‒ layers on the electron transfer kine-

tics of Ru(NH3)6
3+ species is remarkable on HOPG surfaces. The 

∆Ep value on a bare HOPG surface is ca. 145 mV, which de-
creases to 70 mV upon modification of SiMo12O40

4‒. The k0 
value of Ru(NH3)6

3+ species on SiMo12O40
4‒-modified HOPG 

surfaces is at least two orders of magnitude larger than that 
observed on bare HOPG surfaces. Figure 4 shows EIS results on 
HOPG surfaces in the presence and absence of SiMo12O40

4‒ 
layers using Ru(NH3)6

3+ as redox probes. On bare HOPG sur-
faces a semicircle indicating charge transfer limited behavior 
is observed at high frequency regions. The estimated Rct value 
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Table 1. Electron transfer rate constants (k0, cm s‒1) of three redox probes at bare and SiMo12O40
4‒-modified electrode surfaces

    Electrode

 Redox Probe

GC HOPG Au

Bare SiMo12O40
4‒ Bare SiMo12O40

4‒ Bare SiMo12O40
4‒

Fe(CN)6
3‒ 0.11 0.051 0.005 < 0.001a 0.032 < 0.001a

Ru(NH3)6
3+ 0.051 0.47 < 0.001a 0.11 0.037 0.14

FDM 0.011 0.012 0.0097 0.011 0.019 0.020
aCannot be exactly determined by the Nicholson method due to large peak separations.
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Figure 4. Nyquist plots for electrochemical impedance measurements
of bare (filled circle) and SiMo12O40

4‒-modified (empty circle) HOPG
electrodes in a solution containing 1 mM Ru(NH3)6

3+ + 0.1 M H2SO4. 
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Figure 5. Cyclic voltammograms of SiMo12O40
4‒-modified (soild) and

bare (dashed) electrode surfaces obtained from a solution containing 
1 mM FDM + 0.1 M H2SO4  (A) GC, (B) HOPG, and (C) Au electrodes. 
Scan rate was 50 mV s‒1.

is ca. 10 kΩ. In contrast, SiMo12O40
4‒-modified HOPG surface 

shows an EIS spectrum corresponding to mass transport limited 
electrode processes over the whole frequency range. These re-
sults support the acceleration of charge transfer kinetics of Ru 
(NH3)6

3+ species on HOPG surface after modification of sur-
faces with SiMo12O40

4‒ layers.  
Figure 5 shows the voltammetric responses of neutral FDM 

species on bare and SiMo12O40
4‒-modified electrode surfaces.  

The cyclic voltammograms of FDM in the presence of SiMo12-
O40

4‒ layers on three electrode surfaces are same as those ob-
tained on bare electrode surfaces. We evaluated the k0 values of 
FDM on three electrode systems as listed in Table 1. The k0 val-
ues lies between ca. 0.01 cm s‒1 and 0.02 cm s‒1 and almost same 
values were obtained on both bare and SiMo12O40

4‒-modified 
electrode surfaces. We also performed EIS measurements, 
where the electrode processes of FDM at surfaces in the pre-
sence or absence of SiMo12O40

4‒ layers were mass transport limi-
ted and no kinetic controlled electron transfer behaviors were 
observed (SI, Figure S5). These results indicate that the electron 
transfer kinetics of a neutral FDM is not affected by SiMo12O40

4‒ 
layers on GC, HOPG, and Au surfaces. 

Interaction between SiMo12O40
4‒-modified electrode surfaces 

and redox probe molecules. To further examine the electroche-
mical property of SiMo12O40

4‒ modified surfaces, we performed 
control experiments that may elucidate the interaction charac-
teristics between SiMo12O40

4‒ on electrode surfaces and redox 
probe molecules. The results presented in Figure 1 and 2 sug-
gest that electrostatic repulsion exists between negatively charg-
ed SiMo12O40

4‒ surface layers and negatively charged Fe(CN)6
3‒ 

molecules. Figure 6A shows that the electron transfer of Fe(CN)6
3‒ 

at SiMo12O40
4‒-modified HOPG surfaces is accelerated in the 

presence of large amount of K+ in the supporting electrolyte 
solutions. This can be ascribed to the fact that the screening of 
the electrostatic repulsion between Fe(CN)6

3‒ and SiMo12O40
4‒ 

is caused by the addition of K+, which results in the facile 
electron transfer of Fe(CN)6

3‒ as noted by the increase of redox 
currents and the decrease of charge transfer resistance. A similar 
effect has been previously reported that the repulsion between 
positively charged surfaces and redox molecules can be effec-
tively screened by the addition of negatively charged electrolyte 
species.32

In the case of positively charged Ru(NH3)6
3+ species, we ex-

pect electrostatic attraction between SiMo12O40
4‒ surface layers 

and Ru(NH3)6
3+. Another factor to be considered for controlling 

the electron transfer at electrode surfaces is the adsorption of 
redox active molecules on the surfaces. To examine the possible 
adsorption of Ru(NH3)6

3+, SiMo12O40
4‒-modified HOPG sur-

faces is immersed in a solution containing Ru(NH3)6
3+ and then 
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Figure 6. Cyclic voltammograms and Nyquist plots (inset) of SiMo12-
O40

4‒-modified HOPG electrode surfaces obtained from solutions con-
taining 1 mM Fe(CN)6

3‒ + 0.1 M H2SO4 (A) in the absence (solid line 
and filled circle) and presence (dashed line and empty circle) of 50 mM
K2SO4 and (B) before (dashed line and empty circle) and after (solid
line and filled circle) immersing the electrode in a solution containing
Ru(NH3)6

3+. 
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Figure 7. XPS spectra of the Mo 3d region acquired from (A) GC, 
(B) HOPG, and (C) Au electrode surfaces modified with SiMo12O40

4‒. 

emersed and rinsed with pure electrolyte solution. Figure 6B 
shows the different electron transfer behavior of Fe(CN)6

3‒ at 
SiMo12O40

4‒-modified HOPG surfaces before and after the im-
mersion of the modified electrode in Ru(NH3)6

3+ containing 
solutions. The peak separation as well as Rct decreases and the 
redox currents from Fe(CN)6

3‒ increases. These results strongly 
suggest that Ru(NH3)6

3+ species adsorb on the SiMo12O40
4‒-mo-

dified HOPG surfaces and some of them remain after emersion 
and rinsing. We also attempted to verify the surface confined 
Ru(NH3)6

3+ species remaining after emersion and rinsing in a 
pure electrolyte solution, however, we could not clearly observe 
the redox wave of Ru(NH3)6

3+ due to the relative small amount 
of remaining Ru(NH3)6

3+ on the surface and the overlapping its 
redox waves with those of SiMo12O40

4‒ confined on electrode 
surfaces.

XPS measurements. The results presented above notify that 
the effect of SiMo12O40

4‒ layers on the electron transfer beha-
viors is dependent on the kind of electrode surfaces. We specu-
late there could be changes in oxidation state of SiMo12O40

4‒ 
by interactions with different electrode surfaces. In a previous 
report, it was reported that the position of the W peaks in XPS 

spectra obtained from SiW12O40
4‒ layers on Ag surfaces shifts 

by ca. ‒0.15 eV with different electrode modification proce-
dures.33 Figure 7 shows the XPS spectra obtained from GC, 
HOPG, and Au electrode surfaces modified with SiMo12O40

4‒. 
The XPS spectra confirm the existence of SiMo12O40

4‒ on all 
of three electrode surfaces, however, all the Mo peaks are ob-
served at the same positions regardless of the substrates. The 
positions of Mo3d5/2 and Mo3d3/2 are 235.6 eV and 232.6 eV, 
respectively. Actually the positions of Mo peaks are the same as 
those observed from AsMo11VO40

4‒ on HOPG surfaces as pre-
vious reported.24  

Discussion

The results presented above show that SiMo12O40
4‒ layers 

adsorbed on electrode surfaces exhibit different electron transfer 
behaviors depending on charge species of redox probes and the 
kind of electrode surfaces. In what follows, we address the in-
trinsic electron transfer kinetics at SiMo12O40

4‒-modified sur-
faces and the effect of redox probes and substrates on electron 
transfer features. We note that SiMo12O40

4‒-modified electrodes 
retain negative surface charges (vide infra), which affect the 
electron transfer kinetics depending on the charge species of 
redox probes. 

Electron transfer behaviors at inorganic anion adsorbed sur-
faces. Comparison of voltammetric responses of neutral redox 
species in Figure 5 suggest that SiMo12O40

4‒ layers on electrode 
surfaces do not impart barriers to electron transfer kinetics if 
there is no electrostatic interaction between electrode surfaces 
and redox species. It is well known that SAMs of thiolates al-
ways add barriers to electron transfer.34 For alkanethiol SAMs, 
the charge transfer resistance increases with the length of alkyl 
chains.10,35 Fawcett et al. reported that Rct for electron transfer 
of Fe(CN)6

3‒ at dodecanethiol coated Au (111) surface is ca. 7 
kΩ.36 Neutral FDM species also experienced certain degree of 
barriers for electron transfer at thiolated SAMs.12 The SAMs of 
thiolates can be modeled as dielectric materials coating the elec-
trode surface and reduce the electron transfer rates. Considering 

Z'
' (

k 
Ω

)
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the molecular dimension of Keggin type POMs,13 SiMo12O40
4‒ 

monolayers on electrode surfaces can viewed as inorganic thin 
films with a thickness of ca. 1 nm. This inorganic layer does not 
add barriers to electron transfer for neutral redox species. It 
should be noted that electron transfer behavior of neutral FDM 
species would be more critically affected by the surface cover-
age of SiMo12O40

4‒ layers than that of positively or negatively 
charged species. In this study, we verified that the surface cover-
age of SiMo12O40

4‒ layers is close to the monolayer coverage. In 
a low surface coverage, electron transfer may occur between 
neutral FDM species and bare electrode surfaces not covered 
by SiMo12O40

4‒ layers, which do not reflect the effect of SiMo12-
O40

4‒ layers on the electron transfer kinetics. 
There have been few reports about the effect of adsorbed 

inorganic anions on the electron transfer kinetics. Ohsaka and 
Tokuda investigated the effect of adsorbed anions on the elec-
tron-transfer reactions of positively charged [Co(phen)3]3+ on 
platinum electrodes.37 The electron transfer kinetics is inhibited 
at I‒-modified Pt surfaces, while the kinetics is accelerated at 
SCN‒-modified Pt surfaces. The authors attributed the difference 
to the electrical double layer effect, where SCN‒-Pt surfaces 
retain negative surface charges, while adsorbed I‒ is almost neu-
tral due to its partial charge transfer. However the effect of ad-
sorbed SCN‒ and I‒ on electron transfer is quite smaller than that 
observed for SiMo12O40

4‒-modified systems. We attribute this 
difference to the relative high surface charge density of SiMo12-
O40

4‒-modified surfaces compared to that of SCN‒ or I‒ modi-
fied ones.  

Dong et al. have reported that HOPG surfaces modified with 
AsMo11VO40

4‒ leads to a decrease of the peak currents of Fe-
(CN)6

3‒ for some extent, indicating AsMo11VO40
4‒ layers hinder 

the electron transfer of Fe(CN)6
3‒.24 However, the inhibition of 

electron transfer of Fe(CN)6
3‒ on AsMo11VO40

4‒ modified HO-
PG surfaces is not remarkable as in the case of SiMo12O40

4‒ 
investigated in this study. The peak separations of redox waves 
of Fe(CN)6

3‒ on both of bare and AsMo11VO40
4‒ modified HOPG 

surfaces remain at the same values. In separate experiments, we 
observed that of PMo12O40

3‒ layers on HOPG and Au also inhi-
bited the electron transfer of Fe(CN)6

3‒, however the degree of 
electron transfer inhibition is much smaller than SiMo12O40

4‒ 
layers.38 These imply that the interaction between SiMo12O40

4‒ 
and electrode surface results in a somewhat unique effect on 
the electron transfer kinetics compared with other POM-modi-
fied electrode systems.

Effect of charge species of redox probes on electron transfer 
behavior. The cyclic voltammetric results and the k0 values 
listed in Table 1 as well as some EIS data illustrate that the elec-
tron transfer kinetics at SiMo12O40

4‒- modified surfaces is inhi-
bited for negatively charged Fe(CN)6

3‒ and accelerated for 
positively charged Ru(NH3)6

3+ on all of three electrodes. The 
electron transfer of neutral FDM is not affected by modification 
of electrode surfaces with SiMo12O40

4‒. It should be noted that 
since the H4SiMo12O40 is known to be a very strong acid,13 Si-
Mo12O40

4‒ anions exist without being protonated in supporting 
electrolyte solutions at pH 1. Therefore we expect that SiMo12-
O40

4‒-modified electrodes retain negative charges on their sur-
faces. The negative surface charge prevents the negatively charg-
ed redox species from approaching the electrode surface clo-

sely. The effect of charged functional groups in thiols constitu-
ting SAMs on the electron transfer kinetic of redox species was 
widely investigated. For example, 3-mercaptopropionic acid 
modified Au surfaces exhibit a Rct value of 0.5 kΩ at pH 3.5, 
while the Rct increases to 65 kΩ at pH 9, which is attributed to 
the increment of repulsive interaction between negatively charg-
ed carboxylate groups and Fe(CN)6

3‒ species at higher pH.39 
The effect of repulsive interaction on the retardation of electron 
transfer at SiMo12O40

4‒- modified surfaces is also supported by 
the screening of negative surface charges with K+ as shown in 
Figure 6A.  

In contrast, there is electrostatic attraction between negatively 
charged SiMo12O40

4‒-modified surfaces and positively charged 
Ru(NH3)6

3+. It is known that adsorbed anions often accelerate 
the electron transfer kinetics by changing a reaction pathway 
from the outer-sphere to the inner-sphere.37 The results shown 
in Figure 6B imply that there is strong interactions between 
SiMo12O40

4‒ surface layers and Ru(NH3)6
3+ species. Therefore, 

the electron transfer of Ru(NH3)6
3+ at SiMo12O40

4‒ modified sur-
faces may occur via inner-sphere route, which in turn enhances 
the electron transfer kinetics. A similar phenomenon has been 
reported that the attractive interaction between positively charg-
ed imidazole surface layers and Fe(CN)6

3‒ species enhances the 
electron transfer kinetics.40

Effect of substrates on electron transfer behavior. The effect 
of SiMo12O40

4‒ layers on electron transfer kinetics of negatively 
or positively charged follows a similar trend on three electrode 
surface, however, the degree of effect increases in the order of 
GC < Au < HOPG.  XPS measurements indicate the oxidation 
states of Mo in adsorbed SiMo12O40

4‒ are the same on three 
electrodes, which imply charge density experienced by charged 
redox species is similar. In addition, there is little difference in 
the surface coverages of SiMo12O40

4‒ estimated from the charge 
density under redox waves of surface confined species. One 
possibility that may explain the different effect of SiMo12O40

4‒ 
at three electrodes could be different adlayer structures at each 
electrode surface. Dong et al. reported that SAMs of AsMo11-
VO40

4‒ have square and hexagonal adlayer structures on Au and 
HOPG surfaces, respectively.24,25 Different surface structures of 
adsorbed anions could have different charge distribution on sur-
faces, which may affect on the electrostatic interactions between 
charged surface and redox molecules. 

Regarding to the remarkable effect of SiMo12O40
4‒ layers on 

electron transfer behaviors at HOPG electrodes, it should be no-
ted that HOPG surfaces consist of two different domains; basal 
and edge planes. We utilized the basal plane HOPG surfaces as 
working electrodes throughout the experiments; however, there 
also exists some amount of adventitious edge planes on surfaces. 
The edge-plane domains on HOPG surfaces are known to sensi-
tively affect the electron transfer of Fe(CN)6

3‒ and Ru(NH3)6
3+ 

redox species.27 The effect of SiMo12O40
4‒ adsorption on HOPG 

surfaces on the electron transfer of the negatively or positively 
charged redox species is expected to be more remarkable at 
edge planes than at basal planes of HOPG. It has been reported 
that decoration of edge steps of HOPG surfaces with Au nano-
particles enhances the electron transfer of Fe(CN)6

3‒ species.41 
The existence of two different domains on HOPG surfaces may 
results in a relative large effect on electron transfer features by 
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modification of SiMo12O40
4‒ compared with GC and Au sur-

faces.

Conclusion

We investigated the heterogeneous electron transfer at 
SiMo12O40

4‒ monolayers on GC, HOPG, and Au surfaces. The 
electron transfer of negatively charged redox species, Fe(CN)6

3‒, 
is inhibited due to the electrostatic repulsion between the Si-
Mo12O40

4‒ surface layers and redox species. In contrast, the elec-
tron transfer of positively charged Ru(NH3)6

3+species is acce-
lerated at SiMo12O40

4‒ monolayers, which can be ascribed to the 
fact that strong attractive interactions between electrode sur-
faces and redox molecules provide an inner-sphere route for 
electron transfer. The SiMo12O40

4‒ monolayers on electrode sur-
faces do not impart barriers to electron transfer of neutral redox 
probe species. This is different from the case of thiolate SAMs, 
which are modeled as dielectric coating on the electrode sur-
faces, always adds barriers to electron transfer. The effect of 
SiMo12O40

4‒ layers on the electron transfer of charged redox 
species is more remarkable on HOPG surfaces compared with 
that observed on GC or Au surfaces, which might be ascribed 
to the existence of edge planes on HOPG surfaces. The results 
presented in this study would provide new insights on electron 
transfer at SAMs of inorganic materials.
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Figure S1. Cyclic voltammograms obtained from a solution containing
1 mM SiMo12O40

4‒ + 0.1 M H2SO4 on GC, HOPG, and Au electrode 
surfaces. Scan rate was 50 mV s‒1.

           

Figure S2. Cyclic voltammograms SiMo12O40
4‒-modified GC, HOPG, 

and Au electrode surfaces in 0.1 M H2SO4.. Scan rate was 50 mV s‒1.
Figure S3. Variation of ∆Ep values as a function of square root of scan
rates. (A) Bare and (B) SiMo12O40

4‒-modified GC electrodes.
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Figure S4. Nyquist plots for electrochemical impedance measurements of bare (filled) and SiMo12O40
4‒-modified (empty) electrodes in a 

solution containing 1 mM Ru(NH3)6
3+ + 0.1 M H2SO4 (A) GC and (B) Au electrodes.

Figure S5. Nyquist plots for electrochemical impedance measurements of bare (filled) and SiMo12O40
4‒-modified (empty) electrodes in a 

solution containing 1 mM FDM + 0.1 M H2SO4 (A) GC (B) HOPG, and (C) Au electrodes.


