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Tuning the reactivity of nanostructured indium tin
oxide electrodes toward chemisorption†

A. Forget,a R. T. Tucker,b M. J. Brett,bc B. Limoges*a and V. Balland*a

This contribution highlights correlation between the surface concen-

tration of a chemisorbed organophosphorous probe (flavin mononucleo-

tide) and the relative hydroxyl surface coverage of nanostructured ITO

electrodes, which can be tuned during post-deposition reductive

annealing. The resulting modified electrodes are very stable in aqueous

solution, highly hydrophilic and fully-accessible to the bulk solution.

Transparent nanostructured electrodes based on doped-metal
oxides such as tin-doped indium oxide (ITO) are characterized
by both a high electrical conductivity and an accessible high
surface area. They allow for increased conductive pathways through-
out photoactive layers in organic photovoltaic devices1–3 as well as
for immobilization of large amounts of functional molecules in solar
cell applications,4 (bio-)electroanalytical devices or electrocatalytic
reactors.5–7 Besides these (bio-)technological applications, they also
offer new perspectives in the development of innovative spectro-
electrochemical methodologies to address some fundamental
questions in the field of charge transfer reactions at solid/liquid
interfaces.7 In many studies involving such functionalized nano-
structured ITO electrodes, modification of the metal-oxide surface
is mainly achieved by passive physisorption of organic dyes8 or
metallo-peptides or -proteins.5,9–11 The stability of the resulting
modified electrodes is rather poor and significant desorption
occurs, especially under high ionic strength experimental condi-
tions.7 It appears thus necessary to develop appropriate surface
functionalization procedures of nanostructured ITO surfaces lead-
ing to much more stable monolayers of functional molecules.

This can be achieved by transposing the surface functionaliza-
tion methodologies initially developed for bulk crystalline ITO
substrates12 to nanostructured ITO surfaces. This is typically what
we proposed in the present work with the surface functionaliza-
tion of nanostructured ITO electrodes prepared by glancing angle
deposition (GLAD). To achieve this goal, we have taken advantage
of a procedure recently developed by us to form stable mono-
layers of chemisorbed organophosphorous compounds on bulk
ITO surfaces under mild conditions.13

3D ITO electrodes suitable for the above-mentioned applications
require preparation of thick nanostructured films deposited
onto a transparent and usually conductive glass substrate. This
can be achieved by different processes leading to various film
morphologies. Recently, nanostructured ITO electrodes were
obtained either chemically using sol–gel processes4,5,8 and con-
trolled self-assembly of nanoparticles,14 or physically through
the sintering of ITO nanoparticles coating, dc-sputtering15 and
by vacuum-based glancing-angle deposition (GLAD).16 In most of
these processes, metal oxide deposition is followed by annealing
steps to improve the physical properties of the material, including
stability, transparency and conductivity. An air annealing step is
notably required to calcinate the organic template and crystallize
the metal-oxide nanoparticles in chemical processes,4,8 or to
improve the transparency of GLAD-ITO films.17 An additional
annealing step performed under N2 or H2-based forming gas is
also usually necessary to optimize the 3D ITO film conductivity by
increasing the concentration of free charge carriers resulting from
oxygen vacancies.8,14,17,18 These additional annealing steps have
been shown to strongly modify the surface chemical composition
of ITO,19 potentially thus affecting the chemisorption reactivity
of functional molecules bearing organophosphorus moieties.
One purpose of the present paper was to analyze the influence
of the reductive annealing step on the surface reactivity of GLAD
ITO electrodes. This latter technique allows for preparation of
nanostructured ITO films which shape, porosity and thickness
that can be easily controlled and tuned during the deposition
step.3,7,16 To characterize the surface reactivity of these nano-
structured ITO electrodes towards organophosphorous compounds,
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we have used the redox-active flavin mononucleotide (FMN)
molecule. This molecule was previously shown to strongly chemi-
sorb on bulk ITO surface through its phosphate anchoring group,
a surface reaction that could be easily electrochemically monitored
through the redox-active properties of the chemisorbed com-
pound. It was also previously found that the FMN surface coverage
on bulk ITO was quite sensitive to the surface hydroxyl content.13

Another interest in using this redox probe is that it exhibits a
strong dependence to local pH changes,20 a property that can be
leveraged for examining whether the nanostructured electrode
provides a specific local environment to the chemisorbed mole-
cules as well as a restricted accessibility to the solvent.

One micrometer thick porous GLAD-ITO electrodes were
prepared on ITO-coated glass substrates using a deposition
angle of 751 as already described in literature.9,16 The resulting
nanostructured electrodes exhibit vertical columnar structures
of ITO grains (Fig. 1), with areal column density and column
diameter variation along the film depth. After deposition, a first
annealing step was performed under air to enhance the trans-
parency of the film in the visible range. GLAD-ITO electrodes
were then submitted to a second annealing step for 1 hour at
375 1C under forming gas (H2/N2 5 : 95) by using various gas
flow rates (ranging from 10 to 300 sccm, see ESI† for details).
This reductive treatment is known to increase the material
conductivity by decomposition of the top oxygen layer.17,19 The
resulting oxygen loss of the ITO surface was indeed evidenced
by the decrease of the O/(In + Sn) ratio determined from XPS
analysis of the ITO surface (Fig. S1, ESI†).19 We noticed con-
comitantly a decrease in the ITO film transmittance, down to
complete loss of transparency for films submitted to high
forming gas flow rates (i.e. 300 sccm) (Fig. 1 and Table S1,
ESI†). The GLAD-ITO electrodes were also systematically char-
acterized by cyclic voltammetry (45 mM Hepes, 320 mM KCl,
pH 7.25, T = 20 1C). We have observed no significant change
in either the magnitude of the capacitive current density or in
the residual ohmic drop whatever the reductive annealing
treatment of the GLAD-ITO electrode.

Prior functionalization, GLAD-ITO electrodes were chemically
cleaned from organic contaminants by soaking in different solvents
(see ESI† for details). Functionalization was then achieved by
soaking the cleaned electrodes in a 100 mM FMN solution in
aqueous media at pH B 5 for 20 hours. According to the high
affinity of the FMN for ITO, these experimental conditions
ensure surface coating saturation. The resulting FMN-GLAD-ITO
electrodes were then soaked in a buffer solution at 50 1C to desorb
low affinity fractions of adsorbed FMN. Immediately after rinsing,
the modified electrodes were characterized by cyclic voltammetry
in a FMN-free buffer solution, and the resulting integrated
faradaic anodic or cathodic peak current then used to determine
the FMN surface coverage (assuming a 2 e� transfer reaction) as a
function of time immersed in the buffer solution. A typical cyclic
voltammogram (CV) is reported in Fig. 2A. It is characterized by a
well-resolved symmetrical faradaic wave centered at a midpoint
potential value of �0.45 V (vs. SCE) for all modified electrodes
(Table S1, ESI†). The variation of FMN surface coverage as a
function of the time in the electrochemical cell is reported in
Fig. S2 (ESI†). As previously reported for dense ITO electrodes, two
fractions of adsorbed FMN could be identified. The first one,
characterized by a slow desorption rate of ca. 4 h�1, is attributed
to strongly physisorbed FMN molecules, mainly through a combi-
nation of hydrogen bonds and electrostatic interactions. The
second one much more resistant to desorption is attributed to a
chemisorbed fraction characterized by a surface concentration Gw

ranging from 0.1 to 4.15 nmol cm�2, depending on the GLAD-ITO
reductive annealing treatment (Table S1, ESI†). The high stability
of this chemisorbed fraction is evidenced by the fact that 65–70%
still remains adsorbed after 7 days soaking in the aqueous
buffer solution.

The CV corresponding to this chemisorbed FMN fraction on
a 100 sccm GLAD-ITO electrode (Gw = 3.3 nmol cm�2) is given in
Fig. 2A and is characterized by a DEp value of 35 mV and fwhm
value of 110 mV at 0.1 V s�1. This latter value significantly
differs from the theoretical value of 45 mV expected for a 2 e�

Fig. 1 Top: side- and top-view of the 1 mm GLAD-ITO film obtained by
scanning electron microscopy. Below: transparency of the GLAD-ITO elec-
trodes after reductive annealing in forming gas at 10, 100 and 300 sccm.

Fig. 2 (A) CV of a modified FMN-GLAD-ITO electrode (100 sccm,
O/(Sn + In) = 1.76) recorded after 24 hours of desorption (scan rate
0.1 V s�1, 45 mM Hepes, 320 mM KCl, pH 7.25, T = 20 1C). (B) (J) surface
concentration of the FMN chemisorbed fraction Gw and ( ) transmittance
monitored at 550 nm of the GLAD-ITO electrodes prepared under various
reductive annealing conditions, plotted as a function of the surface oxygen
atomic ratio determined from XPS.
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transfer redox process. Such non ideality was previously reported
with flavin-modified electrodes.21–23 It may result from inhomo-
geneities in the adsorbate populations and/or surface binding
sites, or from unfavorable lateral interactions between the adsorbed
FMN molecules.

Plotting Gw values as a function of the O/(Sn + In) ratio of
GLAD-ITO electrodes clearly evidences a strong correlation with the
ITO oxygen surface content (Fig. 2B). Chemisorption of phosphate
moieties appears indeed to be highly favored on GLAD-ITO
electrodes having low surface oxygen content. This observation
is fully consistent with a chemisorption mechanism involving
first a nucleophilic addition of the negatively charged FMN
phosphate oxygen on an acidic (i.e. oxygen deficient) surface
metal site as previously suggested for dense ITO electrodes.13

Moreover, we assume that this adsorption process is concomi-
tant with a slow ITO surface hydroxylation, leading to a progres-
sive standardization of the GLAD-ITO electrodes surface hydroxyl
density. This may explain why the chemisorbed FMN midpoint
potential, reflecting potential interactions with the local metal-
oxide environment, is almost independent of the initial ITO
surface oxygen content. The highest surface coverage Gw of
4.15 nmol cm�2 is obtained with the most reduced GLAD-ITO
electrode (300 sccm, O/(Sn + In) = 1.57). Once corrected from the
60-fold surface enhancement of the GLAD-ITO electrode, this
value (i.e., 68 pmol cm�2) is in agreement to the one previously
obtained (i.e., 76 pmol cm�2) at commercial bulk ITO electrodes
characterized by an O/(Sn + In) ratio of 1.62 and functionalized
under similar experimental conditions (Table S1, ESI†).13 It remains
however low as compared to the theoretical saturating FMN surface
concentration of 0.5 nmol cm�2 calculated for a close-packed
monolayer on a flat surface.24 We assume thus that FMN chemi-
sorption on ITO is limited by the number of metal oxide sites
exhibiting high Lewis acidity. The similar values reported for
the 300 sccm GLAD-ITO and the commercial flat ITO electrodes
confirm that the surface chemical composition is the main
factor governing chemisorption.

It is worth to note that even though these highly reduced
electrodes show better chemisorption properties; their lack of
transparency hinders applications in the field of optoelectronic
devices. The best compromise between transparency and reac-
tivity was achieved with GLAD-ITO electrodes prepared under a
100 sccm forming gas flow rate and characterized by an O/(Sn + In)
ratio of ca. 1.75. Although the surface coverage of the chemisorbed
molecules remains low as compared to the theoretical surface
saturation, it can still be easily detected by UV-visible absorption
spectroscopy (Fig. S4, ESI†), preserving thus the possibility to
couple electrochemical methods with spectroscopies.

Thereafter, we analyzed the dependence of the apparent
reduction potential of the chemisorbed FMN to pH-changes
in the bulk solution. Accordingly, FMN-GLAD-ITO electrodes
(100 sccm) were left to desorb in a Hepes buffer for 24 hours
prior characterization by cyclic voltammetry in a mixture of
buffer (see ESI†) and at low scan rates (in order to ensure
thermodynamic equilibrium). The modified GLAD-ITO electrodes
showed quite good stability for pH ranging from 4 to 9, but
significant desorption at pH 4 9 (Fig. S3, ESI†). The midpoint

potential Em,pH of the chemisorbed FMN was reported as
function of pH (Fig. 3) and the resulting experimental plot
fitted to the following equation:20

Em;pH ¼ Em;0 þ 2:303
RT

2F
log

Hþ½ �3 þ Ka;red Hþ½ �2

Hþ½ � þ Ka;ox

 !
(1)

where Em,0 is the FMN apparent reduction potential corre-
sponding to the two one-electron reduction transitions at pH 0,
R = 8.314 J K�1, T is the temperature (20 1C), F is the faradaic
constant (96 500 C mol�1) and Ka,red and Ka,ox refer to the
protonation constant of the oxidized and fully reduced FMN.

From the best fit to the experimental data, the following
parameters were inferred: Em,0 = �0.03 V (vs. SCE), pKa,ox = 10.0,
and pKa,red = 6.75. These values are very similar to those reported
for the free FMN in solution (Em,0 = �0.04 V, pKa,ox = 10.3,
pKa,red = 6.8),20 clearly demonstrating that both redox as well
as acid–base equilibria of the chemisorbed FMN are almost
unaffected by the vicinity of the metal oxide surface. This result
strongly differs from that obtained with other conductive
surfaces such as flavin-modified gold or carbon electrodes for
which the midpoint potentials pH-dependence of the adsorbed
flavins were observed significantly affected by the hydrophobic
microenvironment of the electrode, as well as by the nature and
chemical composition of surface (for instance, the presence of
an hydrophobic self-assembled monolayer).22,24–26 It confirms
thus indirectly the high hydrophilicity of ITO surfaces. Our
results also evidence that the chemisorbed FMN remains highly
sensitive to pH changes in the bulk solution, demonstrating the
high accessibility of the GLAD-ITO pores to the buffer solution.

In conclusion, we demonstrate that efficient chemisorption
of organophosphorous molecules within nanostructured ITO
electrodes can be achieved under mild conditions, preserving the
nanostructured metal oxide network. We highlight the crucial role
of the post-deposition reductive annealing step on the reactivity of
the metal oxide: the higher the network of ITO is reduced the
more reactive it behaves with respect to the FMN chemisorption

Fig. 3 Potential-pH diagram of FMN chemisorbed in GLAD-ITO electro-
des (100 sccm) obtained with two distinct electrodes. Experimental mid-
point potential values (%) and fitting ( ) according to eqn (1) with Em,0 =
�0.03 V vs. SCE, Ka,red = 1.8 � 10�7, Ka,ox = 9.2 � 10�11.
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in aqueous solution. We evidence moreover that the redox- and
pH-properties of the FMN molecule are unaffected by chemi-
sorption. This study demonstrates that mesoporous GLAD-ITO
electrodes characterized by a well-opened porosity are suitable for the
preparation of modified electrodes requiring full-accessibility. It thus
paves the way for the preparation of highly stable nanostructured
electrodes modified by functional molecules for applications in solar
cells, (bio-)electroanalytical devices or electrocatalytic reactors.
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C. Röger, R. Zieba, A. Traut, M. Wark, J. Janek and B. M. Smarsly,
Sci. Technol. Adv. Mater., 2011, 12, 025005.

19 R. X. Wang, C. D. Beling, S. Fung, a. B. Djurišić, C. C. Ling and S. Li,
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