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The water oxidation process in acidified water/acetonitrile mix-
tures was studied by cyclic voltammetry using fluorinated tin

oxide (FTO) electrodes modified layer-by-layer with deposited
bilayers of positively charged poly(diallyldimethylammonium

chloride) (PDDA) polymer and negatively charged citrate-stabi-

lized iridium oxide (IrO2) nanoparticles. The voltammetric pro-
files obtained at high water contents resemble those in aque-

ous media and remain approximately unchanged. However, as
the water content decreases below a water mole fraction

(XH2O) of 0.6, a tipping point is reached and the onset poten-
tial for water oxidation gradually decreases. This reflects an en-

hanced reactivity, and therefore lower overpotential, of water

molecules towards oxidation in water/acetonitrile mixtures.
These lower kinetic barriers towards water oxidation are ration-

alized based on the degradation of the hydrogen bond net-
work upon the formation of water/acetonitrile mixtures. Thus,

as the ice-like structure of neat water transitions to clusters
and low-bonded oligomers, these water molecules in more

“free” states exhibit an enhanced susceptibility to water oxida-

tion.

Water is the ultimate source of electrons in idealized artificial

photosynthetic schemes. These electrons may be released
during water splitting, preferably utilizing solar energy in a pho-

toelectrochemical arrangement, and used to produce small

molecules such as molecular hydrogen (H2), a solar fuel. Impor-
tantly, this route to H2 avoids the generation of greenhouse

gases.[1] Since the H2 evolution reaction (HER) is much less

energy-demanding than the water oxidation reaction (WOR),
the later process is considered the limiting step in the overall

water splitting scheme, requiring the use of a catalyst. Much
effort has been devoted to the development of such catalysts

that can perform the WOR for long time periods and at moder-

ate overpotentials.[2] However, little attention has been paid to
the influence of the media within which the reaction takes

place as a route to enhance the reactivity of water.
The physciochemical properties of water are expected to

change in the presence of ions or organic molecules. Such
changes can be advantageous as they can be translated into

modifications of reactivity. For instance, Markovic et al. report-

ed that the non-covalent interaction between ions in alkaline
solutions and the oxygenated species absorbed on the surface

of Ir, Ru and Ru0.5Ir0.5 electrodes, play an important role in the
hydrogen evolution reaction (HER), hydrogen oxidation reac-

tion (HOR) and oxygen evolution reaction (OER).[3] Particularly,
the reactivity towards the HER increases in the order Ba2+>

Li+>K+ . This trend is explained based on the higher ability of

absorbed water to be dissociated into Had and *OH, upon in-
teraction with ions of higher specific charge density. Similar ef-

fects have been reported by Deng and co-workers, suggesting
that the increased acidity of the water in the solvation shell of

Li+ can be used to facilitate both the oxygen reduction reac-
tion (ORR) and HER.[4]

The use of co-solvents has also proven to be a good ap-

proach to modify the reactivity of water molecules. In this
regard, Meyer and co-workers reported that the rate of the
WOR at nanostructured indium tin oxide (ITO) electrodes modi-
fied with the molecular catalysts [Ru(Mebimpy)(bpy)(OH2)]2 +

(Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine; bpy =

2,2’-bipyridine)[5] and [FeIII(dpaq)(H2O)]2+ (dpaq = 2-[bis(pyri-

dine-2-ylmethyl)] amino-N-quinolin-8-yl-acetamido) was en-
hanced when mixtures of water and propylene carbonate were
used as a reaction medium instead of neat water.[6] In a series

of publications, Bond and co-workers also highlighted the use
of ionic liquids as media to facilitate the WOR. The exceptional

reactivity was attributed to the modification of the structure of
molecular water in ionic liquids where it may exist in a unique

“free” state that excludes self-aggregation via hydrogen-bond-

ing.[7]

Recently, we reported that the kinetics of the WOR, with

[Ru(bpy)3]3+ as the electron acceptor and IrO2 nanoparticles
(NPs) as the catalyst, was dependent on the water content

when the reaction takes place in water/acetonitrile (ACN) mix-
tures.[8] It is well-known that the structure of water in water/
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ACN mixtures is dependent on the ratio between the two sol-
vents,[9] or the water mole fraction (XH2O). The ice-like structure

of water is predominant at high water contents. However, as
the water content decreases below XH2O,0.8, the hydrogen

bond structure degrades and water is present preferentially as
clusters. In comparison to pure water, our kinetic measure-

ments indicated that water molecules in these clusters show
a markedly enhanced susceptibly to oxidation. The WOR exhib-

ited bimolecular kinetics, first order with respect to the con-

centration of IrO2 NPs and the concentration of oxidant. Nota-
bly, the second-order rate constant depended on the water
content, showing a maximum at approximately equimolar pro-
portions (&25 % H2O (v/v)), when both water and ACN clusters

co-exist in the mixture. The present communication rationaliz-
es the changes in the reactivity of water molecules in water/

ACN mixtures of various compositions by demonstrating that

the onset potential for the WOR at an electrode surface modi-
fied with IrO2 NP catalyst shifts as XH2O is varied. To achieve

this, we utilized fluorinated tin oxide (FTO) electrodes modified
sequentially layer-by-layer with the positively charged polymer

poly(diallydimethylammonium chloride) (PDDA) and negatively
charged citrate-stabilized IrO2 NPs (see Figure 1). In a separate

study, we clearly demonstrated the electrocatalysis of the WOR
in aqueous media using these layer-by-layer modified FTO
electrodes that exhibited good operational stability, remaining
active over a wide pH-range.[10] Herein, these electrodes are
utilized as a platform to study the electrocatalysis of the WOR

in water/ACN mixtures. The goal is to provide a clear correla-

tion between the enhanced kinetics of the WOR in water/ACN
mixtures, demonstrated previously,[8] and the underlying ther-

modynamics that facilitates this kinetic enhancement.
The catalytic oxidation of water in water/ACN mixtures by

[Ru(bpy)3]3+ is dependent on the acid-base properties of the
media at a fixed water content (10 % (v/v)).[8] The reaction rates

using 4.3 mm NaHCO3/Na2SiF6 buffer as the acidic regulator ex-
ceeded by two orders of magnitude those found in 20 mm
HClO4.

[8] Thus, in an effort to determine the second-order reac-
tion constant as accurately as possible, 20 mm HClO4 was

chosen in preference to NaHCO3/Na2SiF6 as its slower base rate
of catalysis permitted far greater temporal resolution during

the kinetic study.[8] Herein, HClO4 was chosen 1) to have
a direct comparison with the kinetic experiments previously re-
ported,[8] 2) as HClO4 allows experiments to be performed with-

out the addition of other supporting electrolytes, and 3) as the
IrO2/PDDA bilayers on the FTO electrode exhibit optimal stabil-
ity under these acidic conditions.[10]

A key consideration in the experimental design was the

methodology to calibrate the reference electrode. A detailed
study of the effect of varying water content on the WOR onset

potential for a water/non-aqueous solvent requires the use of

a universal scale to compare potentials between individual ex-
periments. This is easily accomplished in pure aqueous solu-

tions by the use of universally accepted references such as the
saturated calomel electrode (SCE) or Ag/AgCl electrode, both

of whose potentials versus the standard hydrogen electrode
(SHE) are well-known and stable over time. Cyclic voltammetry

experiments herein, however, were carried out in the presence

of significant quantities of organic solvent and the use of the
aforementioned references in organic solvents inevitably in-

cludes unknown liquid junction potentials. A typical approach
to circumvent this difficulty is the use of an internal redox

active reference molecule such as ferrocene. However, as the
composition of the solvent changes, the hydration properties

of both the reduced and oxidized species are also modified.[11]

Therefore, the potential of the internal reference itself on the
universal scale is also expected to change. The calculation of

those potentials via thermodynamic cycles is also problematic
due to the large body of thermodynamic quantities required.

Herein, two independent references, Ru(NH3)6Cl3 and the
IrO2 NP Ir(III)/Ir(IV) redox transition, were used to have a qualita-

tive idea of the reactivity of water in the water/ACN mixtures.

In this regard, after each experiment, the potential window
was calibrated by the addition of &80 mm Ru(NH3)6Cl3. This

molecule was used as an internal reference due to the suitabili-
ty of its redox potential, discussed below, and good solubility
across the range of XH2O values studied. A cyclic voltammo-
gram (CV) of the IrO2/PDDA modified FTO electrode in water/

ACN mixtures containing 20 mm HClO4 and 80 mm Ru(NH3)6Cl3

is shown in Figure 2. Clearly, the redox couple associated with
Ru(NH3)6Cl3 is well-separated from the redox processes of the

IrO2 NPs, allowing a precise determination of the potential. CVs
of the IrO2/PDDA-modified FTO electrodes as a function of

XH2O in water/ACN mixtures are shown in Figures 3 A,B. The
5th CV cycle was chosen for comparison due to the substantial

changes in the observed voltammetry, associated with the re-

laxation processes of the film that take place during the first
few CV cycles. This is especially the case at low water contents,

where the medium is substantially different to that used
during layer-by-layer deposition.

The CVs were taken at low potentials because the stability
of the IrO2/PDDA modified FTO electrode at higher potentials

Figure 1. Layer-by-layer deposition of IrO2/PDDA bilayers on the FTO elec-
trode surface.
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is substantially reduced in ACN containing solutions. This loss

of stability, which is marginal at the working conditions em-
ployed (low potentials), most likely takes place due to the

swelling of the polymer and the breakdown of the electrostatic
interactions binding the layers together on the electrode sur-

face. Noticeably, all CVs in Figures 3 A,B resemble those ob-
tained previously in acidic aqueous media exhibiting Ir(III)-

Ir(III)/Ir(IV)-Ir(IV) and Ir(IV)-Ir(IV)/Ir(IV)-Ir(V) redox transitions at

0.78 V and 1.07 V, respectively,[10, 12] and the onset potential for
the WOR in the range 1.17–1.32 V. The formation of oxygen

upon oxidation at potentials beyond this value was confirmed
by gas chromatography (Supporting Information). A closer in-

spection of the CVs in Figure 3 A (inset) reveals that at high
water content (XH2O+0.6), the voltammetry remains practical-
ly unaffected. However, as the water content decreases (Fig-

ure 3 B), the onset potential for the WOR is shifted towards
more negative potentials (i.e. , to lower overpotentials), while
the potential of the Ir(III)/Ir(IV) redox transition increases signifi-
cantly.

The onset potentials for the WOR as a function of XH2O or %
water (v/v) are summarized in Figure 3 C and Table 1, refer-

enced both against the scale calibrated with the [Ru(NH3)6]2 +

/[Ru(NH3)6]3+ redox couple and also versus the Ir(III)/Ir(IV)
redox transitions of the IrO2 NPs. In both cases, the tendency is

almost the same. A relatively constant onset potential for the

WOR is observed as the water content decreases from XH2O =

0.9 to XH2O = 0.6. Subsequently, a sharp decrease in the onset

potential is observed when XH2O,0.6. Such changes cannot
only be attributed to variations of the potential of the internal

[Ru(NH3)6]2 +/ [Ru(NH3)6]3 + reference electrode on the standard
hydrogen scale. Indeed, the fact that the onset potential mea-

Figure 2. Cyclic voltammogram of an FTO electrode modified with eight
IrO2/PDDA NP bilayers in the presence of &80 mm Ru(NH3)6Cl3. The support-
ing electrolyte was 20 mm HClO4 in a water/ACN mixture (35 % (v/v) H2O).

Figure 3. A,B) CVs of the IrO2/PDDA modified FTO electrode in water/ACN
mixtures as a function of water mole fraction (XH2O). C) Onset potentials for
the WOR in water/ACN mixtures represented on two different potential
scales: black squares, versus [Ru(NH3)6]3 +/[Ru(NH3)6]2 + ; red squares, versus
Ir(IV)/Ir(III)

Table 1. Summary of the onset potentials for WOR in the water/ACN mix-
tures, using two independent references.

Water mole fraction
(XH2O)

E vs. Ru(NH3)6]3 +/[Ru(NH3)6]2 +

[V]
E vs. Ir(IV)/Ir(III)
[V]

0.244 1.187 0.341
0.338 1.192 0.354
0.491 1.240 0.426
0.610 1.287 0.521
0.744 1.300 0.524
0.871 1.304 0.518
0.921 1.303 0.519
0.963 1.313 0.518
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sured with respect to the Ir(III)/Ir(IV) redox transition follows
the same trend is a good indication that the changes in the

onset potential are mostly related to the change in the ther-
modynamics or kinetics of the WOR as a function of XH2O,

rather than artifacts due to the potential scale calibration.
The evaluation of the Nernst potential for the oxygen/water

couple by taking into account the changes in the activities of
water, HClO4 and O2 upon increasing the mole fraction of ACN
actually predict an increase in the thermodynamic potential for

WOR (see Supporting Information for more details). Hence, the
decrease in the onset potential shown in the Figure 3 C for
ACN-rich solutions must be due to a favorable kinetic effect in
the WOR rather than a lowering of the thermodynamic barri-
ers.

X-ray diffraction and infra-red (IR) spectroscopy studies of

water/ACN mixtures by Takamuku et al. revealed that the

strong hydrogen-bond network gradually degrades upon the
introduction of ACN.[9e] This process leads to the formation of

water clusters or micro-heterogeneities at 0.4,XH2O,0.8 and,
finally, low bonded trimers and tetramers when the amount of

water decreases below XH2O&0.4. An increase in the frequen-
cy of the O@H vibration with decreasing XH2O was observed

by Takamuku et al. and is used as an indication of the strength

of the hydrogen bonding. Those changes in the organization
of the water molecules directly influence their reactivity, as de-

scribed previously.[8] For instance, the trend in the variation of
the strength of the hydrogen bonding as a function of XH2O

was mirrored by our previous findings, where the second-
order rate constant for water oxidation using the oxidant

[RuIII(bpy)3]3 + and catalyzed by IrO2 NPs, increased progressive-

ly with decreasing XH2O in the region 0.4,XH2O,0.8. Indeed,
the second-order constant in this region exceeded that at high

water contents, where the water is present as an extended hy-
drogen-bonded structure, by more than a factor of three. Im-

portantly, the changes in the kinetics of the WOR we deter-
mined previously correlate well with the reduced kinetic barri-

ers towards water oxidation observed here below XH2O&0.6

(see Figure 3 C). The later value for mixtures containing XH2O
&0.24–0.34, is about 200 mV lower compared to the value in
neat water. This is remarkable if one considers that in order to
promote such changes at a constant rate constant, the con-

centration of a reactant or product has to be modified by
more than three orders of magnitude.

Unlike for molecular catalysts, the mechanistic details about
the processes happening at the surface of an oxide are not
fully understood. Especially, there is no consensus about

whether the water oxidation at the IrO2 proceeds by a mono-
molecular or bimolecular pathway.[12b] Nevertheless, it is univer-

sally accepted that Ir(III)@OH2 centers are oxidized to Ir(IV)@OH
followed by a partial oxidation to Ir(V)=O (Figure 4). The latter

species, which possess a radical character (Figure 4), can either

react with a Ir(IV)@OH center or with a water molecule to pro-
duce O2. In both cases, a low-bonded system is beneficial for

the overall water oxidation process. In the former case, low-
bonded water is expected to regenerate the catalyst more rap-

idly once the oxygen evolution takes place. On the other hand,
if the reaction takes place by a single-site mechanism, a “less

protected water molecule” would lead to higher rates in the
formation of peroxo-intermediates and regeneration of the cat-

alyst during the oxygen evolution step. In both cases a kinetic

effect can explain the experimental results. A simplified
scheme showing the two possible mechanisms for WOR as

well as the steps where the low bonded water plays a funda-
mental role is shown in Figure 4. This scheme is based on the

mechanism proposed by Crabtree et al.[13] for the oxidation
of water catalyzed by organometallic Iridium complexes and

the electrochemistry of highly hydrated iridium oxide films

(HIROFs).[12, 14]

All in all, the layer-by-layer methodology presented herein is

demonstrated as a highly flexible platform to investigate the
electrocatalytic reactivity of various electrode designs, which

can incorporate a particular catalyst for a specific process of in-
terest. Specifically, we show that this methodology represents

a convenient strategy to evaluate changes in the reactivity of

water upon incorporation of a structure breaker co-solvent.
This study highlights that a tipping point exists where the ki-
netic barriers to water oxidation begin to lower when XH2O,
0.6 in water/ACN mixtures. This finding correlates very well

with our previous findings that the kinetics of the WOR in
water/ACN mixtures is enhanced with decreasing XH2O in the

region 0.4,XH2O,0.8. Thus, while the majority of studies in
the literature focus on improving the kinetic efficiency of the
WOR through advanced water oxidation catalyst design, we

highlight that serious improvements to both may be attained
though the incorporation of additives to neat water. In this re-

spect, future work will involve the introduction of molecules
capable of modifying the structure of water, such as chaotropic

and cosmotropic agents. Furthermore, the evaluation via elec-

trochemistry on IrO2/FTO surfaces could be a valuable tool to
study the Hofmeister series from the point of view of reactivi-

ty.

Figure 4. Simplified version of the mechanism for the WOR with IrOx. *Only
a fraction of the Ir(IV) sites undergo oxidation to Ir(V) species in this step.
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Experimental Section

Chemicals

All chemicals were used as received without further purification.
Potassium hexachloroiridate(IV) (K2IrCl6, 99.99 %), trisodium citrate
dihydrate (+99.0 %), poly(diallydimethylammonium chloride)
(PDDA, 20 %, mw 200 000–350 000), hexaammineruthenium(III) chlo-
ride (Ru(NH3)6Cl3, 98 %), HPLC-grade acetonitrile (ACN, +99.0 %)
and perchloric acid (HClO4, 70 %) were purchased from Aldrich. The
water/ACN mixtures were prepared using HPLC grade ACN and ul-
trapure water (Millipore Milli-Q, specific resistivity 18.2 MW cm@1).
Pure O2 (medical) cylinders were purchased from Carbagas.

Instrumentation

Electrochemical experiments were carried out under aerobic condi-
tions at an ambient temperature (23:2 8C) using a PGSTAT 30 po-
tentiostat (Metrohm, CH). A typical three-electrode configuration
was used for all cyclic voltammetry experiments. The working elec-
trodes were FTO slides modified (15 W sq.@1, 2.2 mm thickness, So-
laronix) with eight bilayers of IrO2/PDDA. The IrO2 NPs were synthe-
sized and characterized as discussed previously.[8, 10] The catalytic
electrodes were prepared using a layer-by-layer (LbL) methodology,
sequentially depositing negatively charge citrate stabilized IrO2 NPs
and the cationic PDDA polymer. This methodology is described in
detail in the Supporting Information and is schematically shown in
Figure 1. Briefly, clean FTO slides were immersed in a solution of
a positively charged polymer (PDDA), rinsed and immersed in a
solution of negatively charged citrate-stabilized IrO2 NPs. By re-
peating this procedure a multilayer of catalyst was obtained. A
detailed study of the WOR at these FTO-modified electrodes, in
terms of electrode stability, effect of pH, number of bilayers, and
so forth, is reported elsewhere.[10] The counter and reference elec-
trodes in solution were a platinum wire and a Ag/AgCl electrode,
respectively.
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