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ABSTRACT: Stable blue suspensions of 2 nm diameter iridium oxide (IrO,-nH,0) nanoparti-
cles were obtained by hydrolyzing IrCls>~ in base at 90 °C to produce [Ir(OH)¢]*™ and then
treating with HNOj at 0 °C. UV—visible spectra show that acid condensation of [Ir(OH)] >
results in quantitative conversion to stable, li%and-free IrO, - nH,O nanoparticles, which have an
extinction coefficient of 630 & 50 M 'cm™ ' at 580 nm. In contrast, alkaline hydrolysis alone
converts only 30% of the sample to IrO,-nH,O at 2 mM concentration. The acidified
nanoparticles are stable for at least one month at 2 °C and can be used to make colloidal
solutions between pH 1 and 13. At pH 7 and above, some hydrolysis to form [Ir(OH)s]*™ occurs.
Uniform IrO, - nH,O electrode films were grown anodically from pH 1 solutions, and were found

to be highly active for water oxidation between pH 1 and 13.

SECTION: Nanoparticles and Nanostructures
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R;ecent research activity in artificial photosynthesis has inten-
ified the search for water oxidation catalysts that can
function at high turnover rates and low overpotentials.' '°
Despite the high cost and low terrestrial abundance of iridium,
hydrated iridium oxide (IrO,-nH,O) has been useful for funda-
mental studies of the water splitting reaction because it can be
made as stable nanoparticles, and because it is highly active for
water oxidation over a broad range of pH."*”*° The synthesis of
IrO,. - nH,O colloids was first reported over 100 years a§o,27 and
that synthetic method (alkaline hydrolysis of [IrCls]*") pro-
duces blue colloids with particle sizes in the 1—2 nm range.
Recently, Murray and co-workers used this method to deposit
electrode films of IrO,, - nH, O, which they showed are very good
electrocatalysts over a broad range of pH.**** Alternative
syntheses of IrO, -nH,O colloids have used stabilizing ligands
with multiple carboxylate groups, such as malonate or
succinate.”” >* With these stabilizing ligands, the colloids may
be incorporated into photoelectrodes and other assemblies for
overall light-driven water splitting.”>>>>> In syntheses using
capping ligands, the yield of stable colloid is rarely quantitative,
and some of the IrO,-nH,O precipitates as large particles.
Similarly, in our hands the alkaline route to uncapped colloids
gives solutions of varying color, from pale to deep blue. Another
complication of current synthetic methods is that IrO,-nH,O
nanoparticles are not stable under acidic conditions; for example
citrate-capped IrO, - nH,O precipitates at pH < 3,> and ligand-
free IrO,.- nH, O nanoparticles synthesized by alkaline hydrolysis
are unstable at neutral pH.** Because of these problems, we have
conducted a study of the alkaline hydrolysis process, the results of
which are reported here. We identify conditions for obtaining
quantitative yields of catalytically active, uncapped colloids that
are stable over a wide range of pH.
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Hydrolysis of K,IrCls. Both bulk and colloidal Ir(IV) oxides
show a characteristic absorbance peak at about 580 nm, whereas
the monomeric [Ir(OH)4]*>~ complex has no visible absorbance
and a strong UV band at 313 nm.””** By monitoring the UV—
visible spectrum, one can follow the formation of IrO,-nH,0O
from K,IrClg through [Ir(OH)s]* . The condensation reaction
of [Ir(OH)s]*™ to form IrO, - nH,O nanoparticles has not been
studied systematically, although Harriman and co-workers have
noted the [Ir(OH)4]*~ intermediate in the radiolytic conversion
of [IrClg]* ™ to IrO, - nH,0."%" Because one can expect the
condensation reaction to be concentration-dependent, we re-
corded UV—visible spectra at high (2 mM) and low (0.10—0.15
mM) concentrations over a range of pH and heating conditions.

The electronic spectra of red-brown K,IrCls solutions in
water, adjusted to pH 13 but not heated, are shown in
Figure 1A. Both the 0.1 mM and 2 mM solutions have strong
visible bands that disappear as the solution is heated briefly to
50 °C, as shown in Figure 1B—C. The disappearance of these
visible bands and appearance of the strong absorption at 313 nm
can be attributed to hydrolysis of the Ir—Cl bonds and formation of
the yellow [Ir(OH)s])*” complex. The UV absorbance grows
progressively as the solution is heated to higher temperature,
showing that the hydrolysis reaction is not complete until the
solution is heated above about 70—80 °C. Interestingly, the 580 nm
band begins to appear only after heating to 90 °C in the case of the 2
mM solution, and is completely suppressed in the more dilute
solution (Figure 1C). These observations signal a slow, concentra-
tion-dependent condensation reaction of [Ir(OH)g)*~ to form
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Figure 1. UV—visible spectra of (A) unheated 0.1 mM and 2 mM
aqueous K,IrClg solutions at pH 13; (B) 2 mM K,IrCly heated at pH 13
to 50, 60, and 65 °C for 1 min, and the same solution after heating to 90
°C for 20 min; (C) 0.15 mM K,IrClg at pH 13 after heating to 30, 40, S0,
60, 70, and 80 °C, and finally after holding at 90 °C for 20 min.

IrO, - nH, O colloids. The persistence of the intense UV band in
the 2 mM solution shows that at this concentration, relatively
little of the Ir(IV) is converted to the blue colloid. This is
consistent with the batch-to-batch variability of colloids prepared
by alkaline hydrolysis.

Acidic Condensation of IrO,.» nH,0. When 1 mL of 3 M HNO;,
solution was rapidly added to 50 mL of rapidly stirred, ice cold
Ir(IV) solutions (prepared from 2 mM pH 13 K,IrCly, which had
been heated at 90 °C for 20 min), the color of the solution
changed progressively from blue to purple blue, green, and then
deep dark blue. The initial color changes occurred very rapidly,
and the final blue color then became deeper with time (on a time
scale of minutes to hours) as shown in Figure 2A. The strong UV
band associated with monomeric [Ir(OH)s]*~ disappeared
rapidly. Early in the reaction, a band at 420 nm appeared, which
then broadened and decreased in intensity on a time scale of
hours. This progression of spectral changes is consistent with
protonation and rapid condensation of [Ir(OH)4]*” to form
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Figure 2. UV—visible spectra of (A) IrO,-nH,O solution prepared
from 2 mM pH 13 Ir(IV) solutions, after adjusting the pH to 1 by
addition of 3 M HNOj at ice temperature. Spectra are shown after
different reaction times. (B) Acid-treated IrO,.- nH, O solutions adjusted
to pH 1—13 by addition of NaOH; (C) Photographs of an Ir(IV)
solution prepared by hydrolysis at pH 13 (90 °C, 20 min) (left), the
same solution after reaction with HNO3 (center) and then adjusting to
pH S by addition of NaOH (right).

Ir'™'—O—1Ir"" linkages, which give rise to the absorption at 580
nm. The gradual disappearance of the 420 nm band appears to
signal a slower condensation step as Ir—O—Ir bonds are formed
within the nanoparticles. Residual absorbance in the range of
300—310 nm could be attributed to HNO5 (this was confirmed
in a blank experiment). This conclusion was also confirmed by
carrying out the acid condensation reaction with HBF, in place of
HNOj (see Supporting Information). From these data we were
able to calculate extinction coeflicients of 3370 = 10 and 630 +
50 for [Ir(OH)4]*”™ at 313 nm and acidic IrO,.- nH, O at 574 nm,
respectively. From these extinction coeflicients, we estimate that
alkaline hydrolysis converts only about 30% of the sample to
IrO, - nH,O at 2 mM concentration.

When the acid condensation reaction was carried out at ice
temperature, no precipitate formed, and the blue colloidal
solutions were stable for at least 1 month at 2 °C. Transmission
electron microscopy (TEM) images (see Supporting In-
formation) showed irregularly shaped, isolated particles in the
range of 1—4 nm diameter with a mean diameter of 2 nm. If the
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Scheme 1. Proposed Growth Mechanism for the Basic Hy-
drolysis of [IrCls]*~ Ions and Acid Condensation of Ligand-
Free IrO, - nH,0O Nanoparticles

OH
[rClg—— [I(OH)g]* + IrOenH,0

»cr
.
OH'H H

IrOx*nH,O

IrO,.- nH,O solution was not kept cold, a significant quantity of
blue precipitate formed when the HNOj3 was added, but a clear
deep blue solution was obtained after the precipitate was
removed by filtration or centrifugation.

IrO,.- nH,O colloids do not precipitate from cold solutions
when the pH is adjusted between pH 1 and 13 by adding NaOH
solution, as shown in Figure 2B,C. The absorbance at 580 nm
decreases with increasing pH, with an abrupt change between pH §
and 7. As the solution is made more basic, the 580 nm absorption
band decreases in intensity and it shifts to shorter wavelength. At the
same time, the strong UV band reappears. These spectral changes,
which are apparent in the colors of the colloidal solutions
(Figure 2C), suggest that some but not all of the colloid is
hydrolyzed to [Ir(OH)s)*” in basic solutions. A sequence of
reactions that is consistent with these spectral changes is shown in
Scheme 1. [IrCl4]*~ ions are first hydrolyzed to [Ir(OH)s)*~ by
heating in base; the [Ir(OH)s]*~ monomers, at sufficiently high
concentration, partially polymerize to form IrO, - nH,O, which is
stabilized by OH  groups. Protonation of these anionic clusters
results in aggregation and condensation with [Ir(OH)4]*~, which is
also protonated in the reaction. The slow condensation that results
in the formation of IrO,-nH,O nanoparticles can be partially
reversed by addition of base to form [Ir(OH)s]*".

Electrochemical Activity. The IrO,-nH,O nanoparticles was
deposited on glassy carbon electrodes by applying +1.4 V versus
AgCl/Ag for 15 min, as described in previous reports.”>>*%
Under alkaline conditions, the deposition reaction has been
attributed to electro-flocculation, which is driven by the genera-
tion of protons in the water oxidation reaction.”” Using this
technique, it is difficult to fabricate uniform IrO,-nH,O thin
films on fluorine-doped tin oxide (FTO) electrodes, and pre-
cipitates also form in the solution around the electrode. Using
acidic colloidal solutions, uniform films could be grown as
confirmed by scanning electron microscopy (SEM) and optical
microscopy (see Supporting Information), and no precipitate
formed in the solution. The mechanism for anodic deposition of
ligand-free IrO,-nH,O may be similar to that previously re-
ported for assembly of citrate-capped IrO,-nH,O colloids on
FTO electrodes.***! Rotating disk electrode (RDE) experiments
with glassy carbon electrodes gave results that were similar to
those reported by Murray et al. (see Supporting Information),
but with ~30 mV lower overpotential for oxygen evolution (0.22
Vat 0.5 mA/cm” current density) across the pH range 1—13. We
tentatively ascribe the improved performance of these electrodes
to higher utilization of Ir(IV) using the acidic condensation
method. The coverage of electroactive Ir(IV), T'y,, calculated by
integration of the Ir*/ Y wave, was 1.1 X 10~ 8 mol/cm? at pH
1, and the current density for water oxidation at 1.4 V versus
AgCl/Ag at pH 1 was 20 mA/cm”. This is significantly higher
than the previously reported current density at the same potential
obtained with a thicker film (I}, 7.8 X 10~° mol/cm®) of

nanoparticles made by alkaline hydrolysis.”*> We found Ty, of
IrO,, thin films in pH 13 solutions to be about 1/3 that in pH 1
solutions, even though the films were grown from the same
solutions under the same deposition conditions. The significant
decrease in I'y, at pH 13 may result from the dissolution of the
colloid, as observed in the UV—visible study (Figure 2B).

Solutions of ligand-free IrO, - nH,O nanoparticles were made
in a two-step process of alkaline hydrolysis and acidic condensa-
tion. This procedure results in a reproducibly high yield of stable
colloid from soluble precursors. The acidic IrO,,- nH,O colloids
if kept cold have good stability in both acidic and basic solu-
tions. These nanoparticles can be deposited anodically on
electrodes as uniform thin films and show current densities
comparable to the highest reported values. Preliminary experi-
ments show that these uncapped nanoparticles can be coordi-
nated by free malonate ligands and they are thus good candidates
for incorporating into molecular assemblies for photoelectro-
chemical water splitting. Experiments along these lines are
currently in progress.

B EXPERIMENTAL DETAILS

Preparation of IrO,-nH,0 Nanoparticles in Acidic Solution.
Fifty milliliters of 2.0 mM aqueous K,IrCls solution was adjusted
to pH 13 (similar results were obtained from pH 12—14) with 10
wt % aqueous NaOH to obtain a yellow solution, which was then
heated at 90 °C for 20 min as described in previous reports.”>**
The resulting solutions, which were kept in an ice bath, had a blue
color with different absorbance values from batch to batch. The
cold solution was adjusted to pH 1 by rapidly adding 3 M HNO;
and was stirred continuously for 80 min until the solution became
deep blue. The solution was then stored in a refrigerator at 2 °C.
The solution was adjusted as desired to pH 1—13 by addition of
dilute 1.5 wt % NaOH solution.

Electrochemical Measurements. All electrochemical measurements
and colloid deposition were performed with a BAS 100B ele-
ctrochemical workstation. IrO,.- nH,O nanoparticle films were de-
posited on glassy carbon, gold, and FTO-coated glass electrodes using
apH 1 IrO, - nH,O solution at a potential of 1.4 V versus Ag/AgCl,
NaCl (3 M) for different periods of time. The acidic IrO,.- nH,O
nanoparticles deposited on glassy carbon RDEs (S mm diameter)
were tested in the following solutions: pH 1 H,SO, solution [0.098
M] containing 0.1 M Na,SOg4; pH 4.5 and 9 phosphate [0.1 M]
buffer solutions containing 0.1 M Na,SO4; pH 5.7 solution contain-
ing 0.0375 M Na,SiFs, 0.056 M NaHCO3, and 0.1 M Na,SO,; and
pH 13 NaOH solution [0.1M] containing 0.1 M Na,SO,.

Characterization. UV—visible spectra were recorded on a HP
8452A diode array spectrophotometer. IrO, - nH,O nanoparti-
cles and films were imaged by SEM (FESEM, JEOL JSM 4700F)
and high-resolution TEM (Philips EM420T).

B ASSOCIATED CONTENT

© Ssupporting Information. UV—visible spectra of acidic
IrO,.- nH,O colloids prepared using HBF, and HCI in place of
HNO3;, TEM images of IrO,.- nH,O nanoparticles, photographs
of FTO electrodes with colloidal IrO, - nH, O films, and electro-
chemical data from RDE experiments (S pp). This material is
available free of charge via the Internet at http://pubs.acs.org.
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