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ABSTRACT: We report for the first time the synthesis pathway of nanostructured
lithium iridates in molten salts with tunable particle and crystal sizes. The
structural analysis confirms that these materials are phase-pure, with a layered α-
Li2IrO3 structure and a surface area 2 orders of magnitude higher than that of the
materials obtained by traditional solid-state methodology. Improved OER activities
were obtained compared to the bulk counterpart, given the improved surface area.
Intriguingly, the electrocatalytic behavior of this nanoscaled α-Li2IrO3 significantly
differs from the bulk counterpart. Such a different behavior may arise from the
small size of the synthesized materials; thus, surface reactions play a key role.
Additionally, the nanoscaled α-Li2IrO3 shows good chemical and structural
stability; thus, negligible deactivation was observed in KOH and H2SO4 electrolytes with low electrode catalyst loading during 24 h
of chronopotentiometry. Besides this stability, these materials show enhanced iridium intrinsic activity with 336 and 181 A gIr−1 in
H2SO4 and KOH electrolytes, respectively. This work shows how the design of high-temperature colloidal synthesis yields
nanoscaled materials with enhanced and different electrocatalytic properties compared to bulk counterparts and pave the way to the
design of electrocatalysts with enhanced mass activity.
KEYWORDS: lithium iridate, nanomaterials, molten salts, electrocatalysis, oxygen evolution reaction, layered materials

■ INTRODUCTION
The increasing world energy demand requires environmentally
friendly alternatives to traditional energy sources based on
finite fossil fuels. Electrolysis has emerged as one of the most
promising strategies in order to transform renewable energy
into chemical bonds, so that energy can be stored in the form
of molecules and used on demand. Hydrogen-based
technologies show an incipient maturity with electrocatalysts
able to reduce water at low overpotentials. Nevertheless, the
implementation of hydrogen produced from the electrolysis of
water is hampered by the other half-reaction, namely oxygen
evolution reaction (OER), which still requires the application
of a much greater overpotential to achieve sufficient current
density. Additionally, the most efficient catalysts are based on
expensive ruthenium and iridium oxides, which demand
strategies to optimize and increase the number of active sites
per gram besides improving the durability.
Among the iridium-based oxides, lithium iridates are

interesting materials because of the rich composition chemistry
showing 2D polymorphs such as α-Li2IrO3, Li3IrO4, or 3D
structures such as β-Li2IrO3 or γ-Li2IrO3. Some of these
materials have been studied as model compounds as cathodes
in lithium ion batteries, developed to explain the high capacity
observed in more complex cathode materials arising from
cationic and anionic reversible processes.1−3 When cycled in
aqueous electrolytes containing species such as protons or

potassium, cations were shown to insert in the structure after
initial activation/delithiation, rendering new highly active and
stable structures for OER.4,5

The traditional synthesis of lithium iridates is based on solid-
state methodology employing metallic iridium or iridium oxide
precursors and a slight excess of lithium salt which are grinded
and fired at high temperatures for long periods.1,2 The
products obtained show big crystal and particle sizes and as
a consequence low surface area values (below 0.1 m2 g−1).5

The synthesis of these materials in the nanoscale has never
been explored despite the promise of new and enhanced
properties derived from increased surface effects, as a
consequence of the increment in the number of defects and
exposed surface atoms, at the expense of bulk ones. The high
synthesis temperatures required in the solid-state process favor
sintering and crystal growth precluding the nanoparticle
isolation.
Molten salts are stable high-temperature liquids which are

particularly suitable to perform the colloidal synthesis of
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materials that require high temperatures to crystallize while the
uncontrolled particle growth is avoided. This synthesis
pathway is scalable, environmentally friendly, as the salt can
be easily removed by washing and recycled, and produces
highly crystalline nanomaterials with clean surfaces, with high
versatility of compositions and new and enhanced proper-
ties.6−13

In this work, the production of lithium iridate nanomaterials
with a tunable size is attempted for the first time, through the
design of a high-temperature colloidal synthesis, in molten salts
(Scheme 1). The derived electrochemical properties are deeply
studied, shedding light into the dependence of these properties
by decreasing the particle size.

■ EXPERIMENTAL PROCEDURES
Synthesis. All reagents used in the synthesis were purchased from

Aldrich, unless otherwise said, and used as received without further
purification. Water used for washing is Milli-Q water.
LiIr-700: 100 mg of IrCl3·xH2O and 90 mg of LiOH·H2O were

grinded in an agate mortar and dried overnight at room temperature
in a vacuum oven. The mixture was introduced in an alumina crucible
and treated at 700 °C for 0.5 h in a preheated muffle oven in air
atmosphere. Then, the reaction was quenched by removing the
crucible from the hot oven.
LiIr-900: 100 mg of IrCl3·xH2O and 180 mg of LiOH·H2O were

grinded in an agate mortar and dried overnight at room temperature
in a vacuum oven. The mixture was introduced in an alumina crucible
and treated at 900 °C for 1 h in a preheated muffle oven in air
atmosphere. Then, the reaction was quenched by removing the
crucible from the hot oven.
Both materials were washed by centrifugation with deionized water

several times until the conductance of the supernatant reached the
value of water used for washing. The powder was dried under vacuum
at room temperature overnight.
LiIr-ref: α-Li2IrO3 was obtained by a previously reported solid-state

methodology.1 Briefly, 1 mmol of Ir was grinded with 1.1 mmol of
Li2CO3 and heated in two steps: 12 h hold at 1000 °C (heated at 5
°C/min) and 36 h hold at 900 °C (cooled by turning off the furnace).
Between each step, the samples were ground and pressed back into
pellets.
Material Characterization. Powder XRD was performed on a

PANalytical Cubix’Pro diffractometer equipped with an X’Celerator
detector and automatic divergence and reception slits using Cu−Kα
radiation (0.154056 nm). Rietveld refinements were performed using
the FullProf suite programs.14

The characterization by TEM was carried out on a Tecnai ̈Spirit G2
apparatus operated at an accelerating voltage of 120 kV. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was performed using a JEOL 2100F microscope
with a probe aberration corrector.
Nitrogen adsorption−desorption isotherms were collected on a

Micrometrics ASAP 2020 system at 77 K, after degassing the samples
at 623 K under vacuum. The surface areas were calculated by the

Brunauer−Emmett−Teller (BET) method, and pore size distribution
was determined from the adsorption branch of the isotherm according
to the Barrett-Joyner-Halenda (BJH) method.
XPS data were collected on a SPECS spectrometer equipped with a

150-MCD-9 detector and using a nonmonochromatic Al Kα (1486.6
eV) X-ray source. The binding energy (BE) values were referenced to
C1s signal (284.6 eV). The spectral treatment has been performed
using the CASA software.
To determine the lithium and iridium contents, the materials were

dissolved under acid-oxidizing hydrothermal conditions following a
previously described methodology.15 An amount of 5 mg of the
powder, 5 mL of HCl (37% w), and 200 μL of H2O2 (30% (w/w))
were introduced in a 35 mL teflon-lined autoclave at 200 °C for 15 h.
The clear yellow solution obtained was diluted with Milli-Q water,
and the contents of lithium and iridium were analyzed with a
ThermoFisher iCAP PRO Series ICP-optical emission spectrometer.
FTIR analysis was performed using a PerkinElmer Spectrum 400

system.
Electrochemistry Measurements. A THF ink with a mass ratio

of 5:1:1 of the catalyst to acetylene black to Nafion was sonicated for
30 min and drop-casted in a polished 5 mm diameter glassy carbon
rotating disk electrode (RDE) with a loading of 0.256 mgcat cmdisk−2
unless otherwise indicated. A three-electrode setup connected to a
BioLogic MPG-30 potentiostat was employed to study the electro-
catalytic properties. A Pt wire, a Ag/AgCl electrode calibrated with a
reversible hydrogen electrode (HydroFlex, from Gaskatel, Germany),
and the RDE with the deposited ink rotating at 1600 rpm were
employed as the counter, reference, and working electrodes,
respectively.
Li-ion batteries were assembled in an Ar-filled glovebox. LiIr-700,

previously dried in a Buchi oven at 80 °C under vacuum overnight,
was mixed with 20% weight of acetylene black carbon in a mortar. LP-
100 (BASF) was used as the electrolyte, in which 1.0 M LiPF6 is
dissolved in EC/PC/DMC in a 1:1:3 weight ratio. Li-ion batteries
were assembled using Swagelok-type cells with two glass fiber
separators (Whatman, GF/D) and Li metal as the counter electrode.
The assembled Li-ion cells were galvanostatically cycled using a VMP
potentiostat (BioLogic S.A., Claix, France).

■ RESULTS AND DISCUSSION
Nanoscaled lithium iridates were synthesized through molten
salt methodology by using IrCl3 and LiOH as precursors.
LiOH had dual action in the synthesis, solvent and reagent;
thus, it melts at a relatively low temperature, allowing the
dissolution of the IrCl3 ionic precursor, avoids the coalescence
of the particles, and acts as an oxygen and lithium provider.
Following this procedure, two materials were prepared at two
different temperatures, 700 °C (LiIr-700) and 900 °C (LiIr-
900). Both materials are highly crystalline, as confirmed by the
XRD analysis (Figure 1a). Both show peaks at the same
position, confirming the same crystalline phase. The higher
broadening of peaks of LiIr-700 samples further indicates the
lower size of crystallites. Inspection of the peak position of this
more crystalline material allowed to identify the crystalline
phase, namely α-Li2IrO3. It further matched the pattern of the
reference sample synthesized at a high-temperature solid-state
reaction (LiIr-ref).1 Rietveld refinement confirmed that the
materials synthesized in molten salts are α-Li2IrO3 (Figure S1).
In the case of Ir-700, a high population of defects, given the
small crystal size, was observed, while in LiIr-900, minor
secondary phases, similar to the main one, were detected
(Table S1). The calculated crystallite size increases upon
increasing the synthesis temperature from 2−3 to 12 nm for
LiIr-700 and LiIr-900, respectively, while the lattice parameters
a and c decrease (Tables S1 and S2).

Scheme 1. Schematic Representation of the Molten Salt
Synthesis of Nanoscaled α-Li2IrO3
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The difference in the crystallite size calculated by XRD is
clearly visible in the TEM images. LiIr-900 shows dispersed
particles of around 1 μm with spherical morphology (Figure
1b,c), while well-dispersed nanoparticles of around 40 nm are
observed in LiIr-700 (Figure 1d−g). HAADF-STEM (Figure
1f,g) and HR-TEM (Figure S2) pictures show that the
particles synthesized at 700 °C are composed by smaller
crystalline domains of 5 nm. Similar behavior is observed in the
sample obtained at 900 °C, when the XRD crystal and TEM
particle sizes are compared. The observed polycrystalline
nature of the particles explains the discrepancy between the
crystallite and particle size. Additionally, the interplanar
distance observed in the HR-TEM images of LiIr-700 is 0.48
nm, which corresponds to the {003} family planes of α-Li2IrO3
(Figure S2 and Table S2).
The difference in the particle size is reflected in the BET

surface area, with LiIr-900 and LiIr-700 showing a specific
surface area of 14 and 36 m2 g−1, respectively (Figure S3). This
is quite a remarkable result, taking into account the high mass
of Ir and the density of the related compounds, which have a
large impact on the BET surface area. Indeed, these surface
area values are 2 orders of magnitude higher than those
obtained for materials synthesized by the solid-state method-
ology.5

The lithium content in these kinds of materials is not usually
reported, given the difficulties to quantify it; thus, it is too light
to measure by EDX, and these compounds show high stability
which makes their dissolution difficult in order to analyze by
ICP. To determine the Li/Ir ratio by ICP, the materials were
dissolved in acid-oxidizing media under hydrothermal
conditions (see section Experimental Procedures).15 The Li/

Ir ratio for LiIr-700 was 1.1, lower than the expected
composition of Li2IrO3, which can be explained by the small
crystal size and the high amount of defects present that affects
the stoichiometry. On the other side, the more crystalline LiIr-
900 shows a composition closer than the expected one with a
Li/Ir ratio of 2.3, while LiIr-ref shows a Li/Ir ratio of 3.6,
higher than that expected, which indicates that unreacted
lithium is left on the surface of this material during the
synthesis.
The chemical nature of the species present on the surface

was studied by XPS. Figure 2a,b shows the Ir 4f and O 1s XPS
spectra of LiIr-700, LiIr-900, and LiIr-ref samples. The Ir 4f
region consists of two main components (4f7/2 and 4f5/2).
Previous works on iridium oxides have reported the complexity
to fit the Ir 4f core peaks because of the peculiar line shape.16,17

As previously reported in similar materials, a good fit is
obtained with two doublets coming from the final state effects
and an additional component at the high binding energy18

(Figure 2a). The Ir 4f envelope of LiIr-ref exhibits a peak shape
associated to Ir+4 and hihger oxidation state (Ir 4f7/2 B.E.: 62.3
eV), in part due to the overlithiation of the material. For LiIr-
900, the overall shape is rather the same (Ir 4f7/2 B.E.: 62.2
eV), and thus we can conclude to a mixed valency with IrIV and
Ir in a higher oxidation state. However, for LiIr-700, the higher
binding energy of the Ir 4f7/2 maximum (B.E.: 62.5 eV) leads
to an increase in the whole Ir oxidation state with IrIV and a
higher contribution of Ir in a higher oxidation state.
In the O 1s region, the components that appear at 530 and

531 eV correspond to the oxide and hydroxide species,
respectively, while the components appearing at higher binding
energies correspond to adsorbed water and adventitious
carbon species16,19−21 (Figure 2b). Similar relative hydroxide
concentration is observed in the oxygen species region in both
synthesized materials, while the relative amount of oxide
species is higher in IrLi-700 (Table S3).
Comparing the FTIR spectra of both materials, LiIr-900

shows two intense peaks at 1422 and 866 cm−1, which can be
assigned to the asymmetric stretch (at about 1400 cm−1 (ν3))
and out-of-plane bending absorption (at about 870 cm−1 (ν2))
of carbonates,22 while in LiIr-700, their intensity is almost
negligible (Figure S4). Additionally, the C 1s XPS spectra of
LiIr-900 show a higher area of the component located at 289.1
eV, corresponding to the carbonates23 (IrLi-700 (2.9% at) and
LiIr-900 (23.2% at)), compared to the adventitious carbon
component (284.6 eV, similar atomic percentage in both
samples), while the amount of iridium is lower (IrLi-700
(35.1% at) and LiIr-900 (13.3% at)) (Figure S5 and Table S4).
All these suggest a higher relative concentration of surface
carbonates in LiIr-900. These carbonates may partially block
the accessibility of the oxide species to the XPS technique
(depth ∼5−10 nm), explaining the lower relative concen-
tration of this species in IrLi-900 compared to LiIr-700.
Additionally, compared to both previous samples, LiIr-ref
shows a lower percentage of hydroxide species and a higher
relative concentration of oxide ones. This may arise from the
higher temperature employed in the synthesis, which yields a
bigger particle size and hence lower hydroxide concentration
on the surface.
The electrocatalytic behavior of lithium iridates has been

related to de-insertion of lithium.5 As in previous works, α-
Li2IrO3 obtained by the solid-state methodology shows an
irreversible oxidation peak in the first scan upon positive
electrode polarization in basic oxygen evolution reaction

Figure 1. (a) XRD patterns of LiIr-ref, LiIr-900, and LiIr-700. (b, c)
TEM images of LiIr-900. (d) TEM and (e−g) HAADF-STEM images
of IrLi-700.
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(OER) conditions (Figure S6a−c). This wave corresponds to
the formation of α-Li1IrO3 that in the presence of potassium
coming from the electrolyte evolves to LixK0.3IrO3·0.7H2O
with a birnessite structure. This phase evolution occurs only in
the KOH electrolyte (neither in NaOH nor in LiOH is
observed), and the phase obtained shows high activity and
stability in OER.5

The OER properties of the materials synthesized were
studied in basic electrolytes. LiIr-700 shows the highest activity
in OER in KOH, followed by NaOH and LiOH (Figure 2c,d).
As before, LiIr-900 and LiIr-ref show the same electrolyte
activity trend (Figure S7). Comparing the electrocatalytic
activity of the several materials synthesized, the higher the
synthesis temperature the lower is the current achieved (Figure
S8), which may be related to the bigger crystal size leading to
lower number of active sites available. Curiously, none of the
new materials obtained in this work show an irreversible
oxidation peak around 1.23 V versus RHE in the first scan,
characteristic of α-Li1IrO3 formation.

Higher amounts of the ink containing the electrocatalyst
were deposited on a gas diffusion layer (GDL) and cycled in
different electrolytes to study the structural evolution. No
appreciable difference was observed between the noncycled
and cycled materials (Figure S9a,b), and no peak appeared
around 2θ = 13°, which would indicate the birnessite phase
formation, as that occurs when bulk α-Li2IrO3 is cycled in
KOH. The same experiment was performed depositing on a
glassy carbon (GC) the same ink loading as that used in RDE,
and the XRD of the GC was subtracted in order to appreciate
more clearly the XRD peaks of LiIr-700. Interestingly, these
XRD patterns (Figure S10a) showed the same profile as that of
the pristine material. Additionally, 50 mg of LiIr-700 was ex
situ-oxidized with an excess of ammonium persulfate (0.88
mmol) in the corresponding electrolytes at 1 M concentration.
After ex situ oxidation, the solution shows a brownish orange
color, indicating Ir leaching, which is removed in the first
centrifugation, leading to transparent washing waters in the
following ones. These ex situ-oxidized materials show the same
XRD patterns as that of the fresh materials (Figure S10b),

Figure 2. (a) Ir 4f and (b) O 1s XPS spectra of LiIr-700, LiIr-900, and IrLi-ref. (c) CV curves in KOH, NaOH, and LiOH, 0.1 M and (d)
corresponding Tafel plots of LiIr-700. (e) Cycling curve of LiIr-700 as a Li-ion battery electrode in an organic solvent and (f) CV curve obtained
from a galvanostatic charge by applying the derivate.
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while almost no detectable potassium and 0.22 sodium per
iridium were observed by EDX in the materials oxidized in
KOH and NaOH, respectively. Additionally, the GC-deposited
inks were recovered, dissolved, and the lithium content
analyzed by ICP. Interestingly, the materials cycled in KOH
and NaOH showed an iridium/lithium ratio of 1.0 and 0.6,
respectively, indicating a small lithium loss compared to the
pristine material and the possible formation of α-Li1IrO3.
Additionally, the material cycled in acidic conditions showed
almost no detectable lithium, suggesting that lithium in the
structure is replaced by the protons of the electrolyte.

All in all, these materials show no phase evolution and
incorporation of potassium which would be indicated by the
detection of the birnessite phase. Further information about
the insertion−deinsertion capacity of Li ions can be studied by
cycling them in organic solvents; thus, partially or completely
delithiated phases can be isolated in this water and oxygen-free
conditions, allowing to track their reactivity in other environ-
ments, which in some cases produce new phases with excellent
electrocatalytic activity.4,5

LiIr-700 cycled in organic solvents shows no plateau at 3.5 V
versus Li+/Li, corresponding to the formation of α-Li1IrO35

(Figure 2e). The absence of the plateau is characteristic of

Figure 3. (a) CV curves in KOH, NaOH, LiOH 0.1 M, and H2SO4 0.5 M of IrLi-700 (0.076 mgcat cmdisk−2 loading) and (b) corresponding iridium
mass-normalized Tafel slopes. (c) Chronopotentiometry curves of IrLi-700 in the KOH, NaOH, LiOH 0.1 M, and H2SO4 0.5 M electrolytes at 5
mA cmdisk−2. TEM images of IrLi-700 after chronopotentiometry in (d−f) KOH 0.1 M and (g, h) H2SO4 0.5 M.
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nanomaterials in which large fractions of Li+ storage sites are
on the surface or near-surface region.24,25 CV curves obtained
from the galvanostatic charge by applying the derivate show
oxidation and reduction peaks (Figure 2f), confirming that this
material still behaves as a battery material, even though the
extrinsic pseudocapacitance is derived from the nanometric
size and the large surface area where Li+ can be stored.25

The lithium iridates obtained in this work, though showing
the highest activity in the KOH electrolyte, do not show the
irreversible oxidation peak around 1.23 V versus RHE
observed in the bulk phase, indicative of α-Li1IrO3 formation.
The structural and compositional analyses of the postcycled
and ex situ-oxidized materials show a small lithium loss and a
material composition near α-Li1IrO3, preserving the pristine
structure with no incorporation of potassium. CV cycling in
organic solvents shows no plateau characteristic of phase
transformation, though it shows a battery material behavior.
The absence of the oxidation wave during OER and the
plateau in the CV cycling in organic solvents is indicative that
the process is not limited by diffusion. The small size and the
high number of defects may provoke that the delithiation curve
does not show any well-defined redox peak or plateau, and the
hydrated potassium might not react as much as for well-
crystalline materials.
The order of activity observed in these basic electrolytes has

been previously reported and has been ascribed to the
differences in the water ordering capacity of the cation in the
electrolyte, governed by its charge/radius ratio. In this sense,
water molecules in the hydration shell are more ordered in the
smaller cations than in the bigger ones, resulting in lower
stabilized oxygen intermediates which render improved
kinetics when K+ is employed as a cation in the basic
electrolyte compared to the smaller ones as Li+.26

The OER properties of these materials were also studied in
acid electrolytes (H2SO4 0.5 M). LiIr-ref shows a peak
centered at 1.23 V versus RHE during the first scan (Figure
S6d), suggesting α-Li1IrO3 formation, as in basic conditions.
Neither LiIr-700 nor LiIr-900 shows this oxidation peak,
behaving as before in basic electrolytes. CV results show that
both materials synthesized in molten salts show similar
overpotential values, though showing much different surface
area values, while LiIr-ref shows the lowest activity (Figure
S11).
Current normalized by surface area values is traditionally

accepted as a good approximation for comparing the intrinsic
electrocatalytic activity of materials with different composi-
tions, even if the real number of active sites may not be fully
proportional to the surface area. Additionally, materials
obtained by solid-state methodology show extremely low
surface area values, which makes the accurate BET surface area
determination difficult. Moreover, the structure-evolving
nature of some electrocatalysts under reaction conditions
precludes the use of the pristine surface area value, making its
measurement in the evolved material necessary,27 which in
some cases is difficult to isolate. All these compromise the
catalyst activity comparison by this methodology.
Current normalized by the electrode iridium content is,

unlike that normalized by the surface area, an interesting way
of comparing the intrinsic activity of electrocatalysts, given the
scarcity and the high price of this element, and can give a
better idea of the real use of iridium in the electrode. The ink
amount in the electrode was optimized, thus decreasing the
amount of IrLi-700 to 0.076 mgcat cmdisk−2, almost equal to the

current values obtained with the former catalyst electrode
loading (0.256 mgcat cmdisk−2) in the four electrolytes (Figure
3a), indicating that some particles were not electrocatalytically
accessible because of the film thickness. Further decreasing the
amount of ink decreased the current values achieved at the
same potential.
The order of activity in basic media followed the previous

one, with KOH being the more active, followed by NaOH and
LiOH (Figure 3a), with an intrinsic mass activity of 181, 40,
and 6 A gIr−1 at an overpotential of 0.3 V versuss RHE,
respectively (Figure 3b). Better values are obtained in acid
media, giving a mass activity of 336 A gIr−1, comparable with
one of the most active iridium-based catalysts such as IrOx

28 or
exfoliated hydrated H3.6IrO4·3.7H2O27 and only surpassed by
nano core−shell IrNiOx29 catalysts and hafnium-modified
iridium oxide (IrHfxOy)

30 (Figure 3b). This high-intrinsic mass
activity may arise from the small crystal size that this material
shows with a higher number of exposed surface atoms and
hence higher number of catalytic active sites.
The stability of LiIr-700 was assessed in different electro-

lytes. For this purpose, chronopotentiometry at 5 mA cmdisk−2,
the same value reported in similar experiments for bulk α-
Li1IrO3 in basic electrolytes,

5 was performed with a catalyst
loading of 0.076 mgcat cmdisk−2 in order to appreciate any
catalyst deactivation (Figure 3c). The potential required to
reach the proposed current in the H2SO4 0.5 M electrolyte is
centered at 1.53 V versus RHE with a slight deactivation
(below 2%) after 24 h (Figures 3c and S12g,h). Similar
behavior is observed in KOH, with an average potential of 1.56
V versus RHE and a slight deactivation (Figures 3c and
S12a,b). In NaOH, the required potential is 1.59 V versus
RHE, and the material is relatively stable until 20 h, where a
drastic increase in the potential is observed (Figures 3c and
S12c,d). A higher potential is needed in LiOH (1.68 V vs
RHE), and the materials show low stability; thus, after 4 h, the
potential required drastically increased (Figures 3c and S12e,f).
After chronoamperometry, it was possible to recover only the
catalyst tested in H2SO4 and KOH; thus, no catalyst was
present in the RDE after these experiments in NaOH and
LiOH electrolytes. The TEM images of LiIr-700 after the
chronopotentiometry test in H2SO4 and KOH show that the
particle size is preserved (Figure 3d−h). After the stability test
in KOH, the roughness of the particle surface increases,
making easy the observation of the small nanocrystals that
form them (Figure 3d−f). Contrarily, in H2SO4, the particles
keep the smooth surface as that of the pristine material, though
still showing some crystallinity; this is not so evident as in the
materials tested in KOH (Figure 3g,h).

■ CONCLUSIONS
Nanostructured lithium iridates have been synthesized in
molten salts with tunable particle and crystal sizes for the first
time. The iridium ionic precursor and the solvent that acts as a
lithium and oxygen provider preclude the particle growth and
allow the colloidal synthesis at the required high temperature.
The structural analysis confirmed that these materials were
composed by α-Li2IrO3 structure with a surface area 2 orders
of magnitude higher than that of the materials obtained by
traditional solid-state methodology. Another consequence of
the small crystal size of these materials is the presence of
defects, which has consequences in the stoichiometry; thus,
lithium content lower than that of the theoretical one was
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observed, besides showing IrIV and a higher contribution of Ir
in a higher oxidation state in the structure.
Improved OER activities were obtained compared to the

bulk counterpart, given the improved surface area. Intriguingly,
the electrocatalytic behavior of this nanoscaled α-Li2IrO3
significantly differs from that of the bulk counterpart; thus,
neither the oxidation peak during the first OER scan at 1.23 V
versus RHE nor the plateau at 3.5 V versus Li+/Li when it is
cycled in organic solvents is observed, and no potassium-based
birnessite phase, when cycled in the KOH electrolyte, is
detected. Such a different behavior compared to that of the
bulk counterpart may arise from the small size of the materials
synthesized, and the high number of defects that provoke the
delithiation curve does not show any well-defined redox peak
or plateau, and the hydrated potassium might not react as
much as that for well-crystalline materials. Hence, the reactions
that occur are not limited by cation diffusion in the material,
playing a key role in the redox reactions on the surface.
Additionally, the nanoscaled α-Li2IrO3 shows good chemical

and structural stability; thus, negligible deactivation was
observed in KOH and H2SO4 electrolytes with a low electrode
catalyst loading during 24 h of chronopotentiometry. Besides
this stability, these materials show enhanced iridium intrinsic
activity with 336 and 181 A gIr−1 in H2SO4 and KOH
electrolytes, respectively.
This works shows how the design of high-temperature

colloidal synthesis yields nanoscaled materials with enhanced
and different electrocatalytic properties compared to bulk
counterparts and paves the way to the design of new
electrocatalysts with enhanced mass activity.
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