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2D nanostructures of noble metals hold great potential for devel-
oping efficient electrocatalysts due to their high atom efficiency
associated with their large specific surface area and abundant
active sites. Here, we introduce a one-pot solvothermal synthesis
method that can enable the fabrication of freestanding atomically
thin Ir nanosheets. The thermal decomposition of a complex of Ir
and a long-chain amine, which could readily be formed with the
assistance of a strong base, under CO flow conditions successfully
yielded Ir nanosheets consisting of 2—4 atomic layers. The pre-
pared Ir nanosheets showed prominent activity and stability
toward oxygen evolution electrocatalysis in acidic conditions,
which can be attributed to their ultrathin 2D structure.

Noble metal nanomaterials with 2D structures, such as ultra-
thin nanosheets, have shown great potential in the field of cat-
alysis due to their large specific surface area, rich active sites,
and fast electron transport."™ In addition, the formation of 2D
nanostructures of noble metals holds great promise for maxi-
mizing the utilization of precious metals in catalysis.”
However, the production of freestanding 2D nanostructures of
nonlayer-structured materials, like noble metals, is a formid-
able task as their anisotropic growth to form 2D structures
with high surface energy rather than 3D close-packed struc-
tures is a thermodynamically unfavorable process.>”
Accordingly, an anisotropy should be introduced to the growth
of noble metal nanostructures to generate 2D structures.® To
this end, CO that has facet-selective strong binding affinity
toward metal surfaces has been widely employed to induce the
2D anisotropic growth of noble metal materials.” "

For sustainable electrochemical water splitting to produce
hydrogen, the development of efficient electrocatalysts for the
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oxygen evolution reaction (OER) in acidic media is quite
demanding. In this context, Ir-based nanomaterials have been
explored to find high-performance OER catalysts because Ir
metal has proved to have high activity and stability under
acidic OER conditions."® The high OER activity of Ir-based
materials has also been supported by numerous theoretical
studies on the OER mechanism of Ir-based materials."*™"
Constructing a 2D nanostructure of Ir can be a promising strat-
egy to attain an effective OER electrocatalyst with enhanced
mass activity and cost efficiency. However, given the difficulty
in the reduction of Ir precursors to metallic Ir, controlling the
structure of Ir-based nanomaterials is challenging compared
to those of other noble metal elements.'®'” Furthermore,
reduced Ir metal tends to nucleate homogeneously rather than
attach to growing nuclei, making it difficult to obtain 2D struc-
tures.'® As such, only a few successes in the formation of Ir
nanomaterials with 2D nanosheet structures have been
reported.>'*>* Nevertheless, the reported Ir nanosheets are
thicker than 5 nm (ref. 19-21) or in the form of large
superstructures.”>>* The fabrication of freestanding ultrathin
Ir 2D structures with atomic thickness has rarely been
achieved.

Herein, we report a one-pot solvothermal synthesis route to
prepare ultrathin Ir nanosheets with atomic thickness and
their electrocatalytic performance toward the OER in acidic
conditions. To realize the 2D Ir nanostructure, CO-mediated
structure control was combined with metal-amine complex
formation using a long-chain amine solvent, di-n-octylamine.
This CO + amine combination has been used to form nano-
structures with well-controlled surfaces.?® A strong base, ie.,
n-butyllithium, was also employed to facilitate the formation
of the Ir-amine complex.”® Indeed, heating the Ir-amine
complex under a CO environment successfully yielded free-
standing ultrathin Ir nanosheets. Notably, the formed Ir
nanosheets consist only of 2-4 atomic layers. Due to this struc-
tural advantage, the prepared Ir nanosheets showed efficient
electrocatalytic performance toward the OER in acidic media.

The ultrathin Ir nanosheets with atomic thickness were syn-
thesized using a simple solvothermal approach (see the
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Experimental detailst). In a typical preparation of Ir
nanosheets, a mixture of IrCly, n-butyllithium, and di-n-octyla-
mine was heated to 290 °C and kept at that temperature for
4 h under CO flow conditions. The transmission electron
microscopy (TEM) image of the product demonstrates the suc-
cessful formation of Ir nanosheets (Fig. 1a). Indeed, most of
the produced nanostructures had 2D nanosheet structures.
The average lateral size of the prepared Ir nanosheets was 11.5
+ 1.3 nm (Fig. S1}). X-ray photoelectron spectroscopy (XPS)
measurements on the Ir 4f core level of the Ir nanosheets indi-
cated that the synthesized Ir nanosheets are primarily com-
posed of metallic Ir (Fig. 1b). Notably, the relative intensities
of the XPS peaks associated with the metallic Ir of the Ir
nanosheets were much higher than those of a commercial Ir
black (Fig. S21), implying the more metallic surface of the pre-
pared Ir nanosheets compared to that of the Ir black. The X-ray
diffraction (XRD) pattern of the Ir nanosheets also confirms
their face-centered cubic (fcc) metallic structure (Fig. S37).

To examine the fine structural characteristics of the Ir
nanosheets, high-angle annular dark-field-scanning TEM
(HAADF-STEM) analyses were conducted. The HAADF-STEM
image of an Ir nanosheet is shown in Fig. 1c (see also the
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Fig. 1 (a) TEM image of Ir nanosheets. (b) Ir 4f core-level XPS spectrum
of Ir nanosheets. The main peaks appearing at binding energies of 64.0
and 60.9 eV correspond to metallic Ir 4f5,, and Ir 4f;,,, respectively. The
appearance of minor peaks associated with the Ir(v) state at 61.9 and
64.9 eV implies the presence of some oxidized Ir on the sample surface.
(c) HAADF-STEM image of an Ir nanosheet. (d) Magnified HAADF-STEM
image of the red square region in part (c). (e) Atomic arrangement of an
fcc structure with two slabs (top) and distortion of the two-layered fcc
structure with a distortion angle of A¢ (bottom). Atoms in each layer are
denoted with different colors. (f) FFT pattern obtained from the
HAADF-STEM image shown in part (d) (zone axis: [111]). (g) HAADF-
STEM image of vertically aligned Ir nanosheets. (h) AFM image and (i)
corresponding height profile of an Ir nanosheet.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Communication

HAADF-STEM images of other Ir nanosheets shown in
Fig. S4b-f}). The low contrast of the HAADF-STEM image of
the nanosheet indeed reveals the ultrathin nature of the pre-
pared nanosheets. Notably, the inner region of the nanosheet
is darker than the edge region, indicating that the inner region
of the nanosheet is thinner than the edge region. Interestingly,
the magnified HAADF-STEM image of the inner region shows
a hexagonal atomic arrangement (Fig. 1d), which is different
from what is commonly observed in HAADF-STEM images of
the (111) surface of fcc crystal structures. Such an atomic
arrangement can typically be found in the HAADF-STEM
images of hexagonal close-packed (hcp) structures viewed
along the [0001] direction.””*® In contrast, the HAADF-STEM
image of the edge region of the nanosheet demonstrates an
atomic arrangement typical of that of the fcc (111) surface
(Fig. S51). Given the 4 atomic layer thickness of the edge
region of the Ir nanosheets (vide infra), the hcp-like atomic
arrangement discerned in the inner region of the nanosheet
could be the result of the two atomic layer structure of the
inner region, as simulated in Fig. le (top). As there is no C
layer of the ABC-layered structure of the fcc crystal in the two
atomic layer structure, its atomic arrangement is not different
from that of the hcp crystal structure. As shown in Fig. 1le
(bottom), a simulated atomic arrangement that exactly
matches that observed in the HAADF-STEM image could
readily be obtained by slightly distorting the ideal close-
packed two atomic layers with a distortion angle of Af. Based
on the HAADF-STEM images of various Ir nanosheets, the
average distortion angle (|Af|) was determined to be 1.65 =+
1.24° (Fig. S41). Such a distortion from the ideal lattice can be
found in ultrathin 2D nanostructures due to in-plane strain
imposed by surface defects.>® From Fig. 1d, the interatomic
distance and lattice spacing values were measured to be 0.27
and 0.22 nm, respectively, which are in good accordance with
those estimated from the reported lattice parameter of the Ir
fce crystal structure, 0.38 nm.>° Fig. 1f shows the fast Fourier
transform (FFT) pattern obtained from the HAADF-STEM
image shown in Fig. 1d. The points marked with red circles in
Fig. 1f are at a distance of 7.49 nm™" from the center, which
corresponds to 0.134 nm (half of the interatomic distance).
Accordingly, these points can be indexed to the {220} planes.
This pattern of {220} planes can be found in the diffraction
pattern of the fcc crystal structure viewed along the [111] direc-
tion. Inside the {220} pattern, there are more points associated
with {112} planes containing the (112) plane, which typically
cannot be found in the fcc crystal structure due to the systema-
tic absence. This abnormal FFT pattern is consistent with the
simulated diffraction pattern of an ultrathin fcc structure with
two atomic layers.*

To further confirm the ultrathin structure of the prepared Ir
nanosheets, the HAADF-STEM image of vertically aligned Ir
nanosheets was also obtained (Fig. 1g). The average thickness
of the nanosheets was measured to be 0.88 nm, which is equi-
valent to the thickness of 4 atomic layers. Considering the
abovementioned structural features of the Ir nanosheets, the
measured average thickness corresponds to that of the edge
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region of the nanosheets. The results of the HAADF-STEM
measurements collectively verify that the formed Ir nanosheets
consist of 2-4 atomic layers. To further evaluate the structure
of the Ir nanosheets, atomic force microscopy (AFM) analysis
was performed. Fig. 1h and i show the AFM image and corres-
ponding height profile of an Ir nanosheet deposited on a Si
substrate, respectively. Although the resolution of the AFM
image is not comparable to those of the TEM images due to
the small size of the nanosheets, the AFM results also revealed
the ultrathin nature of the prepared Ir nanosheets. The AFM-
measured thickness of the Ir nanosheet was 1.71 nm (Fig. 1i).
The larger thickness value obtained by the AFM height profile
analysis than that obtained with the HAADF-STEM measure-
ment can be attributed to the presence of residual di-n-octyla-
mine adsorbates, of which the octyl chain length is 1.2 nm,**
between the Ir nanosheet and Si substrate.

To investigate the structural evolution of the Ir nanosheets,
TEM images of samples collected at different reaction times
were obtained (Fig. 2a-i). The TEM-determined lateral sizes of
growing nanosheets are summarized in Fig. 2j. As shown in
Fig. 2a, small nanostructures were observed until the tempera-
ture of the reaction solution reached 290 °C. As the reaction
proceeded, intermediate nanostructures exhibited anisotropic
features and grew in size to form the 2D nanosheet structure
(Fig. 2b-e and j). The growth of nanosheets ceased when the
reaction time reached about 4 h, at which point the average
size of the nanosheets became about 10 nm. There was no
noticeable structural evolution after 4 h (Fig. 2e-i and j).

To clarify the role of n-butyllithium and CO in the for-
mation of the Ir nanosheets, a series of control experiments
were performed. Since n-butyllithium, a strong base, can
readily deprotonate di-n-octylamine and, thus, promote the
formation of the Ir-amine complex,*® the Ir-amine complex
can be generated right after the injection of n-butyllithium
into the reaction solution containing the Ir precursors and di-
n-octylamine solvent. This can be evidenced by the distinct
color change of the reaction solution immediately after the

it
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Fig. 2 TEM images of samples collected (a) right after the reaction solu-
tion reached 290 °C and (b—i) after 1 to 8 h of reaction with 1 h intervals.
Scale bars indicate 20 nm. (j) The average lateral sizes of growing
nanosheets estimated from the TEM images shown in parts (a—i).
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addition of n-butyllithium (Fig. S61). The formed complex can
then be thermally decomposed during the progress of the reac-
tion under the CO flow conditions, leading to the growth of
the nanosheet structure. Indeed, the anisotropic growth of
nanostructures did not occur without n-butyllithium or CO in
the synthesis (Fig. S7a and S8f). Other control experiments
further corroborated that the prompt Ir-amine complex for-
mation enabled by n-butyllithium is critical to nanosheet for-
mation. For instance, the injection of n-butyllithium into the
reaction solution right after starting the CO flow still gave
nanosheet structures but with a notably decreased yield
(Fig. S7b and et). On the other hand, the lateral size of the
formed nanosheets decreased when n-butyllithium was
injected into the reaction solution after the reaction tempera-
ture reached 160 °C (Fig. S7c and ef). Notably, nanosheet
structures were not produced when n-butyllithium was added
to the reaction solution after the reaction temperature reached
290 °C (Fig. S7d and et). The results of control experiments
suggest that controlled nucleation/growth of nanostructures
through the Ir-amine complex formation is the key to the suc-
cessful synthesis of the Ir nanosheets. On the other hand, the
high reaction temperature, 290 °C, is also critical to the for-
mation of the Ir nanosheets. Small isotropic particles were pro-
duced at 210, 230, and 250 °C (Fig. S9a-ct). Nanostructures
with 2D structures started to appear at 270 °C but with a sig-
nificantly decreased yield compared to the standard synthesis
(Fig. S9dt). Taken together, the formation mechanism of the Ir
nanosheets is schematically shown in Fig. 3.

Our synthesis approach to fabricate freestanding ultrathin
Ir nanosheets is not limited to the Ir precursor and amine
solvent used in this synthesis, i.e., IrCl, and di-n-octylamine,
respectively. In fact, other halide-based Ir precursors, like IrBr,
and Irl,, were also capable of yielding nanosheet structures
(Fig. S10a and bt). In addition, when oleylamine was used as
an amine solvent instead of di-n-octylamine, Ir nanosheets
were also produced (Fig. S10ct). However, the homogeneity in
the morphology of the Ir nanosheets prepared with the other
Ir precursors and amine solvent was inferior to that of the Ir
nanosheets synthesized by using IrCl, and di-n-octylamine,
signifying that the IrCl, + di-n-octylamine combination is
optimal for the high-yield production of well-defined Ir
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Fig. 3 Schematic illustration of the formation mechanism of Ir
nanosheets.
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nanosheets. Notably, nanosheet structures could not be
obtained with trioctylamine solvent (Fig. S10dt). This might
be because trioctylamine, a tertiary amine, has no nitrogen-
attached hydrogen atom that can be removed by n-butyl-
lithium. As a result, the formation of Ir-amine complexes and
subsequent nanosheet growth cannot readily proceed com-
pared to the reaction with the other amine solvents.

To evaluate the OER performance of the prepared Ir
nanosheets, they were loaded onto a carbon black support
(Vulcan XC-72R). The TEM image of the supported Ir
nanosheets reveals that their 2D nanostructure was well pre-
served (Fig. S11af). A commercial Ir black catalyst supported
on Vulcan XC-72R was also prepared for comparison
(Fig. S11bt). The OER polarization curves of the catalysts
obtained from linear sweep voltammetry (LSV) measurements
in O,-saturated 0.5 M H,SO, at a scan rate of 5 mV s~ ' are
shown in Fig. 4a (potentials are reported relative to the revers-
ible hydrogen electrode (RHE)). The corresponding overpoten-
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Fig. 4 (a) OER polarization curves of catalysts obtained by LSV in O,-
saturated 0.5 M H,SO, at a scan rate of 5 mV s™%. (b) Overpotentials to
drive a current density of 10 mA cm™2 (@10 mA cm™3) and Ir mass
activities at 1.53 V vs. RHE of the catalysts. (c) Tafel plots of the catalysts
obtained from the polarization curves shown in part (a). (d) CO stripping
voltammetry curves of the catalysts obtained in 0.5 M H,SO, at a scan
rate of 20 mV s%. (e) Chronopotentiometry curves of the catalysts in
O,-saturated 0.5 M H,SO,4 at a constant current density of 10 mA cm™
(f) OER polarization curves of the catalysts in O,-saturated 0.5 M H,SO,4
at a scan rate of 5 mV s~ before (dotted lines) and after (solid lines) the
ADT. The inset shows the increases in the @10 mA cm™2 of the catalysts
after the ADT.
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tials to drive a current density of 10 mA cm™ (@10 mA cm™?)
and mass activities estimated by normalizing current values at
1.53 V vs. RHE to the Ir mass of the catalysts are summarized
in Fig. 4b. Indeed, the Ir nanosheets exhibited a higher OER
activity compared to the Ir black. The @10 mA cm™> was
272.2 mV for the Ir nanosheets, which is lower by more than
30 mV compared to the Ir black with a @10 mA cm™> of
305.5 mV. The mass activity of the Ir nanosheets was 476.8 A
g~ '. This is about three times higher than that of the Ir black,
163.4 A g~'. From the Tafel plots of the catalysts, the Tafel
slopes of the Ir nanosheets and Ir black were estimated to be
54.5 and 56.5 mV dec ™, respectively (Fig. 4c). The insignificant
difference in the Tafel slopes of the catalysts implies that the
catalysts have almost identical OER kinetics. The electrochemi-
cally active surface areas (ECSAs) of the Ir nanosheets and Ir
black were determined to be 99.6 and 20.0 m> g;, ', respect-
ively, based on the results of CO stripping voltammetry
measurements (Fig. 4d). The significantly higher ECSA value of
the Ir nanosheets than that of the Ir black confirms that the
superb OER activity of the Ir nanosheets could be due to their
large surface area and resultant abundant active sites for cata-
lysis. In fact, the Ir nanosheets prepared in this work have a
lower overpotential and higher mass activity for the OER than
reported Ir nanoparticle- and Ir oxide-based catalysts
(Table S11).**** Furthermore, our Ir nanosheets showed
higher OER mass activity than those of amorphous and par-
tially hydroxylated Ir nanosheets (Table S1%).*"*® However,
recently developed Ir-based catalysts with a form of alloy®®™®
or heterostructure®®*® with other elements exhibited higher
OER activity compared to the present Ir nanosheets
(Table S1%), suggesting that further improvement of the OER
performance of the Ir nanosheets will be possible by incorpor-
ating other elements into the nanosheets with the preservation
of their ultrathin 2D structure. We will aim to investigate this
topic in our future research.

Finally, the long-term durability test of the catalysts via
chronopotentiometry at a constant current density of 10 mA
cm™? further revealed that the Ir nanosheets maintained their
7n@10 mA cm~> for a longer time compared to the Ir black
(Fig. 4e). The same trend was also observed in the accelerated
durability test (ADT) of the catalysts performed by repeated
potential cycling between 1.2 and 1.6 V vs. RHE in O,-saturated
0.5 M H,S0, at a scan rate of 100 mV s . As shown in Fig. 4f,
after 2000 cycles of the ADT, the Ir nanosheets showed a
smaller increase in the @10 mA ¢cm™> compared to the Ir
black. Both tests explicitly demonstrate the better OER stability
of the Ir nanosheets compared to the Ir black. Based on induc-
tively coupled plasma-optical emission spectroscopy (ICP-
OES) and TEM measurements after the long-term durability
test, the major cause of the decrease in the OER activities of
the catalysts after the test can be supposed to be the degra-
dation of the catalysts, as reported in previous studies.*'™*?
The ICP-OES-determined Ir contents in the electrolyte solu-
tions after the long-term durability test for the Ir nanosheet
and Ir black catalysts were, respectively, 41.8 and 26.5% of the
corresponding original Ir contents, showing that non-negli-
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gible amounts of Ir were dissolved out into the electrolyte solu-
tion during the test. The TEM images of the Ir nanosheet and
Ir black catalysts after the test exhibit the deformation in their
structures, which can indeed be attributed to the dissolution
of Ir (Fig. S12}). We expect that the electrocatalytic stability of
the Ir nanosheets can be improved by enhancing their resis-
tance against the Ir dissolution through the incorporation of
other elements into the nanosheets®®*?*° and the increase in

the Ir nanosheet-support interaction.***>

Conclusions

We have developed a one-pot solvothermal approach to syn-
thesize freestanding ultrathin Ir nanosheets with atomic thick-
ness. Ir nanosheets consisting of 2-4 atomic layers could be
prepared by heating a mixture of Ir precursor, n-butyllithium,
and di-n-octylamine to 290 °C under CO flow conditions. We
found that the synergistic combination of the CO-assisted 2D
structure control and control over the nucleation/growth of
nanostructures through the Ir-amine complex formation with
the assistance of n-butyllithium is the key to the successful
fabrication of the Ir nanosheets. The atomically thin 2D struc-
ture of the prepared Ir nanosheets led to the highly enhanced
OER performance in acidic conditions compared to a commer-
cial Ir black catalyst as well as reported Ir nanoparticle-, Ir
oxide-, and Ir nanosheet-based catalysts. We envision that the
proposed strategy will contribute to the development of 2D
materials with unprecedented morphologies and functions.
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