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HIGHLIGHTS

e Nanosized IrO, was synthesized by
using polypyrrole (PPY) as soft
template.

e Temperature influences the elec-
trochemical active surface area
(ECSA) of the IrO,.

¢ PPY endows the as-synthesized
IrO, with higher ECSA and better
OER performance.
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GRAPHICAL ABSTRACT

ABSTRACT

The application of electrochemical water splitting process in acidic medium is restricted by
the lack of highly efficient and stable oxygen evolution reaction (OER) electrocatalyst. In
this work, we report a facile soft template method to synthesize nanosized iridium oxide
for electrocatalytic OER in acidic medium. The fabrication process involves thermal
treatment of iridium complex and polypyrrole in air. The compositions and structures of
the resulting catalytic materials are significantly influenced by the annealing temperature.
The nanostructured iridium oxide synthesized at optimal 450 °C exhibits low overpotential
(291.3 + 6 mV) to reach 10 mA/cm? current density towards OER, which is better than the
commercial iridium oxide. Further investigation indicates that nanosized iridium oxide
synthesized at 450 °C has high electrochemical active surface area to expose abundant
accessible active sites, which can accelerate the OER rate. This method can also provide
new guidance to prepare other metal oxide nanoparticles for various applications.
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Introduction

To meet the rapid development of worldwide economy, a
large amount of fossil fuels such as coal, oil and natural gas
have been consumed, resulting in serious environmental
problems. The sustainable and renewable energy sources
including solar, wind, tidal, etc., have attracted much atten-
tion among researchers. Electrochemical water splitting plays
an important role for the efficient utilization of these inter-
mittent clean energy sources [1-3], however, the overall water
splitting process is predominantly limited by the sluggish ki-
netics of oxygen evolution reaction (OER), due to the compli-
cated four electrons transfer process [4—6]. Despite
considerable progress has been made to search for highly
efficient catalysts for OER in alkaline electrolyte, it remains a
great challenge to develop active and stable electrocatalysts
which can operate in acidic solution for proton exchange
membrane (PEM) electrolyzer [7—9].

So far, ruthenium- and iridium-based materials are the
most active electrocatalysts in acidic medium with low OER
overpotential [10—17]. However, the instability of
ruthenium-based metal oxides in acidic medium limited
the practical application in OER, even though they show a
higher activity. In contrast, iridium-based electrocatalysts
not only have reasonable activity but also the durable sta-
bility in acidic electrolyte [5,18—24]. Nevertheless, the
scarcity and high cost of iridium element calls for the
exploration of simple methods to improve the utilization of
iridium as much as possible for OER. This can be resolved
by developing iridium based electrocatalysts with improved
electrochemical active surface area (ECSA) and more
accessible active sites to catalyze OER. Nanostructuring is
an effective strategy to improve the ECSA of electro-
catalysts. One of the approaches is to use template-assisted
method to endow iridium oxide with a porous structure,
such as mesoporous silica [25], silica colloidal crystal [26]
based hard templates, and polymer based soft templates
[27—29]. Other template-free methods like ammonia-
assisted strategy can also improve the surface area and
porosity of iridium oxide [30]. In comparison with hard
templates, using soft templates is appealing as they can be
removed more readily to produce porosity. Compared with
other soft templates based on oxygen containing polymers,
nitrogen containing polypyrrole (PPY) may provide more
coordination sites to bind with metal precursors, and
therefore lead to more uniform dispersion of metal pre-
cursors in the polymer matrix. To the best of our knowl-
edge, PPY has not been used as soft template to synthesize
iridium based porous materials.

Here we report a soft template method to synthesize
nanosized iridium oxide with improved OER performance via
annealing iridium complex embedded PPY nanocomposites.
The influence of annealing temperature for the fabricated
electrocatalysts towards the electrochemical OER activity is
investigated. Notably, to achieve 10 mA/cm? current density,
the catalyst prepared at 450 °C only requires 291.3 + 6 mV
overpotential, which is 42 mV lower than the overpotential of
a commercial IrO, catalyst. The improved OER performance is
ascribed to its high ECSA along with more exposed active sites.

Experimental section
Materials

Ammonium hexachloroiridate (IV) and iridium oxide were
purchased from Macklin Biochemical Co., Ltd. Ammonium
persulfate, sulfuric acid, and pyrrole were all obtained from
Shanghai Aladdin Biochemical Co., Ltd. Nafion 117 solution
were obtained from Sigma Aldrich. All the reagents were of
analytical grade and used as received without further purifi-
cation. Deionized water supplied by Aquaplore 2S system and
used throughout the experiments.

Preparation of electrocatalyst

2 g of ammonium persulfate and 0.1 g of ammonium hexa-
chloroiridate (IV) was completely dissolved in 6 mL and 18 mL
deionized water, forming solution A and B, respectively. So-
lution B was rapidly poured into solution A. Then 0.608 mL of
pyrrole was quickly added to the above mixed solution under
vigorously stirring. The mixed solution was stirred between
0and5 °Cfor4 hin anice bath. Subsequently, the solvent was
removed via lyophilization to yield iridium complex
embedded PPY nanocomposites. 0.5 g of the obtained nano-
composites were then placed in a corundum crucible boat and
heated from 50 to 450 °C at arate of 5 °C min~' and maintained
at the target temperature for 1 h in muffle furnace. After
cooling down to room temperature, the obtained solid was
washed with deionized water by centrifugation (10,000 rpm
for 4 min in each time) to remove the soluble impurities.
Finally, the resulting material was dried overnight at 65 °C and
denoted as PPY-Ir-450. Other samples prepared under iden-
tical conditions except for different annealing temperatures at
350°C, 400 °C and 500 °C were named as PPY-Ir-350, PPY-Ir-400
and PPY-Ir-500, respectively.

Characterization

Powder X-ray diffraction patterns (XRD) of the catalysts were
recorded with an Empyrean PANalytical in the 26 range
10°—80° at a step scanning rate of 0.5° min~* using a Cu Kal
radiation (A = 1.5406 A). Transmission electron microscope
(TEM) images were obtained by using FEI Talos 200S trans-
mission electron microscope with an accelerating voltage of
200 kV. The surface elemental compositions of the samples
were confirmed by an X-ray photoelectron spectroscopy (XPS,
K-Alpha+, Thermo Fisher Scientific) equipped with a mono-
chromatic Al Ka X-ray source. The specific surface area of the
samples were measured using N, adsorption/desorption iso-
therms at 77 K (Micromeritics 3Flex analyzer). The Fourier
Transform Infrared (FTIR) was performed on Frontier FTIR
spectrometer with ATR from 4000 to 650 cm ' (PerkinElmer).

Electrochemical measurement

The electrocatalytic oxygen evolution activities of the cata-
lysts were evaluated with a CHI 660E (CH Instruments Ins.)
electrochemical workstation in 0.5 M H,SO, electrolyte. A
standard one compartment three-electrode system composed
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of a saturated calomel electrode (SCE) as reference electrode,
graphitic carbon rod as counter electrode and a glassy carbon
electrode (GCE) loaded with catalyst film as working electrode
was used for the electrochemical measurement. To prepare
the working electrode, 1 mg catalyst powder was uniformly
dispersed in 200 pL deionized water via ultrasonication for
20 min to form the catalyst ink, then 2 uL of this suspension
was applied on the surface of polished GCE (diameter: 3 mm)
to form a catalyst film with a loading of 142 pg cm 2. After
allowing the film to dry under ambient condition, 2 uL of
Nafion solution (0.5 wt %) was deposited on the top of it and
also dried at room temperature.

The calibration of reference electrode was conducted
based on a previously reported method [11]. In this work, all
potentials (vs. SCE) were converted into the reversible
hydrogen electrode (RHE) scale following the equation E,
rRHE = Eus. sce + 0.255 V. Cyclic voltammetry (CV), linear scan
voltammetry (LSV), Tafel and chronopotentiometry mea-
surements were carried out using potentiostat to evaluate the
electrochemical OER activity. LSV curves were collected at a
low scan rate (5 mV/s) to minimize the influence of capacitive
current, and the capacitive current background was sub-
tracted from the recorded LSV curve. Meanwhile, the LSV was
compensated by 85% iR - correction. The electrochemical
impedance spectra were collected at a non-faradaic potential
of 1.1 V from 10° Hz to 1072 Hz, the potential amplitude was
5 mV. And high frequency range was fitted based on Randle
circuit to get the single point resistance for iR compensation.
In order to calculate electrochemical active surface area
(ECSA), CV curves at potential window range from0.9to 1.1V
(us. SCE) were recorded at various sweep rates of 5, 10, 20, 40,
60 and 80 mV s~ . The electrochemical double layer capaci-
tance (Cqy) was calculated by plotting the current density dif-
ference AJ = (Janodic - Jeathodic)/2 at 1.0 V (us. SCE) against the
scan rate, and Cgq; equaled the slope of the linear fitted line.
Specific capacitance of 0.035 mF/cm? was used to calculate
ECSA [19].

Faradaic Efficiency measurement

To measure Faradaic Efficiency (FE) during OER, a gas-tight
two-compartment H cell, separated by a Proton Exchange
Membrane (N-117, Dupont), was used. Each compartment of
the cell was filled with 80 mL of 0.5 M H,S0,4. Before and
during the electrochemical reaction the electrolyte solutions
in both of compartments were purged continuously with
high purity Ar at a constant rate of 45 sccm, which was
controlled by a digital mass flow controller (Cole-Parmer). An
SCE, Pt foil and a titanium foil (use hot glue to control 1 cm?
exposed area) loaded with catalyst film were used as refer-
ence electrode, counter electrode and working electrode,
respectively. The working electrode was papered by drop
casting a catalyst ink containing 5 mg catalyst powder,
100 pL ethanol and 40 pL Nafiton solution (5%). The produced
oxygen gas was directly vented into a gas chromatography
instrument (Agilent Technologies 7890B) and detected by
thermal conductivity detector (TCD). FE of oxygen gas was
calculated based on the following equation [31]:

FE = nFVvP/(RTi)

where n = 4, corresponding to the number of electrons
required to form Oy, V (vol%) is the volume concentration of O,
in the gas phase, v (m?s) is the gas flow rate controlled by
digital mass flow controller, i (A) is the steady-state cell cur-
rent, other parameters are listed here: P = 1.01 x 10° Pa,
T =298.15K, F = 96,485 C/mol and R = 8.314 Jmol * K.

Results and discussion

The iridium based electrocatalysts are synthesized through a
two-step protocol as illustrated in Fig. 1. Iridium complex/PPY
is firstly prepared via the oxidative polymerization of pyrrole
in the presence of (NH,4),IrCls, followed by thermal annealing
of the nanocomposites in air at different temperatures to
allow the decomposition of PPY and inorganic salts (see more
details in Electronic Supplementary Information). The ob-
tained materials are denoted as PPY-Ir-T, where “T” repre-
sents the annealing temperature. As shown in Fig. S1, the XPS
survey spectra of iridium complex/PPY reveals the presence of
C, O, N, S, Ir and Cl elements. The deconvolution of high res-
olution N 1s XPS spectra indicates the existence of pyrrolic
and ammonium nitrogen species, corresponding to the ni-
trogen in PPY and inorganic ammonium salts, respectively.
The FTIR measurement of Iridium complex/PPY reveals a
characteristic peak at ca. 3430 cm ™ (Fig. S2), corresponding to
the N—H stretching vibrations [32,33]. Energy-dispersive X-ray
spectroscopy (EDS) is further employed to probe the compo-
sition of samples annealed at different temperatures and the
results are shown in Table S1. The atomic ratios of N/Ir and S/
Ir were plotted in Fig. S3. When the annealing temperature is
350 °C, PPY-Ir-350 still contains substantial amount of nitro-
gen and sulfur, indicating that the temperature is too low and
there are some organic residuals in the sample. On the con-
trary, the N/Ir and S/Ir ratios decrease at elevated tempera-
tures as shown in Fig. S3, suggesting that majority of PPY and
sulfate salts have been depleted when the temperature is
higher than 400 °C.

To get more insights about PPY-Ir-T materials, X-ray
diffraction (XRD) spectroscopy is used to study their crystal
structures and the results are displayed in Fig. 2. The com-
mercial IrO, is used as received for comparison purpose. It is
observed that all major diffraction peaks of commercial IrO,
can be indexed to the standard PDF card (03-065-2822) of rutile
IrO,, along with a small fraction of metallic iridium. In
contrast, the characteristic peaks of iridium oxide are absent
for PPY-Ir-350. Only a weak and broad peak between 20° and
30° is detected for the catalyst at 350 °C, which is attributed to
the amorphous carbon produced from the decomposition of
PPY, and it’s in good agreement with the higher N/Ir, S/Ir ratios
evidenced in Fig. S3. When the annealing temperature is
increased to 400 °C, the PPY-Ir-400 nanomaterial still pre-
dominantly shows amorphous feature at this relatively low
temperature. With increasing annealing temperature to
450 °C, the XRD pattern shows the broad diffraction peaks
corresponding to rutile IrO,, indicating that it has lower
crystallinity and smaller grain size in comparison with com-
mercial IrO,. At even higher temperature (500 °C), PPY-Ir-500
displays relatively weak and broad diffraction peaks
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Fig. 1 — Schematic illustration of the synthetic procedures for PPY-Ir-T nanomaterials.
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Fig. 2 — Comparison of XRD patterns for PPY-Ir-T catalysts
and commercial IrO,.

corresponding to iridium oxide at 20 values of about 28.1°
(110), 34.5° (101) and 54.7° (211), respectively. On the basis of
Scherrer formula and the diffraction peak for (101), the IrO,
crystallite domain sizes in PPY-Ir-450 and PPY-Ir-500 are
calculated to be 2.2 nm and 3.9 nm, these values are smaller
than CM-IrO,, whose average grain size equals 5.1 nm. Be-
sides, additional three sharp peaks associated with metallic
iridium are observed for PPY-Ir-500, suggesting that PPY can
reduce Ir (IV) species at this temperature. The metallic iridium
crystallite diameter, calculated from Scherrer formula based
on diffraction peak at 40.7°, is found to be 19.9 nm.

The morphologies of PPY-Ir-T catalysts are evaluated by
transmission electron microscope (TEM). It seems that the
microstructure of catalysts changed with annealing temper-
ature significantly. PPY-Ir-350 reveals granule shape aggregate
and the particle is amorphous based on TEM images (Fig. 3a
and b), this is because it contains large amount of nitrogen/
sulfur containing organic residuals. At 400 °C, a porous
structure constructed by wrinkled nanosheet is observed for
PPY-Ir-400 (Fig. 3c), whereas the lattice fringes are still missing
in HRTEM images (Fig. 3d). When 450 °C is selected for
annealing process, PPY-Ir-450 keeps the porous structure
(Fig. 3e) and the HRTEM image confirms that this catalyst is

composed of small nanoparticles less than 5 nm (Fig. 3f). Some
orientation of lattice fringes can be observed, implying the
formation of randomly oriented iridium oxide nanocrystals. A
d-spacing of 0.32 nm (inset of Fig. 3f) is obtained for PPY-Ir-450,
corresponding to lattice spacing of IrO, (110) [34]. The porous
structure and small particle size of PPY-Ir-450 is beneficial to
improve its catalytic performance and will be discussed in
detail later. The TEM images of PPY-Ir-500 (Fig. 3g and h) show
polydispersed nanoparticles with larger diameters. In addi-
tion, lattice fringes with two different d-spacing can be
observed separately in the inset of Fig. 3h for PPY-Ir-500, one is
0.32 nm for iridium oxide (110) plane and the other one is
0.22 nm indexed to metallic iridium (111) plane [35], in line
with XRD results. Besides the above catalysts, the TEM image
(Fig. S4) of the CM-IrO, displays the aggregates of relatively
larger particles, consistent with the XRD observation.

The surface chemical structures of PPY-Ir-T catalysts are
studied by X-ray photoelectron spectroscopy (XPS) (Fig. 4).
Fig. 4a reveals two distinct peaks at binding energy of 63.2 and
66.2 eV for PPY-Ir-350, which can be assigned to the moiety of
iridium binding with chloride [36,37], indicating that the
temperature is too low to produce IrO,. When the temperature
is increased to 400 °C, two shoulder peaks become visible at
62.0 and 65.0 eV (Fig. 4b), attributable to Ir 4f;/, and Ir 4f;/, of
Ir(IV) oxide species. In terms of PPY-Ir-450, the primary peaks
shift to 62.3 and 65.3 eV (Fig. 4c), indicating that iridium
complex has been converted into IrO, and the oxidation state
of Ir is +4 [38]. When further increasing the annealing tem-
perature, apart from the peaks associated with Ir(IV), two
additional peaks appear at lower binding energy of 61.2 and
64.2 eV (Fig. 4d), due to the formation of metallic iridium in
PPY-Ir-500 [37], in line with above observations in XRD and
TEM.

The surface areas and pore size distributions were
measured by N, gas adsorption/desorption technique. The
isotherms in Fig. 5a indicate that PPY-Ir-350 and PPY-Ir-400
has the lowest surface area, and the isotherms of other
three catalysts show typical type IV adsorption with H3 hys-
teresis loop, suggesting the existence of random pore struc-
tures [39]. The pore size distribution curves in Fig. Sbc confirm
that PPY-Ir-450, PPY-Ir-500 and CM-IrO, catalysts contain a
broad range of mesopores and macropores. The BET surface
areas and pore volumes of the above catalysts are summa-
rized in Table S2. It’s clear that catalysts synthesized at lower
temperature have smaller surface area and pore volume,
suggesting that the nanosize Ir-based particles formed at
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Fig. 3 — TEM and HRTRM images of catalysts synthesized at different temperatures: (a—b) 350 °G; (c—d) 400 °C; (e—f) 450 °G;

and (g—h) 500 °C.
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Fig. 4 — Deconvolution of high resolution Ir 4f XPS spectra for PPY-Ir-T nanocatalysts synthesized at (a) 350, (b) 400, (c) 450

and (d) 500 °C.

higher temperature can contribute more to the improved

surface area.

The electrocatalytic OER performance of PPY-Ir-T is
evaluated by linear scan voltammetry (LSV) in 0.5 M H,SO,
electrolyte. As displayed in polarization curves normalized

by geometric area of glassy carbon electrode (Fig. 6a), PPY-Ir-
350 shows negligible current density, which is attributed to
the low surface area/pore volume, and absence of the active
IrO, phase in the catalyst. Among all the samples, PPY-Ir-
450 offers the highest OER rate as evidenced by the rapid
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increasing of anodic current density. The overpotential
required to reach 10 mA cm 2 for PPY-Ir-450 is 291.3 + 6 mV,
which is 43.6 mV lower than PPY-Ir-400 and 54.3 mV lower
than PPY-Ir-500 (Fig. 6b). In addition, the commercial IrO,
need a higher overpotential (333.3 + 9 mV mV) to reach the
same current density, and the mass activity of PPY-Ir-450 is
higher than CM-IrO, (Fig. 6c), indicating that 450 °C is the
optimal temperature to synthesize highly active iridium
based OER electrocatalyst using PPY as soft template. The
Tafel slopes for PPY-Ir-400, PPY-Ir-450, PPY-Ir-500 and
commercial IrO, are 64.3 mV dec™?, 49.5 mV dec™?, 78.2 mV

b S3e0

a o
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dec! and 76.3 mV dec™? (Fig. 6d), respectively. The lowest
Tafel slope for PPY-Ir-450 implies that it has faster reaction
kinetics towards OER among these catalysts. To further
understand the reason for the catalytic activity gap between
PPY-Ir-450 and other catalysts, ECSA is measured via
double-layer capacitance. The annealing temperature can
strongly impact the ECSA of as-synthesized catalysts. The
CV curves of catalysts annealed at different temperatures
along with commercial IrO, under a series of scan rates (5,
10, 20, 40, 60 and 80 mV s~ %) in a non-faradaic potential
window are obtained to calculate ECSA (Fig. S5 and Fig. 7a).
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Fig. 6 — (a) Polarization curves for PPY-Ir-T catalysts and commercial IrO, using 0.5 M H,SO, electrolyte at a scan rate of
5 mV s ! after 85% iR correction. (b) Comparison of the overpotential required to drive 10 mA cm™2 current density, the
results were averaged from 4 repeated experiments. (c) Comparison of the mass activity for PPY-Ir-450 and CM-IrO,, at
260 mV and 280 mV overpotential. (d) Tafel plots of PPY-Ir-T catalysts and commercial IrO,.
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It seems that PPY-Ir-450 has the largest Cq), corresponding
to the highest ECSA among all the catalysts. The improved
ECSA plays essential role to provide more accessible active
sites on the surface for catalyzing the OER reaction, and
thus leading to outstanding electrocatalytic performance.
The comparison of ECSA values and the current densities
normalized by geometric area for these catalysts indicate
that higher ECSA lead to higher catalytic activity (Fig. 7b).
However, higher BET surface area doesn’t guarantee higher
catalytic activity. For example, PPY-Ir-500 has the highest
BET surface area, but the catalytic activity is low. We believe
that this is because PPY-Ir-500 contains some less active
metallic iridium nanoparticles with larger diameters. These
results substantiate that the improved ECSA is the most
important factor that lead to higher catalytic activity for
PPY-Ir-450, which possess abundant low coordinated sites
on the surface of nanosized particles. The broad CV curves
(Fig. S6) from O to 1.4 V vs. RHE of PPY-Ir-T show a minor
anodic peak ca. 1.0 V due to the transformation of Ir (III) to Ir
(IV). Based on the overpotential required to reach 10 mA/
cm? OER current density, PPY-Ir-450 is at least comparable
to some previously reported iridium based catalysts (Table
S3).
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The above observed catalytic trends are in accordance with
the combination of XRD, TEM, and XPS analysis results. 450 °C
is the optimal temperature to burn off the soft template,
simultaneously produce nanosized IrOy particles with plenty
of accessible surface active sites to boost the OER rate. Thermal
annealing at higher temperature will lead to further growth of
nanoparticles and form metallic iridium species, resulting in
lower ECSA. When the annealing temperature is lower than
450 °C, catalytic active nanosized IrOx phase does not form,
and the iridium species may still bind with halide atoms, as a
result, the overall OER rate is small. The presence of PPY during
the annealing process can help to prevent the growth and ag-
gregation of nanoparticles. To further prove the importance of
PPY for the promoted electrocatalytic activity, several catalysts
were synthesized by using less amount of PPY, namely, 20%,
10%, 2% and 1% of PPY, compared with PPY-Ir-450 under
otherwise same conditions. The LSV curves (Fig. 8a) indicate
that the catalytic performance becomes worse for the catalysts
synthesized with less PPY, demonstrating that the presence of
PPY during the synthesis is vital to achieve better OER catalytic
activity. Moreover, there’s a positive correlation between the
ECSA and OER catalytic activity of these catalysts (Fig. 8b).
When the PPY content decreases, the ECSA of the catalysts also

——ECSA (cm?)
Overpotential @ 10 mA/em? (mV)
Current Density at 1.53 V (mA/ch)

14 15 16

Potential/V vs. RHE

1.3

T T T T T
PPY-Ir-450 20%PPY-450 10%PPY-450 2%PPY-450 1%PPY-450

Fig. 8 — (a) Comparison of the OER performance in 0.5 M H,S0, solution at the scan rate of 5 mV s~* with 85% iR — correction
for catalysts synthesized with different amounts of PPY templates at 450 °C. (b) Plots of ECSA (black curve), overpotential to
reach 10 mA/cm? (red curve) and current density at 1.53 V vs. RHE for PPY-Ir-450 and catalysts prepared with less PPY

templates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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reduces, and it’s associated with the increasing overpotential
to reach 10 mA/cm? catalytic current. This is because the
decomposition of PPY can generate gaseous products during
annealing process to prevent the agglomeration of nano-
particles, and endow the resulting material with high ECSA,
therefore higher catalytic activity.

The stability of OER electrocatalyst is also a critical crite-
rion for practical applications. The long-term stability of PPY-
Ir-450 and commercial iridium oxide is compared by chro-
nopotentiometric curves in 0.5 M H,SO4 at a constant current
density of 5 mA/cm? (Fig. S7). It's observed that PPY-Ir-450 can
catalyze OER for at least 12 h, however, the catalytic activity of
CM-IrO, significantly deactivates after 6 h. This result implies
that PPY-Ir-450 has increased stability compared with CM-
IrO,. In addition, the oxygen FE of PPY-Ir-450 was determined
in a gas-tight H-type electrochemical cell, and the FE was
found to be 99%.

Conclusion

To conclude, we demonstrate for the first time that PPY can be
used as soft template to synthesize active and stable OER
catalyst in acidic condition. Through the method of adjusting
annealing temperature, the structure of IrOx can be tuned to
improve the catalytic performance. The optimal temperature
to remove the template is 450 °C. At relatively low tempera-
ture, the obtained catalysts have low surface area and iridium
still bind with chloride strongly, whereas further heating
triggers the fusion and growth of nanoparticles, resulting in
low ECSA. The electrochemical tests confirm the importance
of high ECSA for the application in OER electrocatalysis,
because the total number of accessible active sites to catalyze
OER scale directly with the ECSA of the catalyst. The synthetic
method in this work can provide new guidance to synthesize
other metal oxide nanomaterials with high ECSA for the
application in electrocatalysis.
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