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ABSTRACT: Development of highly efficient, earth-abundant, and
cost-effective electrocatalysts for the kinetically sluggish and energy-
intensive anodic oxygen evolution reaction (OER) is crucial for
realizing the large-scale commercialization of proton exchange
membrane based water electrolysis (PEMWE). Herein, we report the
results of one-dimensional (1D) nanorods (NRs) containing an
ultralow amount of noble metal (iridium, Ir) and 10 wt % fluorine
(F) doped (Mn0.8Ir0.2)O2:10F as an efficient anode electrocatalyst,
synthesized via a simple hydrothermal and wet chemical approach for
the acidic OER. The as-synthesized (Mn0.8Ir0.2)O2:10F NRs demon-
strate promising electrocatalytic performance for the OER with
significantly lower overpotential (η) and higher current density than
state of the art IrO2 and many other electrocatalysts containing noble metal/reduced noble metal. Owing to the presence of 1D
channels of the nanorod architecture and the unique electronic structure obtained upon formation of an F-containing solid
solution, the (Mn0.8Ir0.2)O2:10F NRs exhibit low charge transfer resistance (∼2.5 Ω cm2), low Tafel slope (∼38 mV dec−1), low
water contact angle (∼18°), high electrochemical active surface area (ECSA ≈ 704.76 m2 g−1), high roughness factor (∼2114),
and notable OER performance with ∼6-, ∼2.1-, and ∼2.2-fold higher electrocatalytic activity in comparison to IrO2,
(Mn0.8Ir0.2)O2 NRs and a 2D thin film of (Mn0.8Ir0.2)O2:10F, respectively. The significantly higher ECSA and BET specific
activity (0.11 mA cm−2

BET), mass activity (40 Ag−1), and TOF (0.01 s−1) at an overpotential (η) of 220 mV suggest the
intrinsically higher catalytic activity of (Mn0.8Ir0.2)O2:10F NRs in comparison to other as-synthesized electrocatalysts. In
addition, (Mn0.8Ir0.2)O2:10F NRs function as robust electrocatalysts by delivering a current density of 10 mA cm−2 at η ≈ 200
mV and displaying long-term durability, devoid of any degradation of the catalytic activity, suggesting the structural robustness
for displaying prolonged OER activity. Herein, on the basis of the synergistic effects of tailoring of 2D material length scales into
a 1D nanorod framework and the corresponding formation of an F-substituted unique solid solution structure (as validated by
density functional theory), (Mn0.8Ir0.2)O2:10F NRs offer promise for an efficient OER in PEMWE.

KEYWORDS: proton exchange membrane (PEM) based water electrolysis, acidic oxygen evolution reaction (OER), electrocatalyst,
one-dimensional nanorods, density functional theory (DFT)

1. INTRODUCTION

The alarming concerns related to rapid depletion of conven-
tional fossil fuels and the associated deleterious warning effects
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of global warming have provided tremendous impetus to
develop alternative clean, environmentally friendly, and
sustainable energy sources which can alleviate the global
reliance on rapidly depleting fossil fuels (natural gas, coal,
oil).1−3 With these constant incessant concerns, hydrogen (H2)
gas having a completely noncarbonaceous nature, higher energy
density (∼120 MJ/kg) than petroleum-based energy sources
(∼45 MJ/kg) and environmental friendliness offers an
ecologically ideal energy vector to counter the growing global
energy demand. The burgeoning positive influence of hydrogen
fuel has thus, garnered immense attention as the foremost
energy carrier over the past decade.4−7 Along these lines, the
generation of clean and sustainable hydrogen fuel via advanta-
geous acidic electrolysis, i.e. proton exchange membrane (PEM)
based water electrolysis, is hitherto considered as one of the
most efficient and reliable technologies among all other
conventional hydrogen production approaches.2,8 Although
PEM water electrolysis is a promising approach for large-scale
generation of ultrahigh-purity (UHP) hydrogen, commercial
development of this technology has been largely constrained due
to the energy-intensive, technologically challenging, and slug-
gish anodic oxygen evolution reaction (OER; 2H2O → O2 +
4H+ + 4e−), which requires an electrochemical overpotential of
∼1.8−2 V, which is significantly higher than the standard
thermodynamic water splitting OER value of ∼1.23 V.8−10 To
address this bottleneck, platinum group metal (PGM) based
electrocatalysts such as Pt, RuO2, and IrO2 are considered as
pioneering electrocatalysts which facilitate the sustained oxygen
evolution under highly acidic conditions and exhibit excellent
electrocatalytic OER performance toward PEM-based water
electrolysis.11,12 However, the very high cost (e.g., $210/gIrO2)
and environmental scarcity (∼0.001−0.0003 ppm in earth’s
crust)13 of these benchmark precious metal electrocatalysts has
seriously restricted their applications in a large-scale PEM water
electrolyzer.8,14 Therefore, the identification, synthesis, and
development of novel reduced noble metal containing electro-
catalysts, unveiling remarkable electrocatalytic activity with low
overpotential and excellent long-term electrochemical stability,
superior to state of the art OER electrocatalysts (IrO2) under the
acidic operating conditions of the OER, will universally assist in
the reduction of capital cost of PEM water electrolyzer cells.15

The consequent scientific advances will help trigger commerci-
alization, enabling clean and regenerated energy production by
making the water splitting reaction more energy efficient.2,16,17

In view of the above considerations, to realize the much
desired progress, our previous research efforts over the past
decade in the PEM water electrolysis and OER electrode
development arena have encompassed exploiting the unique
strategies of solid solution formation utilizing ultralow noble
metal (Ir/Ru) content with earth-abundant and low-cost
catalyst supports (Sn, Nb, Mn) combined with anionic doping
(F) to improve the IrO2/RuO2 electrode performance (activity
as well as stability).2,16−21 In one of our previous reports,2

utilizing this solid solution formation strategy, we have exploited
the first-principles theoretical calculations of total energies and
electronic structures and have accordingly established the major
paradigm for enhancing the electrocatalytic activity of IrO2 by
generating a solid solution OER electrocatalyst of (Mn1−xIrx)-
O2:10F (x = 0.2, 0.3, 0.4). These novel compositions comprise
earth-abundant manganese oxide (MnO2) combined with the
anionic dopant fluorine (F) serving as the primary electronic
conductivity stimulant juxtaposed with an ultralow noble metal
content of Ir. Arising from the unique electronic/molecular

structure and beneficial solid solution formation, the as-
synthesized (Mn1−xIrx)O2:10F electrocatalyst system fabricated
in the 2D thin film architecture demonstrated remarkable
electrocatalytic performance with a significantly lower onset
potential of ∼1.35 V (vs RHE): i.e. ∼80 mV lower than that of
IrO2 (∼1.43 V) in acid-mediated water electrolysis.2 In addition,
the (Mn1−xIrx)O2:10F electrocatalyst with substantial reduction
(∼80 atom %) in the noble metal content ((Mn0.8Ir0.2)O2:10F)
exhibited excellent OER activity (∼7-fold higher than IrO2 film)
as well as excellent durability in comparison to IrO2 film
electrocatalyst.2

With this previous work serving as a guide and by exploiting
the attributes of nanostructures engineering to further enhance
the electrocatalytic performance of 2D thin film solid solution
electrocatalysts, we have embarked on a pathway to design a
highly active, highly robust, and scalable electrocatalysts system
by tailoring the material length scales into one-dimensional
(1D) nanoscale architectures. Among the various electrocatalyst
development strategies, the design and fabrication of nano-
structured one-dimensional (1D) electrocatalyst architectures
such as nanowires (NWs), nanorods (NRs), nanotubes (NTs),
etc. has been gathering significant attention22−26 and a plethora
of research funding has been invested to fabricate various 1D
electrocatalysts such as CoP NRs,27 Ni3S2 NRs,28 Pt NTs,25

nitrogen-containing carbon nanotubes (NCNTs),29,30 TiO2
NRs,31−33 Pt-Ni-TiO2 NTs,34−36 Pt-Ru/Co NWs,35,36 Co4N
NWs,37 Ir-Ni and Ir-Co NWs,38 etc. with tunable morphology
and phase resulting in distinct performances in electrolytic/
photoelectrochemical water splitting as well as in the direct
methanol fuel cell (DMFC) research area.35,39

It is well-known that, in general, 1D nanostructures offer
various benefits either by favorably exposing the vicinal (i.e.
high-index) facets (or active sites for reaction) and/or
electrically linking these active sites for facile electron or charge
transport within the 1D channels of nanomaterials.24 In
addition, the 1D materials possess high active specific surface
areas, large aspect ratio (L/D), high active-site densities, and
high roughness factors which can substantially increase the
efficiency and performance of electrocatalyst materials.35

Furthermore, due to the presence of 1D channels and lattice
planes with fewer crystal boundaries, 1D nanomaterials
encounter fast charge transport pathways with reduced
scattering offering lower charge transfer resistance (Rct) and
high electronic conductivity.35 In addition, it is reported that the
presence of sufficient porosity and open space between the
adjacent 1D channels is significantly beneficial for enabling rapid
release of oxygen bubbles as well as offering excellent
electrocatalyst to electrolyte contact due to the ease of
accessibility of the electrolyte molecules into the deep portion
of the electrode/catalyst surface.24,40 This evidently expedites
the reaction kinetics, offering faster mass as well as charge
transport. In addition to these various benefits to enhance the
catalytic activity, 1D nanostructures are also well-known in
terms of their excellent electrocatalytic stability.35 On the basis
of these previous studies, an asymmetric structure of 1D
architecture is regarded as a beneficial factor for displaying
superior catalytic stability while also alleviating the dissolution
and suppression of the physical ripening processes which
commonly occur in nanoparticulate or film-based catalyst
materials.35,41−43

Thus, as a culmination of all of these excellent attributes, 1D
morphologies are primarily regarded as essential building blocks
for the development of high-performance electrocatalysts. For
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example, in our recently reported study, we have successfully
demonstrated the suitability of 1D vertically aligned nanotubes
(VANTs) containing an ultralow amount of noble metal and F
substituted (Sn0.8Ir0.2)O2:10F as an efficient electrocatalyst
system for the OER in the PEM-based water electrolysis
system.3 The as-synthesized 1D NTs unveiled excellent
electrochemical performance with significant ∼2.3-fold higher
electrocatalytic activity, lower charge transfer resistance, and
higher electrochemically active surface area (ECSA) in
comparison to that of the 2D thin film architecture of identical
composition of (Sn0.8Ir0.2)O2:10F.

3,16 Thus, following in the
same vein of electrocatalyst development displaying significant
enhancement in the electrocatalytic performance of our
previously reported (Mn1−xIrx)O2:10F system,2 herein, we
report for the first time, the synthesis of 1D nanorods of
(Mn1−xIrx)O2:10F (x = 0.2) and also correspondingly
demonstrate the system as a highly efficient and robust OER
electrocatalyst morphology for PEM water electrolysis. The
OER performance of the as-synthesized (Mn0.8Ir0.2)O2:10FNRs
has been compared with the state of the art IrO2 and our
previously reported 2D thin film architecture of (Mn0.8Ir0.2)-
O2:10F.

2 In order to fabricate the 1D nanomaterials, various
techniques such as physical vapor deposition,44 thermal
decomposition,45 vapor−liquid−solid deposition,46 etc. have
been reported. Among the various techniques, a hydrothermal-
or autoclave-based approach is comparatively simple, time
efficient, inexpensive, and easily scalable for the reliable
fabrication of various 1D architectures, offering facile control
over the size and shape of the various nanostructured materials.
Therefore, herein, 1D solid solution NRs of (Mn0.8Ir0.2)O2:10F
have been synthesized using a two-step method. In the first step,
MnO2 NRs are synthesized via a simple and inexpensive
hydrothermal approach. The second step involves the wet
chemical approach of incorporating Ir and F into the MnO2
framework, followed by calcination to form the solid solution of
(Mn,Ir)O2:F.
In the current study, as anticipated, the as-synthesized pure

1D (Mn0.8Ir0.2)O2:10F NRs exhibited remarkable electro-
catalytic performance for the OER in acidic media by attaining
the benchmark current density of 10 mA cm−2 at a low
overpotential (η) of 200 mV, superior to the state of the art IrO2,
(Mn0.8Ir0.2)O2:10F 2D thin film, and many other reported
electrocatalysts containing noble metal/reduced noble metal for
the acidic OER, including an Ir-doped cryptomelane-type
manganese oxide [K1.65(Mn0.78Ir0.22)8O16] based electrocatalyst
system (η ≈ 340 mV) as recently reported by Sun et al.47

Furthermore, (Mn0.8Ir0.2)O2:10F NRs demonstrated signifi-
cantly lower charge transfer resistance (2.5 Ω cm2), lower Tafel
slope (38 mV dec−1), and particularly, higher ECSA as well as
BET specific activity combined with a high turnover frequency
(TOF) of ∼0.01 s−1 at η = 220 mV. In addition, the OER
stability test conducted using (Mn0.8Ir0.2)O2:10F NRs demon-
strated no significant decay in the current density, suggesting its
excellent structural and morphological robustness ,as witnessed
from the poststability characterization of the electrocatalytic
activity. It is therefore worth mentioning that the superior
electrocatalytic performance of the as-synthesized (Mn0.8Ir0.2)-
O2:10F NRs is well supported by our density functional theory
(DFT) computational calculations, which further illustrate that
F-substituted (Mn0.8Ir0.2)O2:10F NRs possess lower over-
potential and superior catalytic activity contrasted with those
of the corresponding 2D film, leading to the excellent
electrocatalytic activity with significant reduction (∼80 atom

%) in the noble metal content. Thus, all of these results taken in
total, and discussed in detail in the following sections, indicate
the promise of (Mn0.8Ir0.2)O2:10F NRs as an attractive OER
electrocatalyst for efficient and sustainable hydrogen production
using the PEM-based water splitting approach.

2. EXPERIMENTAL METHODOLOGY
2.1. Materials. Manganese(II) sulfate monohydrate

(MnSO4·H2O,≥99%, Sigma-Aldrich), potassium permanganate
(KMnO4, ≥99.0%, Fisher Scientific), iridium tetrachloride
(IrCl4, 99.5%, Alfa Aesar), and ammonium fluoride (NH4F,
98%, Alfa Aesar) were used as precursors for electrocatalyst
synthesis. Nafion 117 (5 wt % solution in lower aliphatic
alcohols, Sigma-Aldrich) was used as a binder. Deionized (DI)
water (18 MΩ cm, Milli-Q Academic, Millipore) was used
throughout the experiments. All of the chemical reagents were
used as received without any further purification.

2.2. Preparation of ElectrocatalystMaterials. 2.2.1. Syn-
thesis of MnO2 Nanorods (NRs). A hydrothermal (autoclave)
approach was utilized for the synthesis of MnO2 NRs.

48 In a
typical synthesis of MnO2 NRs, MnSO4.H2O (0.2 g) and
KMnO4 (0.5 g) were dissolved in 100 mL of DI water with
continuous stirring for 30 min at room temperature to form a
homogeneous solution. This solution was then transferred into a
Teflon-lined stainless steel autoclave (120 mL capacity), and the
autoclave was subjected to heat treatment at 160 °C for 12 h
(ramp rate 10 °C/min). After the reaction involving generation
of the corresponding MnO2 (2KMnO4 + 3MnSO4 + 2H2O →
5α-MnO2 + K2SO4 + 2H2SO4) was complete, the autoclave was
naturally cooled to room temperature. The obtained brownish
solid product was thoroughly washed with DI water several
times (9500 rpm, 3 min), followed by drying overnight in air at
60 °C for further characterizations.

2.2.2. Synthesis of (Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F NRs.
For the preparation of (Mn0.8Ir0.2)O2 and 10 wt % F doped
(Mn0.8Ir0.2)O2 (((Mn0.8Ir0.2)O2:10F), a stoichiometric amount
of IrCl4 was added to the DI water along with a stoichiometric
amount of the as-prepared MnO2. Similarly, for the synthesis of
(Mn0.8Ir0.2)O2:10F, stoichiometric amounts of IrCl4 and NH4F
weremixed in theDI water along with the appropriate amount of
the as-prepared MnO2. These solutions were stirred vigorously
for 1 h and transferred into the alumina crucibles and then, dried
in an in an electric oven at 60 °C for ∼3 h. The crucibles
containing the dried oxide precursors were then subjected to
heat treatment in air at 400 °C (ramp rate 10 °C/min) for 4 h in
order to form the corresponding (Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)-
O2:10F solid solution electrocatalysts, respectively. The
obtained electrocatalyst products were washed with DI water
several times and then dried overnight in air at 60 °C for further
characterizations. In addition, in order to investigate the
influence of F on the as-synthesized MnO2, the F-doped
MnO2 (MnO2:10F) has also been synthesized by employing the
approach described above. Herein, it is worth mentioning that
the major objective of the present study was to demonstrate the
superior electrochemical performance of 1D (Mn0.8Ir0.2)O2 NRs
in comparison to that of our previously reported2 2D thin film of
(Mn0.8Ir0.2)O2 under identical synthesis (atomic ratio, calcina-
tion temperature and time, mass loading, etc.) as well as OER
operating conditions. Therefore, in the current work, in order to
execute an unbiased comparison between 1D NRs and 2D thin
film, we have fabricated (Mn0.8Ir0.2)O2 NRs at a calcination
temperature of 400 °C. Furthermore, it is well-known that α-
MnO2 initiates its transformation from an α-MnO2 to an α-
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Mn2O3 phase beyond the calcination temperature of 500 °C
(typically 600−800 °C).47,49 Thus, in order to prevent any
undesired phase transformation during the calcination process,
we have performed the electrocatalyst synthesis and calcination
of (Mn,Ir)O2 at 400 °C. It should be noted that a similar
calcination temperature (400 °C) has been utilized for the thin
film fabrication of Ir-Mn oxide based electrocatalysts in the
literature,50 wherein the optimum electrocatalytic performance
has been achieved at 400 °C. The schematic illustration of the
synthesis process for generating MnO2 and (Mn0.8Ir0.2)O2:10F
NRs is depicted in Figure 1a.
2.2.3. Synthesis of IrO2 Nanoparticles. For the synthesis of

IrO2 nanoparticles, a well-known modified Adams fusion
method was utilized.18 Specifically, IrCl4 and NaNO3 were
separately dissolved in DI water. The solution containing the
dissolved IrCl4 was then mixed with excess NaNO3 solution.

Next, the resulting solution mixture was thoroughly stirred for
∼2 h to make it completely homogeneous. The water from this
uniform mixture was then evaporated using a heating furnace
operated at 60 °C, followed by heat treatment in air at 500 °C for
1 h (ramp rate 10 °C/min). The thermally treated solid mixture
was naturally cooled to room temperature and then crushed into
a fine powder using an agate mortar and pestle. This powder was
then vigorously washed using DI water, and the resulting
product (IrO2) was then dried in an oven at 60 °C for further
characterizations. Herein, for the synthesis of IrO2, the
calcination temperature of 500 °C was selected on the basis of
various critical viewpoints elucidated in the literature. For
example, in the study conducted by Geiger et al.,51 it has been
observed and reported that the catalytic activity (for the acidic
OER) of IrO2 starts declining from a calcination temperature of
400−600 °C and more stable electrodes are formed at T ≥ 400

Figure 1. (a) Schematic illustration for the synthesis process of (Mn0.8Ir0.2)O2:10F NRs, (b) General view of α-MnO2 crystal structure with
coordinatively unsaturated sites (CUS) at (110) crystallographic surfaces. (c, d) The (110) surface at different angles. Pos.1 and Pos.2 represent two
possible positions of Ir atoms considered in the present study.
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°C. In addition, on the basis of the intrinsic activity and
dissolution of IrO2-based electrocatalysts, Geiger et al.51

concluded that the IrO2 electrodes synthesized at ∼500 °C
were identified as the most promising for the acidic OER. Added
to this, Siracusano et al.52 reports that a mild annealing process
(∼500 °C) for IrO2 is critical to avoid excessive growth of the
catalyst particles while favoring the proper crystallization in the
bulk. Thus, in agreement with these viewpoints, in order to
attain optimum electrocatalytic performance (activity and
stability) as well as to form crystalline IrO2, we have employed
a calcination temperature of ∼500 °C for synthesizing IrO2. It is
also worth mentioning that, in addition to IrO2, fluorinated IrO2
(IrO2:10F) was also synthesized (using an earlier reported
approach18) for assessment of the electrochemical results.
2.3. Electrocatalyst Material Characterization.

2.3.1. Physicochemical Characterization. X-ray diffraction
(XRD) analysis was carried out to acquire qualitative phase
information on the as-synthesized electrocatalyst powders. XRD
has been performed by using Philips XPERT PRO system, with
Cu Kα (λ = 0.15406 nm) radiation at an operating voltage and
current of 45 kV and 40 mA, respectively. XRD peak profiles
have been analyzed using a pseudo-Voigt function to determine
Lorentzian and Gaussian contribution of the peaks.16 Least-
squares refinement techniques have been utilized to evaluate the
molar volume and lattice parameters of the as-synthesized
electrocatalysts. The textural properties (specific surface area,
BJH pore size distribution) of the electrocatalyst powders were
derived from a nitrogen adsorption−desorption analysis, and the
Brunauer−Emmett−Teller (BET) technique was used to
analyze the surface area. The as-synthesized electrocatalyst
powders were first vacuum-degassed and then analyzed using a
Micromeritics ASAP 2020 instrument. The BET surface area
values were obtained using a multipoint BET technique. The
electronic conductivity values of the as-synthesized electro-
catalyst samples were investigated by utilizing a Jandel Micro
position 4-point Probe apparatus (details are given in the
Supporting Information). The morphology and microstructure
of the electrocatalyst powders have been investigated by
performing scanning electron microscopy (SEM). An energy
dispersive X-ray spectroscopy (EDX) analyzer (attached with
the SEM instrument) was used for the quantitative elemental
analysis and to study the distribution of elements by elemental
X-ray mapping techniques. The elemental and X-ray mapping
analysis of the as-prepared electrocatalyst was carried out using a
Philips XL-30FEG system, operated at a voltage of 20 kV. The
size and microstructure of the electrocatalyst materials were
studied by using a JEOL JEM-2100F transmission electron
microscope (TEM) and high-resolution transmission electron
microscopy (HRTEM). In addition to EDX analysis, the atomic
ratio of Mn and Ir was investigated by using inductively coupled
plasma optical emission spectroscopy (ICP-OES, iCAP 6500
duo Thermo Fisher). The electrocatalyst sample was digested
with aqua regia at 60 °C for 2 h and then diluted with deionized
water before analysis.
X-ray photoelectron spectroscopy (XPS) was carried out to

study the element binding and valence states of the electro-
catalysts. The XPS analysis was conducted using an ESCALAB
250 Xi system (Thermo Scientific) equipped with a mono-
chromated Al Kα X-ray source. The analysis spot of 400 × 400
μm2 was well-defined by the microfocused X-ray source. The
XPS system functioned in an ultrahigh-vacuum chamber with a
base pressure of less than 5 × 10−10 mBar and at room
temperature. The binding energy (BE) scale of the analyzer was

calibrated to produce <50 meV deviations of the three standard
peaks from their standard values. The aliphatic C 1s peak was
observed at 284.6 eV. High-resolution elemental XPS data in the
C 2p, S 2p, Mg 2p, and Zn 2p regions were acquired with the
analyzer pass energy set to 20 eV (corresponding to energy
resolution of 0.36 eV) and the step size set to 0.1 eV.3 The fitting
of the elemental spectra was carried out on the basis of calibrated
analyzer transmission functions and Scofield sensitivity factors.
The effective attenuation lengths for photoelectrons from the
standard TPP-2M formalism was achieved using the Avantage
software package (Thermo Fisher Scientific). During the fitting
of the XPS spectra, fitting parameters such as L/G mix, tail mix,
tail height, and tail exponent were fixed at 30%, 100%, 0%, and
0%, respectively. All of the XPS spectra in the present study were
fitted symmetrically with Gaussian−Lorentzian functions with-
out introducing any constraints. The wetting characteristics of
as-synthesized electrocatalysts were investigated by using an
AST Products VCA 2000 video contact angle goniometer. In
static water contact angle measurements, a water droplet (10
μL) was vertically dropped onto the electrode surface and the
contact angle was detected by the sensitive drop method by
drawing a tangent to the edge of the droplet and intersecting it
with the measurement baseline.

2.3.2. Electrochemical Characterization. The electrochem-
ical characterization of the as-prepared electrodes has been
carried out in a three-electrode configuration using a
VersaSTAT 3 (Princeton Applied Research) electrochemical
workstation. Sulfuric acid (1 N, H2SO4) was used as the
electrolyte solution and also as a proton source for the oxygen
evolution reaction (OER), maintained at a constant temperature
of 40 °C using a Fisher Scientific 910 Isotemp refrigerator
circulator during the electrochemical characterization. The
oxygen from the electrolyte solution was expelled by purging the
electrolyte solution with ultrahigh-purity (UHP) argon gas
(Matheson) for ∼10 min prior to electrochemical testing. In
order to prepare the working electrodes (WEs), electrocatalyst
inks of different compositions were produced by using 85 wt %
electrocatalyst powder and 15 wt %Nafion 117 (5 wt % solution
in lower aliphatic alcohols, Aldrich). The resulting electro-
catalyst inks were subjected to sonication for 1 h. After
sonication, the catalyst inks were homogenized using a
Tissuemiser (Fisher Scientific) for ∼3 min and then uniformly
spread on the titanium (Ti) foils (Alfa Aesar) followed by drying
under ambient conditions. The digital images of electrocatalyst
ink coated electrodes are depicted in Figure S1 in the Supporting
Information. Pt wire (Alfa Aesar, 0.25 mm thick, 99.95%) was
used as the counter electrode (CE), and a mercury/mercurous
sulfate (Hg/Hg2SO4) electrode (XR-200, Hach) having a
potential of +0.65 V with respect to the reversible hydrogen
electrode (RHE) was used as the reference electrode (RE). The
electrochemical performance of the as-synthesized electro-
catalysts for the OER (total electrocatalyst loading 0.3 mg
cm−2) has been compared with that of an in house synthesized
IrO2 electrocatalyst (total loading 0.3 mg cm−2) under identical
operating conditions. The potential values reported in this study
have been determined and reported with respect to the
reversible hydrogen electrode (RHE) and calculated from the
formula

E E E 0.059pHRHE Hg/Hg2SO4 Hg/Hg2SO4= + ° +

where ERHE is the potential versus RHE and EHg/Hg2SO4 is the
potential measured against the Hg/Hg2SO4 reference electrode.
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E°Hg/Hg2SO4 is the standard electrode potential of the Hg/
Hg2SO4 reference electrode (+0.65 V vs RHE).
2.3.2.1. Electrochemical Impedance Spectroscopy (EIS). In

order to determine the ohmic resistance (RΩ) and the charge
transfer resistance (Rct) of the as-synthesized electrocatalysts,
electrochemical impedance spectroscopy (EIS) has been carried
out. EIS was conducted using an electrochemical workstation
(Versa STAT 3, Princeton Applied Research) in 1 N H2SO4
electrolyte solution maintained at 40 °C and at ∼1.45 V (which
is the typical potential used for assessing the electrochemical
activity of the electrocatalysts for the OER). EIS has been
operated in the frequency range of 100 mHz to 100 kHz
(amplitude 10 mV). The ZView software from Scribner
Associates employing the equivalent circuit model given as
Rs(ReQ1)(RctQdl) in which Rs (solution resistance) is in series
with the parallel combination of the Re (electrode resistance)
and Q1 (constant phase element) and further in series with the
parallel combination of the Rct (surface charge transfer) and Qdl
(contribution from double-layer capacitance and pseudo
capacitance). The ohmic resistance (RΩ = Rs + Re) obtained
from the EIS was further used for iRΩ correction in the
polarization curves of as-prepared electrocatalysts. It should be
noted that the Rs(ReQ1)(RctQdl) equivalent circuit model was
utilized for the impedance characterization of as-synthesized
(Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F NRs, whereas following
the previous report18 of the powder IrO2 electrocatalyst the
Rs(RctQdl) model in which Rs (solution/ohmic resistance) is in
series with the parallel combination of Rct and Qdl was suitably
used for EIS fits for the as-synthesized IrO2 and MnO2.
2.3.2.2. Linear Sweep Voltammetry (LSV). The electro-

catalytic activity of the as-synthesized electrocatalysts for the
OER was analyzed by conducting LSV measurements in 1 N
H2SO4 electrolyte solution with a scan rate of 10 mV s−1 at 40
°C. The experimentally obtained polarization curves of
electrocatalysts having different compositions were iRΩ
corrected (RΩ, the ohmic resistance, was determined from the
EIS analysis). The onset potential is defined as the potential
where the initiation of current inflection is observed in the
polarization curve. To compare the electrocatalytic activity of
the as-prepared electrocatalysts, the current density at a
particular potential of ∼1.45 V (which is the typical potential
selected for ca omparison of activity) in iRΩ corrected
polarization curves was used. In order to investigate the intrinsic
catalytic activity, the obtained current density values are
normalized to the BET as well as electrochemical active surface
area (ECSA) values. It should be noted that the current density
values referenced to geometric surface area (1 cm2), BET surface
area, and ECSA are denoted as mA cm−2

geo, mA cm−2
BET, and

mA cm−2
ECSA, respectively. To obtain qualitative mechanistic

insights into the as-synthesized electrocatalysts, Tafel plots were
developed after iRΩ correction using the equation η = a + b log i
(i.e., plot of overpotential (η) vs log current (log i)). In this
equation, a and b represent the exchange current density and
Tafel slope, respectively. Further, the electrochemical active
surface area (ECSA) of the as-prepared electrocatalysts was
examined by recording the cyclic voltammetry (CV) curves with
various scan rates (10, 30, 50, and 70 mV s−1) in the potential
range from 0.1 to 1.2 V (vs RHE). The Cdl (mF cm−2) values
were obtained from the slope, i.e. from a plot of differences in
current density (janode − jcathode) at 0.7 V (vs RHE) vs scan rate.
The detailed calculation of ECSA (m2 g−1) is described in the
Supporting Information. In addition, the intrinsic OER activity
of as-prepared electrodes was evaluated by calculating the

specific activity, mass activity, turnover frequency (TOF), and
normalization of current densities by ECSA and BET surface
area (m2 g−1) (see the Supporting Information for calculation
details).

2.3.2.3. Electrochemical Stability Test. In order to evaluate
the electrocatalytic stability of the as-synthesized electrocatalysts
for long-term operation, chronoamperometry (CA) tests
(current vs time) have been carried out wherein the electrode
was maintained for 24 h in the electrolyte solution of 1 NH2SO4
at 40 °C under a constant voltage of ∼1.45 V. Further, to
investigate the amount of Ir and/or Mn leached out from the
working electrode during OER operation, the electrolyte
solutions collected after 24 h of CA tests were subjected to
elemental analysis by inductively coupled plasma optical
emission spectroscopy (ICP-OES, iCAP 6500 duo Thermo
Fisher). In addition, ICP-OES analysis was conducted on the
electrode following the post-stability tests to investigate the
Mn:Ir ratio. Furthermore, in order to assess the structural
stability and robustness of as-prepared electrodes, poststability
characterizations such as phase (XRD), morphology (SEM),
and electronic/surface oxidation state (XPS) analysis were
conducted on the electrodes tested for 24 h of chronoamper-
ometry tests.
It should also be noted that all the experiments reported in the

present study were repeated and analyzed with at least three
repeats and the data are reported as the average of three
independently generated as-prepared electrocatalyst samples.

2.4. Computational Methodology. The overall electro-
catalytic activity and the overpotential of the (Mn,Ir)O2:F OER
electrocatalyst is anticipated to depend on the electronic and
crystal structure of the catalyst material as well as the
thermodynamics of the four elementary steps of the oxygen
evolution reaction (eq 1).

2H O HO H O H e

O H O 2H 2e HOO 3H 3e

O 4H 4e

2
I

2
II

2
III

IV
2

→ * + + +

→ * + + + → * + +

→ + +

+ −

+ − + −

+ −
(1)

wherein the asterisk represents an active site on the metal oxide
surface.53 As will be described in Results and Discussion of the
present study, the as-synthesized (Mn,Ir)O2:F NRs exhibit a
tetragonal crystal form analogous to the α-MnO2 structure with
tetragonal symmetry and the space group I4/m (No. 87).39 The
crystal structure of α-MnO2 shown in Figure 1b−d will be
utilized to study the influence of compositions on the electronic
structure as well as the onset potential and structural stability in
the computational component of the current study. Herein, the
following compositions with an α-MnO2 structure have been
considered in the computational study: pure MnO2,
(Mn0.75Ir0.25)O2, and F-doped (Mn0.75Ir0.25)O2−xFx with x =
0.25, 0.625, 1.0. Such F-doped formula units correspond
approximately to 4, 10, and 15 wt % of F. These compositions
have been chosen on the basis of the elementary unit cell of an α-
MnO2 structure comprised of 8 atoms of Mn and 16 atoms of O.
The free energies (ΔG) of all the four anodic intermediate

reactions (I−IV) from eq 1 were utilized to calculate the
electrical potentials of a certain specific reaction. Consequently,
a systematic analysis of all the calculated free energies may assist
in identifying the rate-determining steps (RDS) as well as the
corresponding overpotential of the oxygen evolution reaction
occurring at the electrochemically active surface. This computa-
tional analysis is critical to assess the catalytic activity of the
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specific material used as an electrocatalyst in the OER process.
For comparison purposes, three different materials have been
chosen for calculation of the OER elementary steps: (a) pure
MnO2, (b)MnO2 doped with small amount of Ir as a substituent
of Mn at the corresponding Mn-type lattice sites, and (c)
(Mn,Ir)O2 doped with F as a substituent of O. For calculations
of the total energies, electronic structures, and free energies of
the four elementary steps qualitatively characterizing the
electrocatalytic activity of the aforementioned oxides, bulk and
(110) surface α-MnO2 structures have been utilized.
For bulk calculations a tetragonal 24-atom unit cell with an α-

MnO2 crystal structure has been selected as the basis for
construction of different Ir, Mn, and F concentrations of the
solid solution oxides. Such a unit cell contains 8 transition metal
atoms and 16 atoms of oxygen/fluorine. Thus, for the
convenience of theoretical calculations, the basic compositions
without introduction of fluorine have been chosen as follows:
pure MnO2 with 8Mn and 16 O atoms as well as Ir-doped oxide
(Ir0.25Mn0.75)O2 with 2 Ir, 6Mn, and 16O atoms. For simulation
of various dopants of fluorine 2, 5, and 8 atoms of oxygen were
randomly replaced with the corresponding number of fluorine
atoms, generating the following formula units: (Mn0.75Ir0.25)-
O1.75F0.25, (Mn0.75Ir0.25)O1.375F0.625, and (Mn0.75Ir0.25)O1.0F1.0,
which approximately corresponded to 4, 10, and 15 wt % of F
content, respectively. Such compositions have been chosen for
all calculations of the bulk and surface electronic structures
employed in the present study. For calculation of the (110)
surface electronic properties of the materials, a two-dimensional
slab of thickness∼6.7 Å repeated in the [1,−1,0] direction with a
24-atom unit cell and a vacuum distance of ∼13 Å between
adjacent images was selected. In order to calculate the free
energies of all the elementary reactions, i.e. (I)−(IV) (eq 1), for
pure and doped α-MnO2, the coordinatively unsaturated sites
(CUS) located at the (110) surface have been considered as
active sites following previous computational studies on similar
systems.2,19,53,54 All of the intermediate species involved in the
OER, i.e. O*, OH*, and OOH*, have been attached to the top
surface layer. Three bottom layers of the slab were fixed with the
lattice parameter corresponding to the bulkα-MnO2. Apart from
these three bottom layers, all other layers of the slab together
with the intermediate species were fully relaxed, which resulted
in the residual force components on each atom to be lower than
0.01 eV/(Å atom).
The crystal structure chosen for the calculations in the present

study is shown in Figure 1b. Two different atomic positions of Ir
as a replacement of Mn at the (110) surface have been
considered and marked as Pos.1 and Pos.2 to investigate the
difference between the electronic structures of pure and Ir-
doped MnO2 compounds as well as to assess the effects of Mn
and Ir on the overpotential of the (Mn,Ir)O2. The first Ir atomic
distribution consists of one Ir atom located in place of Mn just
below the CUS shown in Figure 1c,d. The second distribution is
characterized by putting Ir atoms at the neighboring position
denoted as Pos.2, while the CUS is located above the Mn atom
(Figure 1d). Also, to mimic F doping in the electrocatalyst
material, one oxygen atom has been replaced by an F atom at the
oxygen site adjacent to the CUS at the top layer and is shown in
Figure 1c. To measure the free energies of the four elementary
reaction steps as discussed above, such atomic distributions at
the (110) surface covered by adsorbed oxygen monolayers in
combination with intermediate species have been used. For
calculation of the total energies, electronic structures, and
density of electronic states (DOS) of the studied materials, the

density functional theory (DFT) executed in the Vienna ab
initio simulation package (VASP) was utilized within the
projector-augmented wave (PAW) method55 and the spin-
polarized generalized gradient approximation (GGA) for the
exchange-correlation energy functional in a form described by
PBE (Perdew−Burke−Ernzerhof).56,57 This computational
package examines the electronic structure, and via the
Hellmann−Feynman theorem the interatomic forces are
determined from first principles. The standard PAW potentials
were employed for the elemental components, and the iridium,
manganese, oxygen, and fluorine potentials thus contained nine,
seven, six, and seven valence electrons, respectively. Further-
more, to maintain high accuracy for total energy calculations for
all of the electrocatalyst compositions, a plane wave cutoff
energy of 520 eV has been selected. By utilization of the double-
relaxation procedure, the internal positions as well as the lattice
parameters of atoms have been entirely optimized.2

Furthermore, in the present study the minima of the total
energies with respect to the lattice parameters and internal ionic
positions have been evaluated. Also, by minimization of the
Hellman−Feynman forces via a conjugate gradient method, a
geometry optimization was attained which will cause the net
forces applied on every ion in the lattice to be close to zero. The
total electronic energies were converged within 10−5 eV/unit
cell ,which result in the residual force components on each atom
to be lower than 0.01 eV/(Å atom). This permits the accurate
determination of the internal structural parameters. Herein, the
Monkhorst−Pack scheme has been employed to sample the
Brillouin zone (BZ) and create the k-point grid for the solids and
the different isolated atoms used in the current study. The
choice of an appropriate number of k points in the irreducible
part of the BZ was made on the basis of the convergence of the
total energy to 0.1 meV/atom. It is significant to remark that, for
Mn−Ir−O−F compositions, the corresponding atomic distri-
butions are uncertain and thus different spatial configurations
can be used for exemplification of the atomic distributions. This
uncertainty has been disregarded by assembling the various
atomic configurations for each selected composition, and the
configurations which correspond to the minimum total energy
have been chosen for executing the additional numerical analysis
of these specific compositions of the binary oxide electro-
catalysts.

3. RESULTS AND DISCUSSION
3.1. Physical Characterization of Electrocatalysts. To

characterize the crystal phase and phase purity of as-synthesized
electrocatalysts, the powder X-ray diffraction (XRD) patterns of
MnO2, (Mn0.8Ir0.2)O2, (Mn0.8Ir0.2)O2:10F, and IrO2 are studied
and compared in Figure 2. The as-synthesized IrO2 (Figure 2a)
reveals the rutile type tetragonal structure (JCPDS 15-870) with
lattice constants of a = 4.49 Å and c = 3.15 Å and unit cell and
molar volume of ∼63.78 Å3 and 19.20 cm3 mol−1, respectively
(Table 1), similar to earlier reports.18,58 Figure 2b shows the
diffraction patterns of the hydrothermally synthesizedMnO2. All
of the diffraction peaks in Figure 2b can be readily indexed to the
pure tetragonal phase of α-MnO2 (space group I4/m (No. 87),
JCPDS 44-0141) with lattice constants a = 9.784 Å and c = 2.852
Å and unit cell volume of 273 Å3 (Table 1), which is in good
agreement with the computationally calculated lattice parame-
ters (Table S1, Supporting Information) as well as earlier
studies,39,48 indicating the formation of highly pure and
crystalline α-MnO2. The XRD patterns of (Mn0.8Ir0.2)O2 and
(Mn0.8Ir0.2)O2:10F are depicted in Figure 2c,d, respectively. The
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XRD pat te rn reflec t ions o f (Mn0 . 8 I r 0 . 2 )O2 and
(Mn0.8Ir0.2)O2:10F correspond to that of the tetragonal
structure of α-MnO2 (Figure 2b). The Ir and/or F-doped
MnO2 did not demonstrate the presence of any secondary phase
of Mn-, Ir-, or F-based compounds, which can be attributed to
the incorporation of dopants into the MnO2 lattice. Herein, it is
worth mentioning that the magnified XRD patterns of our as-
synthesized (Mn,Ir)O2 samples (inset of Figure 2) did not
feature any characteristic amorphous hump at a 2θ peak position
of ∼22° which is typically observed in the XRD pattern of
amorphous IrO2, which further affirms the incorporation of Ir
into the crystalline MnO2 lattice.59,60 This result has been
substantiated by the change in the lattice parameters and molar
volumes of the Ir- and F-incorporated MnO2 samples. As shown
in the inset of Figure 2, close inspection of the XRD patterns of
(Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F indicated that the XRD
peaks of these synthesized solid solution electrocatalysts are
slightly shifted toward a lower angle by a 2θ value of∼0.3°. This
negative shift in 2θ positions clearly suggests the lattice
expansion61 of (Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F, which is
primarily instigated by the incorporation of Ir into the MnO2
crystalline framework (Table 1). This lattice expansion can be
attributed to the difference in ionic radii between the host
element (Mn4+ 0.54 Å)62 and the dopant solute ion (Ir4+ 0.62
Å).63 Furthermore, the increased lattice parameters and unit cell
volume of (Mn0.8Ir0.2)O2 (278.44 Å3) and (Mn0.8Ir0.2)O2:10F
(278.47 Å3) evidently suggest the successful incorporation of
dopant ions (Ir4+) into the hostMnO2 framework (Table 1). It is
worth mentioning that the as-synthesized (Mn0.8Ir0.2)O2 and
(Mn0.8Ir0.2)O2:10F exhibited comparable lattice parameters and

molar volume (Table 1), suggesting that F doping in the O2−

sites has no significant effect on the molar volume of
(Mn0.8Ir0.2)O2:10F. This can be ascribed to the comparable
ionic radii of O2− (1.25 Å) and F− (1.20 Å).16 This result
conforms well with various F-substituted solid solution oxide
electrocatalysts as reported in earlier studies.2,16,21 Furthermore,
the as-synthesized IrO2:10F (Figure S2a, Supporting Informa-
tion) and MnO2:10F (Figure S2b) exhibited XRD reflections
similar to those of their respective parent electrocatalyst
structures. These results suggest that fluorinated IrO2 and
MnO2 demonstrate the formation of a solution devoid of any
undesirable phase separation and/or mixed-phase formation
due to F incorporation. Herein, it is worth mentioning that, as
elucidated in Preparation of Electrocatalyst Materials, α-MnO2
initiates its transformation from the α-MnO2 to the α-Mn2O3
phase beyond the calcination temperature of 500 °C (typically
600−800 °C).47,49 Thus, as can be seen from the XRD pattern of
α-MnO2 calcined at 400 °C (Figure S2c, Supporting
Information), any possibilities of structure degradation in the
α-MnO2-based electrocatalysts synthesized at 400 °C are clearly
eliminated.
Furthermore, the Brunauer−Emmett−Teller (BET) based

specific surface areas (SSAs) of as-synthesized MnO2,
(Mn0.8Ir0.2)O2, (Mn0.8Ir0.2)O2:10F and IrO2 derived from the
N2 adsorption−desorption analysis are given in Table 1 and
depicted in Figure 3. According to the International Union of
Pure and Applied Chemistry (IUPAC) classification, the N2-
sorption isotherms of thesematerials (Figure 3) exhibit a type IV
shape with H3 hysteresis loop, similar to the previous reports of
MnO2 nanorods, indicating that the as-synthesized materials
possess a slit-shaped mesoporous structure (as also witnessed
from the Barrett−Joyner−Halenda (BJH) pore size distribution
results shown in Figure S3 and Table S2, Supporting
Information). Such a mesoporous nature is indeed beneficial
for achieving facile electrolyte penetration by offering efficient
transport pathways to the interior voids of the electrocatalyst
surface.64,65 The measured BET surface areas of the pure MnO2
and (Mn0.8Ir0.2)O2 were ∼3.72 and ∼3.70 m2 g−1, respectively.
These comparable BET surface area values suggest that the Ir
incorporation has a negligible effect on the BET surface area of
MnO2. However, (Mn0.8Ir0.2)O2:10F exhibited a BET surface
area (∼3.55 m2 g−1) slightly lower than those of MnO2 and
(Mn0.8Ir0.2)O2. Such a decrease in surface area of fluorinated
(Mn0.8Ir0.2)O2 can be attributed to the exothermic phenomenon
of NH4F (i.e., fluorine precursor) burning during the calcination
of (Mn0.8Ir0.2)O2:10F NRs, which may lead to an increase in the
size of (Mn0.8Ir0.2)O2:10F NRs, causing a reduction in the BET
surface area. Similar behavior regarding the decrease in BET
surface area with incorporation of F has been observed in various
reported studies.18 The as-synthesized IrO2 exhibited a
significantly higher BET surface area of ∼189 m2 g−1,
comparable to that in an earlier report.18

Figure 2. Powder XRD patterns of the as-synthesized (a) IrO2, (b)
MnO2, (c) (Mn0.8Ir0.2)O2, and (d) (Mn0.8Ir0.2)O2:10F electrocatalysts
(inset: magnified view of XRD patterns).

Table 1. Lattice Parameter, Volume, and BET Surface Area of As-Synthesized Electrocatalysts

lattice parameter (Å) volume

electrocatalyst composition a = b c unit cell (Å3) molar (cm3 mol−1) BET surface area (m2 g−1)

MnO2 9.784 2.852 273.012 20.55 3.72
(Mn0.8Ir0.2)O2 9.831 2.881 278.44 20.96 3.70
(Mn0.8Ir0.2)O2:10F 9.835 2.879 278.47 20.96 3.55
IrO2 4.49 3.15 63.78 19.20 189
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Figure 4 depicts the scanning electron microscope (SEM)
images of as-synthesized α-MnO2, (Mn0.8Ir0.2)O2, and
(Mn0.8Ir0.2)O2:10F electrocatalyst powders. As shown in Figure
4a−c, the as-synthesized MnO2 possesses highly dense, well-
spaced, and randomly aligned uniform one-dimensional (1D)
rod shape morphology. The 1DMnO2 rods exhibited a diameter
of ∼40−50 nm and length ranging from ∼0.5 to 3 μm
throughout the catalyst material, clearly indicating the attain-
ment of high aspect ratios (L/D) for the as-synthesized
nanorods (NRs). Further, as can be seen from the SEM
micrographs of (Mn0.8Ir0.2)O2 (Figure 4d−f) and (Mn0.8Ir0.2)-
O2:10F (Figure 4g−i), they demonstrate similar nanorod motifs
with nanoscale diameter (∼40−50 nm) and diverse lengths. In
addition, (Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F electrocatalysts
show a similar well-spaced nanorod structure, which is beneficial
for attaining the rapid release of oxygen bubbles during the OER
process.3 These SEM results evidently suggest that the nanorod
architecture of pure MnO2 is well preserved after incorporation
of Ir and F and formation of the homogeneous solid solution
with MnO2 during the calcination process. Furthermore, the
energy dispersed X-ray spectroscopy (EDX) elemental mapping
images of (Mn0.8Ir0.2)O2:10F (Figure S4a, Supporting Informa-
tion) confirm the homogeneous distribution of elements within
as-synthesized nanorods, suggesting the formation of a highly
pure solid solution, without the presence of any undesired

impurity from the precursors as well as segregation of the species
at any specific region. In addition, the quantitative elemental
analysis derived from the EDX spectrum of (Mn0.8Ir0.2)O2:10F
NRs (Figure S4b) indicated the atomic ratio of Mn and Ir as
80.24:19.76, which is in good agreement with the ICP-OES
results as well as the selected nominal composition (Mn:Ir =
80:20). In addition, the EDX elemental mapping images (Figure
S4c) and EDX spectrum (Figure S4d) of IrO2 also demonstrate
the uniform dispersion of elements within the as-synthesized
catalyst particles.
The morphology of the (Mn0.8Ir0.2)O2:10F NRs was further

examined by transmission electron microscopy (TEM). As can
be seen from Figure 5a,b, the (Mn0.8Ir0.2)O2:10F electrocatalyst
dispersed on the TEM grid demonstrated the typical rod-shaped
morphology with a diameter of ∼40 nm. The high-resolution
transition electron microscopy (HRTEM) images of
(Mn0.8Ir0.2)O2:10F NR (Figure 5c,d) show a distinguishable
and well-resolved uniform lattice fringe space of ∼0.6954 nm,
corresponding to the (110) crystallographic planes of
(Mn0.8Ir0.2)O2:10F. In addition, from the HRTEM image of
MnO2 (Figure S4e), the lattice fringe space corresponding to the
(110) crystallographic plane of α-MnO2 was obtained as
∼0.6890 nm, which is indeed in good agreement with that of
the XRD results. The larger lattice fringe of (Mn0.8Ir0.2)O2:10F
(∼0.6954 nm) in comparison to that of α-MnO2 (∼0.6890

Figure 3. N2 adsorption−desorption isotherms of the as-synthesized (a) MnO2, (b) (Mn0.8Ir0.2)O2, (c) (Mn0.8Ir0.2)O2:10F, and (d) IrO2.
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nm)39 evidently shows lattice expansion due to Ir incorporation
into the MnO2 crystalline lattice. As already discussed in the
XRD results, this lattice expansion can be attributed to the
difference in ionic radii between the host element (Mn4+ 0.54
Å)62 and the dopant solute ion (Ir4+ 0.62 Å).63 Furthermore, a
line scan analysis of the (Mn0.8Ir0.2)O2:10F NR (Figure 5e) was
undertaken to confirm the homogeneous dispersion of Mn and
Ir within the as-synthesized (Mn0.8Ir0.2)O2:10F NR. In addition,
Figure 5f illustrates the EDX elemental mapping images of Mn,
Ir, and O for the (Mn0.8Ir0.2)O2:10F NR, suggesting the uniform
spatial distribution of these elements over the examined surface
of (Mn0.8Ir0.2)O2:10FNR, lacking any segregation of elements at
any specific site. Thus, in addition to XRD results, taken
together, these EDX and line scan analysis results justified the
formation of a single-phase homogeneous solid solution of
MnO2 and IrO2 (i.e., (Mn,Ir)O2:F). Moreover, the EDX
elemental analysis conducted on the (Mn0.8Ir0.2)O2:10F NR
(Figure S4f) is in a good agreement with the particular nominal
composition of Mn and Ir.
The chemical valence states of Mn, Ir, and O in the as-

synthesized MnO2, (Mn0.8Ir0.2)O2, (Mn0.8Ir0.2)O2:10F electro-
catalysts were investigated by employing X-ray photoelectron
spectroscopy (XPS). Figure 6 displays the XPS spectra of Mn, Ir,
and O for MnO2, (Mn0.8Ir0.2)O2, and (Mn0.8Ir0.2)O2:10F NRs,
respectively. The XPS spectrum of Mn 2p (Figure 6a) of the as-
prepared α-MnO2 reveals two peaks located at binding energy
values of ∼642 and ∼653.8 eV, which are attributed to the Mn
2p3/2 and Mn 2p1/2 doublet, respectively, with a spin-energy
separation of 11.8 eV (similar to earlier reports).2,66 As can be
seen from Figure 6a, in the XPS spectrum of Mn 2p, an

additional peak was observed at ∼646 eV, similar to previous
XPS reports of Mn, which can be considered as a shakeup or
satellite peak.67,68 The XPS spectrum of (Mn0.8Ir0.2)O2 exhibited
the presence of an Mn 2p3/2 and Mn 2p1/2 doublet with binding
energy values comparable to those of pure MnO2. However, it is
interesting to note that the peak positions of the Mn 2p3/2 and
Mn 2p1/2 doublet of (Mn0.8Ir0.2)O2:10F exhibited a significant
positive shift of ∼0.7−0.9 eV toward higher binding energy in
comparison to those of pure MnO2 and (Mn0.8Ir0.2)O2, which is
consistent with the previously reported XPS results of F-doped
solid solution electrocatalyst systems (Table S3a, Supporting
Information).2,16,20 This positive shift in binding energy
indicates the beneficial binding of F in the (Mn0.8Ir0.2)O2:10F
NRs, which is attributable to the modification of the electronic
structure (details are in the Computational Study Results) of
(Mn0.8Ir0.2)O2:10F as a result of the solid solution formation and
incorporation of F, leading to stronger binding due to the higher
electronegativity of F.2 Furthermore, the Mn:Ir ratio in the XPS
analysis of of (Mn0.8Ir0.2)O2:10F was obtained as 80.17:19.83,
which is in good agreement with the nominal composition as
well as EDX results, suggesting the presence of Mn and Ir in a
nominal composition ratio (80:20) on the surface as well as in
the bulk of the as-synthesized (Mn0.8Ir0.2)O2:10F NRs and thus,
negates the possibility of only surface modification of MnO2
NRs or Ir richness via segregation occurring at the surface of
MnO2 NRs due to Ir incorporation. It should be noted that,
following the comprehensive XPS studies by the Schlogl and
Morgan group in the literature,69−71 the XPS plot details of
binding energies (eV), full width at half-maximum (fwhm), and
spin-energy separation (ΔS) are provided in Table S3.

Figure 4. (a) SEM micrographs of the as-synthesized (a−c) MnO2, (d−f) (Mn0.8Ir0.2)O2, and (g−i) (Mn0.8Ir0.2)O2:10F NRs.
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Figure 6b shows the high-resolution XPS spectra of Ir for IrO2,
(Mn0.8Ir0.2)O2, and (Mn0.8Ir0.2)O2:10F electrocatalysts, respec-
tively. The XPS spectrum of Ir in IrO2 and (Mn0.8Ir0.2)O2

displays the presence of an Ir 4f7/2 and Ir 4f5/2 doublet
corresponding to binding energies of ∼61.8 and 64.9 eV,
respectively.2,72 In the case of (Mn0.8Ir0.2)O2:10F, a similar
behavior of positive shift (∼0.8 eV) in binding energy values for
the Ir 4f doublet positions was witnessed, which can again be
ascribed to the modification of the electronic structure of
(Mn0.8Ir0.2)O2:10F upon F-substituted solid solution formation.
It is also worth mentioning that, in the present XPS study, the Ir
4f7/2:Ir 4f5/2 intensity ratios (for symmetrical peak shapes) were
obtained in the range of∼1.22:1 to ∼1.26:1, which is in rational
agreement with the theoretical value of 1.33:1.70 Furthermore,
the spin−orbit splitting of Ir 4f 5/2 and Ir 4f 7/2 was obtained as
∼3.1 eV (Table S3b, Supporting Information), which is again in
very good agreement with the (symmetrical or asymmetrical)
peak separation constraint of 3 eV, as witnessed in the various
published XPS reports.70,73 In addition, the fitting of the Ir 4f
components with the unusual asymmetric core−electron line
shapes in the metallic oxide IrO2 is well-documented in the
literature. However, in the literature, there are also Ir oxide based
electrocatalyst systems such as pure IrOx

74 as well as doped IrOx

(IrNi@IrOx)
75 wherein the less asymmetric or lack of

asymmetric nature has been evidently witnessed, similarly to
the presently observed Ir 4f results. According to Strasser and co-
workers,75 the pronounced symmetric nature of these
components can be attributed to the formation of surface
hydroxide or potentially numerous defects generated during the
electrocatalyst synthesis.

Next, as shown in Figure 6c, a dominant peak for O 1s at a
binding energy of ∼530.1 eV was observed for MnO2 and IrO2,
which corresponded to the metal−oxygen bond.72 Similarly, the
deconvoluted O 1s spectra of (Mn0.8Ir0 .2)O2 and
(Mn0.8Ir0.2)O2:10F also exhibited dominant peaks at ∼530.1
and ∼530.8 eV, respectively (Table S3c). Herein, as can be seen
from deconvoluted O 1s spectra of (Mn0.8Ir0.2)O2 and
(Mn0.8Ir0.2)O2:10F, shoulder peaks centered at ∼531.8 and
532.3 eV, respectively, were detected. As reported in various
studies, this shoulder peak at the higher binding energy is
attributed to the high binding energy component (HBEC)
developed due to oxygen deficiencies or vacancies within the
solid solution framework.76−78 Herein, a similar positive shift in
binding energy value for O 1s was observed for F-containing
(Mn0.8Ir0.2)O2, clearly indicating the beneficial effect of the F
substitution. However, the presence of F could not be
unequivocally determined by XPS and EDX analysis, which is
similar to the case for the various F-doped solid solution
electrocatalyst systems reported in previous studies.2,16,20

Nonetheless, as elucidated in the above XPS discussions, the
positive shifts in the binding energy values for Mn 2p, Ir 4f ,and
O 1s indicate the attainment of stronger binding due to the
higher electronegativity of fluorine incorporated into the solid
solution electrocatalyst lattice. This result is in good agreement
with the various XPS studies on F-doped SnO2, MnO2, Nb2O5,
RuO2,, IrO2 etc. as solid solution electrocatalysts.2,17,21 In light
of this XPS discussion of F, various researchers (Shaltout et al.,79

Amanullah et al.,80 Datta et al.16) have postulated that the low
concentration of F (or the fluorine content is lower than the
detection limit of XPS79,80) in the as-synthesized material can be
attributed to the absence of an F 1s peak. Similar experimental

Figure 5. (a, b) TEM images of as-synthesized (Mn0.8Ir0.2)O2:10FNRs, (c, d)HRTEM images of a representative (Mn0.8Ir0.2)O2:10FNR, highlighting
a lattice fringe of ∼0.69 nm that corresponds to the (110) plane, (e) line scan analysis across a representative (Mn0.8Ir0.2)O2:10F NR, and (f) EDX
elemental mapping of Mn, O, and Ir of the (Mn0.8Ir0.2)O2:10F NR.
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observations and difficulties in detecting fluorine by either XPS
techniques or Auger electron spectroscopy (AES) have been
mentioned by other researchers.79,81 Nonetheless, in the study
conducted by Sun et al.,82 the presence of an F 1s XPS spectrum
has been detected at a higher (18 wt %) F content in carbon
black. In any event, the presence of F in the as-synthesized
(Mn0.8Ir0.2)O2:10F NRs has been detected by solid-tate NMR
spectroscopy (see Figure S5, Supporting Information, for the
NMR analysis result).

Further, the static contact angle method by using a water
droplet (10 μL) was employed to investigate the wetting
characteristics of the as-synthesized electrocatalyst nanorods
deposited on the Ti substrate (current collector). In the absence
of any electrocatalyst coating, the bare Ti foil exhibited an
average water contact angle of∼127± 1.07° (Figure 7a) (which
is in good agreement with the water contact angle measurements
reported for Ti/titania foils83), suggesting a highly hydrophobic
nature for the aqueous electrolyte. In contrast, MnO2 NRs
coated on Ti foil (MnO2/Ti) exhibited a good hydrophilic
nature with a significantly lower average water contact angle of
∼47 ± 0.67° (Figure 7b), reflecting close agreement with the
previously reported values.84 This hydrophilic behavior can be
attributed to various factors such as hydroxyl (OH−) group
interaction of Mn atoms with the constitutional water within the
as-synthesizedMnO2 powder.

84−86 Also, themesoporous nature
of the as-synthesized MnO2 (as witnessed from the BET
adsorption isotherm, Figure 3) is indeed beneficial for achieving
an electrode−electrolyte interaction, which certainly improves
the wettability of the electrode surface. In addition, the
hydrophilic domain containing an −SO3

− group in Nafion
(used as a binder to prepare the catalyst ink) is also well-known
for its efficient water adsorption properties and can be another
possible contributor to enhancing the wetting characteristics of
the surface of the MnO2 electrode.

87−89 The contact angle value
of MnO2 (∼47°) was noticeably influenced when the
(Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F electrocatalysts were
coated on the Ti foil. Interestingly, (Mn0.8Ir0.2)O2 (Figure 7c)
and (Mn0.8Ir0.2)O2:10F (Figure 7d) coatings on Ti foil exhibited
significantly reduced average contact angles of ∼20 ± 0.82 and
18 ± 0.54°, respectively, indicating their excellent hydrophilic
nature. These decreased contact angle values evidently suggest
that the nanorods of (Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F solid
solution electrocatalysts possess higher roughness in compar-
ison to that of bare Ti substrate and MnO2 NRs, which
predominantly offers a favorable structure for achieving facile
intercalation of aqueous electrolyte on the electrode surface.90

The improved wettability of (Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)-
O2:10F electrodes would ensure the fast electrolyte penetration
and accelerate oxygen release, thus offering enhancement in the
OER kinetics.

3.2. Electrochemical Characterization of Electrocata-
lysts. Electrochemical impedance spectroscopy (EIS) analysis
was carried out for the as-synthesized MnO2, (Mn0.8Ir0.2)O2,
(Mn0.8Ir0.2)O2:10F, and IrO2 electrocatalysts to investigate the
charge transfer characteristics occurring on the as-prepared
electrode surface. Figure 8a shows the EIS plots of (Mn0.8Ir0.2)-
O2, (Mn0.8Ir0.2)O2:10F, and IrO2 (inset: EIS of MnO2),
obtained at ∼1.45 V (vs RHE) in the electrolyte solution of 1
N H2SO4 at 40 °C. Herein, as discussed in the Experimental
Section, the semicircles in the Nyquist are plots (magnified EIS
plots are depicted in Figure S6a, Supporting Information) of
(Mn0.8Ir0.2)O2 and (Mn0.8Ir0.2)O2:10F are fitted with Rs(ReQ1)-
(RctQdl) as an equivalent circuit model. As shown in Figure 8a
and Table 2, the surface charge transfer resistance (Rct),
obtained from the diameter of the semicircle in the low-
frequency region of the EIS (using the Rs(RctQdl) circuit model)
plot of IrO2 was obtained as ∼41 Ω cm2 while the solution
resistance (Rs) was obtained as ∼12 Ω cm2, comparable to an
earlier report.18 On the other hand, as expected, MnO2 NRs
exhibited a considerably higher Rct (>2200 Ω cm2) (inset of
Figure 8a), which clearly reflects the poor electronic

Figure 6. XPS spectra of (a) Mn 2p, (b) Ir 4f, and (c) O 1s for the as-
synthesized electrocatalysts.
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conductivity and unfavorable electron transfer of MnO2 NRs
during the electrochemical catalytic processes.91

It is very interesting to note that (Mn0.8Ir0.2)O2 exhibits an Re
of ∼1.3 Ω cm2 and Rct of ∼3.8 Ω cm2significantly lower than
that of the as-synthesized pure IrO2 as well as MnO2 (Table 2).
This result suggests the attainment of lower activation
polarization and higher electronic conductivity after the
introduction of minimal Ir content (20 atom %) into the parent
MnO2 framework. Similar results regarding reduction in the Rct
values of MnO2 upon minimum Ir incorporation have been
witnessed in the study conducted by Ye et al.50 Additionally, as
anticipated, the Rct of (Mn0.8Ir0.2)O2 NRs was significantly
further reduced after incorporation of 10 wt % F [((Mn0.8Ir0.2)-
O2:10F NRs, Rct≈ 2.5Ω cm2, Re≈ 0.7Ω cm2). Such impressive
reduction in Rct upon F doping evidently suggests an
enhancement in the electronic conductivity of the parent
MnO2 material; thus, accordingly, (Mn0.8Ir0.2)O2:10F is
expected to have superior OER kinetics and electrochemical
activity in comparison to pure IrO2 and MnO2 NRs as well as
(Mn0.8Ir0.2)O2 NRs. These results are, hence, in excellent
agreement with those discussed in Computational Study
Results. Interestingly, it is also noteworthy to mention that the
Rct of the as-synthesized 1D (Mn0.8Ir0.2)O2:10FNRs is∼1.6-fold
lower than that of our previously reported (Mn0.8Ir0.2)O2:10F
2D thin film electrocatalyst (Rct ≈ 4 Ω cm2).2 This reduction in
Rct value is indeed contributed by the improved electronic
charge transport: i.e., highly efficient facile charge (electron)
transport pathways created on the entire (Mn0.8Ir0.2)O2:10F 1D
nanorod electrode by virtue of the nanorod morphology as well
as between the electrocatalyst surface and the current collector
(Ti substrate). Therefore, these experimental results collectively
taken together indeed suggest that due to tailoring of the
material’s dimension (i.e., from 2D to 1D), the OER kinetics of
(Mn0.8Ir0.2)O2:10F electrocatalyst system was remarkably
enhanced. Additionally, it is worth mentioning that the
beneficial influence of F incorporation on reducing the Rct
values has also been demonstrated in the EIS results of
fluorinated IrO2 (Figure S6b) and MnO2 (Figure S6c), wherein

IrO2:10F (∼37 Ω cm2) and MnO2:10F (∼2100 Ω cm2)
exhibited Rct lower than those of pristine IrO2 and MnO2,
respectively.
We next investigated the electrocatalytic OER activity of

MnO2, (Mn0.8Ir0.2)O2, and (Mn0.8Ir0.2)O2:10F electrocatalysts
supported on a Ti substrate in 1 N H2SO4 at 40 °C and
compared the performance with that of IrO2. Figure 8b depicts
the iRΩ corrected linear sweep voltammetry (LSV) curves for
the as-prepared electrodes. As shown in Figure 8b and Table 2,
the polarization curves of (Mn0.8Ir0.2)O2 NRs and (Mn0.8Ir0.2)-
O2:10F NRs show an onset potential of ∼1.35 V with respect to
the RHE (reversible hydrogen electrode), which is similar to
that of the (Mn0.8Ir0.2)O2 2D thin film system as reported
earlier.2 This onset potential is, however, considerably lower
(∼80mV) than that of IrO2 (∼1.43 V vs RHE), similar to earlier
reports.16,18 On the other hand, MnO2 NRs demonstrated
extremely poor OER electrocatalytic activity with no sharp
increase in current density (Figure 8b). Furthermore, to
compare the apparent OER activity of these electrodes, the
current density was measured at ∼1.45 V vs RHE (typical
potential considered to evaluate electrocatalytic performance of
the electrocatalysts). As can be seen from Figure 8b and Table 2,
(Mn0.8Ir0.2)O2:10F NRs exhibit an excellent geometric current
density of ∼12 mA cm−2

geo, which is ∼600%, ∼218%, ∼220%,
and ∼923% higher than those of the in house synthesized IrO2
(∼2 mA cm−2

geo), (Mn0.8Ir0.2)O2 NRs (∼5.5 mA cm−2
geo) and

the previously reported 2D thin film architecture of (Mn0.8Ir0.2)-
O2:10F (∼5.45 mAcm−2

geo)
2 and recently reported

K1.65(Mn0.78Ir0.22)8O16 (∼1.3 mA cm−2
geo), respectively.

47 This
remarkable increase in the current density of (Mn0.8Ir0.2)O2:10F
NRs is indeed credited to the enhanced charge transfer (i.e.,
lower Rct) and formation of a unique electronic structure of F-
incorporated (Mn0.8Ir0.2)O2:10F NRs, as investigated by our
theoretical calculations. However, as expected, MnO2 NRs
exhibited negligible OER activity (∼0 mA cm−2

geo, Figure 8b) in
acid-assisted water electrolysis.92,93 This insignificant OER
activity emerged from the significantly higher charge transfer
resistance of MnO2 NRs, indicating its poor electronic

Figure 7. Contact angle images of (a) bare Ti substrate, (b) MnO2, (c) (Mn0.8Ir0.2)O2, and (d) (Mn0.8Ir0.2)O2:10F NRs obtained from the droplet
experiments.
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conductivity/kinetics toward the acidic OER. In addition, it can
be seen from Table 2 that, (Mn0.8Ir0.2)O2:10F NRs delivered
benchmark current densities of 10 and 20 mA cm−2 at
overpotentials of ∼200 and ∼238 mV (with respect to the
equilibriumOER potential, 1.23 V vs RHE), respectively, clearly
outperforming IrO2, (Mn0.8Ir0.2)O2 NRs, and thin film of
(Mn0.8Ir0.2)O2:10F,

2 which required overpotentials of ∼280,
∼240, and 245 mV to reach a current density of 10 mA cm−2.
Furthermore, in accordance with the EIS results, F-incorporated
IrO2:10F (Figure S6d, Supporting Information) and MnO2:10F
(Figure S6e) displayed higher OER catalytic activity, which
evidently suggests the beneficial impact of F on the current

density. Herein, it is worth mentioning that our as-prepared 1D
(Mn0.8Ir0.2)O2:10F NRs demonstrated substantially lower
overpotential (∼200 mV) in comparison to various other
reported electrocatalysts for the acidic OER, including the
recently reported Ir-doped cryptomelane-type manganese oxide
[K1.65(Mn0.78Ir0.22)8O16]

47 (∼340 mV), illustrating the superior
electrocatalytic performance of (Mn0.8Ir0.2)O2:10F NRs toward
water splitting. Thus, the improved OER activity of the
(Mn,Ir)O2 system evidently stems from the synergistic effect
of IrO2 and α-/β-MnO2 crystal structures. The obtained results
are indeed in good agreement with the earlier work on an Ir-Mn
oxide film system for the acidic OER, wherein themixed IrO2(x)

Figure 8. Comparison of electrochemical performances of the as-synthesized MnO2, (Mn0.8Ir0.2)O2, and (Mn0.8Ir0.2)O2:10F NRs and the standard
IrO2 measured in a 1 N H2SO4 electrolyte at 40 °C: (a) EIS plots performed at ∼1.45 V (vs RHE); (b) OER polarization (mA cm−2

geo vs potential)
curves with a scan rate of 10 mV s−1; (c) Tafel plots of as-synthesized IrO2, (Mn0.8Ir0.2)O2, and (Mn0.8Ir0.2)O2:10F NRs; (d) chronoamperometry
(CA) tests conducted in 1 N H2SO4 solution under a constant potential of ∼1.45 V (vs RHE) at 40 °C for 24 h.

Table 2. Results of Electrochemical Characterization for OER of As-Synthesized Electrocatalysts, Performed in 1 N H2SO4
Electrolyte Solution at 40 °C

electrocatalyst
composition

onset
potential

(V vs RHE)

charge transfer
resistance

(Rct, Ω cm2)

current density at
∼1.45 V

(mA cm−2
geo)

overpotential
(η in mV) at

10 mA cm−2
geo

Tafel slope
(mV dec−1)

mass activity at
∼1.45 V (A g−1)

ECSA
(m2 g−1)

TOF at
∼1.45 V
(s−1)

(Mn0.8Ir0.2)O2
NRs

∼1.35 ∼3.8 ∼5.5 ∼240 46 ∼18.34 ∼419.04 ∼0.0054

(Mn0.8Ir0.2)
O2:10F NRs

∼1.35 ∼2.5 ∼12 ∼200 38 ∼40 ∼704.76 ∼0.010

IrO2 ∼1.43 ∼41 ∼2 ∼280 63 ∼6.67 ∼214.28 ∼0.0038
MnO2 NRs ∼1.8 ∼2300 ∼0 300
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+MnO2(1−x) revealed electrocatalytic performance superior to
that of the pristine rutile IrO2 and β-MnO2.

50 Furthermore, it is
worth pointing out that our previously reported 2D thin film of
(Mn0.8Ir0.2)O2:10F was directly fabricated on the Ti substrate
(i.e., without utilizing Nafion binder), whereas in the current
work, Nafion 117 (5 wt % solution in lower aliphatic alcohols)
binder was used for the preparation of the electrocatalyst inks.
Therefore, the contribution of Nafion to the electrochemical
activity needs to be verified and discussed. Accordingly, we
prepared Nafion-containing electrodes (mass loading ∼0.3 mg

cm−2) and the electrochemical characterizations (impedance
and polarization) were performed under OER conditions similar
to those of other as-synthesized electrocatalyst materials studied
in the current work. It can be clearly seen from Figure S6f,g that a
Nafion-coated working electrode possesses negligible catalytic
activity for the acidic OER, which is ably complemented by its
very high charge transfer resistance (>5000 Ω cm2), clearly
suggesting its negligible OER performance. Thus, these results
markedly indicate the insignificant contribution of Nafion

Figure 9.Cyclic voltammograms and the capacitive currents at 0.70 V vs RHEwith scan rates of 10, 30, 50, and 70mV s −1 in 1NH2SO4 solution for as-
synthesized (a, b) (Mn0.8Ir0.2)O2:10F NRs, (c, d) (Mn0.8Ir0.2)O2 NRs, and (e, f) IrO2 electrocatalysts.
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toward the observed reduction in the Rct of 1D (Mn0.8Ir0.2)-
O2:10F as well as to the measured OER electrochemical activity.
Herein, although 1D (Mn0.8Ir0.2)O2:10F NRs demonstrate

electrocatalytic activity superior to that of other as-synthesized
electrocatalysts, evaluation of the intrinsic OER activity of these
catalyst materials is very essential to draw conclusions about the
increased OER activity of (Mn0.8Ir0.2)O2:10F NRs as perceived
from the polarization curves (Figure 8b). Therefore, normal-
ization of the current density by the BET surface area and
calculations of the electrochemical active surface area (ECSA)
and mass loading as well as calculations of the turnover
frequency (TOF) have been carried out (see the Supporting
Information for calculation details). The calculated correspond-
ing mass activity, BET normalized current density (mA
cm−2

BET), ECSA normalized current density (mA cm−2
ECSA),

and TOF of (Mn0.8Ir0.2)O2:10F NRs was found to be∼40 A g−1,
1.126 mA cm−2

BET, 5.6 μA cm−2
ECSA, and 0.01 s

−1, respectively,
at an overpotential of 220 mV (see the Supporting Information
for calculation details). All of these values are demonstratively
higher than those of IrO2, (Mn0.8Ir0.2)O2 NRs, and the
previously reported (Mn0.8Ir0.2)O2:10F thin film electrocatalyst,
evidently revealing the superior intrinsic OER electrocatalytic
activity of (Mn0.8Ir0.2)O2:10F NRs. This excellent activity of
(Mn0.8Ir0.2)O2:10F NRs is a characteristic indicator of the
enhancement in the OER kinetics, i.e. lower Rct (i.e., efficient
electron transport along the 1D NRs), as well as the beneficial
electronic structure modification achieved upon F-substituted
solid solution formation, which has been expertly supported by
our DFT calculations (Computational Study Results). Next, the
lower Tafel slope of (Mn0.8Ir0.2)O2:10F NRs (∼38 mV dec−1)
(Figure 8c and Table 2) in comparison to those of (Mn0.8Ir0.2)-
O2 (∼46 mV dec−1), IrO2 (∼63 mV dec−1),94−96 and the
recently reported47 K1.65(Mn0.78Ir0.22)8O16 (∼76 mV dec−1)
suggests the favorable OER kinetics with faster electron
transport and enhanced electrical conductivity/electrocatalytic
activity. The significantly higher Tafel slope for MnO2 (∼300
mV dec−1) (Table 2, Figure S7a) indicates its inferior OER
kinetics toward water splitting under acidic conditions.
In addition to the excellent electrocatalytic activity, long-term

electrochemical stability is indeed an important criterion for
assessing the high-performance of OER electrocatalysts. Thus,
to investigate the endurance of the as-synthesized electro-
catalysts for the OER in 1 N H2SO4 electrolyte media,
chronoamperometry (CA) tests at a constant potential of 1.45
V (vs. RHE) in 1 NH2SO4 at 40 °C for 24 h were carried out. As
depicted in Figure 8d, the as-synthesized (Mn0.8Ir0.2)O2:10F
electrocatalyst demonstrated excellent long-lasting durability
over 24 h, comparable to that of (Mn0.8Ir0.2)O2 NRs, IrO2, and
the thin film of (Mn0.8Ir0.2)O2:10F. Furthermore, to bolster
these results of excellent electrochemical stability, we conducted
elemental analyses using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) to determine the amount of
Mn and/or Ir that might have leached out from the electrode
surface into the electrolyte solution. The ICP-OES analysis
revealed negligible dissolution of Mn and Ir from the as-
prepared (Mn0.8Ir0.2)O2:10F, (Mn0.8Ir0.2)O2, and IrO2 electro-
catalysts, suggesting the remarkable structural stability of these
as-synthesized electrocatalysts (Table S6). In addition, an ICP-
OES analysis performed on the electrodes post-stability tests
showed Mn:Ir ratios as 80.32:19.68 and 79.91:20.09 for
(Mn0.8Ir0.2)O2:10F and (Mn0.8Ir0.2)O2, respectively, which are
in a good agreement with the poststability EDX results discussed
in the Supporting Information. On the other hand, MnO2

displayed extremely poor electrochemical OER stability with a
rapid drop in current density (Figure S7b), similar to the earlier
studies of MnO2 as an OER electrocatalyst.91,92 Thus, it is
interesting to note that the incorporation of reduced amounts of
IrO2 into the framework structure of MnO2 along with
incorporation of F not only significantly improved the OER
kinetics but also enhanced the electrochemical stability of pure
MnO2 NRs, as clearly evidenced from the chronoamperometry
results. The stabilizing effect of F on the transition metal oxide
(TMO) based supports has been comprehensively investigated
by various groups. For example, Geiger et al.51 investigated the
influence of various dopants (fluorine, indium, antimony)
incorporated in transition metal oxides such as SnO2. On the
basis of the potential-dependent dissolution rates of these
oxides, Geiger et al. concluded that fluorine-doped tin oxide
(FTO) shows the best OER stability in 0.1 MH2SO4 electrolyte
with a stability window of FTO ranging from −0.34 V RHE < E
< 2.7 V RHE with no indication of any measurable dissolution
for compositions between these limits, making fluorine a
promising dopant for the acidic OER conditions among indium
tin oxide (ITO) and antimony-doped tin oxide (ATO) based
supports. In addition, in a theoretical study conducted by
Binninger et al.,97 it has been reported that oxygen anion free
salts containing anion species with a very high oxidation
potential such as fluorides, chlorides, and sulfates are indeed
promising candidates as well as truly thermodynamically stable
OER catalysts. Therefore, in the present study, F doping not
only enhances the electronic conductivity of MnO2 but also is
beneficial for stabilizing the as-synthesized electrocatalysts
crystal structure and morphology for the acidic OER.
Furthermore, we evaluated the electrochemically active

surface area (ECSA) to gain deeper insights into the OER
electrocatalytic activity. Herein, in order to determine the ECSA
of (Mn0.8Ir0.2)O2 NRs, (Mn0.8Ir0.2)O2:10F NRs, and IrO2
electrocatalysts, the electrical double-layer capacitance
(EDLC) measurements were carried out in 1 N H2SO4
electrolyte at 40 °C. Figure 9a,c,e shows the cyclic voltammo-
gram (CV) curves recorded at various scan rates (10, 30, 50, and
70 mV s−1). It can be clearly seen in Figure 9b that
(Mn0.8Ir0.2)O2:10F NRs exhibited anodic (ja) and cathodic
(jc) current densities relatively higher than those of (Mn0.8Ir0.2)-
O2 and IrO2 (Figure 9d,f, respectively). Next, the double-layer
capacitance (Cdl) was determined from the linear slope of the
current density (ja− jc) vs scan rate (which is equivalent to twice
the double-layer capacitance, Cdl), following previous studies for
ECSA calculations (see the Supporting Information for
calculation details).98,99The considerably higher Cdl (∼74 mF
cm−2) of (Mn0.8Ir0.2)O2:10F NRs indicates that it possesses a
greater catalytically active surface than (Mn0.8Ir0.2)O2 (∼44 mF
cm−2) and IrO2 (∼22.5 mF cm−2). Furthermore, the ECSA (m2

g−1) of the as-synthesized electrocatalysts was obtained by
dividing double-layer capacitance (Cdl) by the specific
capacitance (C*) of the electrocatalyst, similar to the previous
reports of ECSA determination.100−102 A general specific
capacitance (C*) of metal electrodes in acidic solutions is
taken as 35 μFc m−2.100,103,104 On the basis of this specific
capacitance (C* ≈ 35 μF cm−2) value, the ECSA of
(Mn0.8Ir0.2)O2:10F NRs was obtained as ∼704.76 m2 g−1,
which is remarkably higher than those of (Mn0.8Ir0.2)O2 NRs
(∼419.04 m2 g−1), IrO2 (∼214.28 m2 g−1), and Ir-doped
cryptomelane-type manganese oxide (∼55 m2 g−1) as reported
in a recent study47 (see the Supporting Information for the
detailed ECSA analysis). As elucidated in the Introduction,

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b02901
ACS Catal. 2019, 9, 2134−2157

2149

http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02901/suppl_file/cs8b02901_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b02901


owing to the large aspect ratio (L/D) and high density of active
sites, 1D nanomaterials commonly exhibit superior electro-
chemically active surface areas. For example, in the study
conducted by Wang et al., a 1D Pd/Pt NW array demonstrated
an extremely high electrochemical active area of ∼6791 m2 g−1,
which is ∼51-fold higher than that of a thin film architecture of
Pt (∼133 m2 g−1).105 Such excellent electrochemically active
surface area materials can show markedly improved electro-
catalytic activity, offering efficient catalyst utilization for
electrochemical processes.106 Furthermore, the higher rough-
ness factor (RF) for (Mn0.8Ir0.2)O2:10F NRs (∼2114.28) in
comparison to those of (Mn0.8Ir0.2)O2 NRs (∼1257.14) and
IrO2 (∼642.85) clearly indicates the enhancement of the real
electrochemical surface area (Table S4a) in comparison with the
geometric area of the electrode (see the Supporting Information
for calculation details). Moreover, the above results are in
excellent agreement with the contact angle analysis (Figure 7),
wherein (Mn0.8Ir0.2)O2:10F NRs (∼2114.28) exhibited a
relatively lower water contact angle: i.e., higher roughness
factor. In addition, in the present study, ECSA has also been
evaluated by utilizing the specific capacitance (C*) of single-
crystal IrO2 (∼650 μF cm−2)3,102 (see Table S4b, Supporting
Information, for more details on the discrepancy in ECSA
results). Values obtained using the C* for single-crystal IrO2,
though lower, nevertheless still indicate that the F-doped
compositions of (Mn0.8Ir0.2)O2:10F reflect higher ECSA values
in comparison to the undoped (Mn0.8Ir0.2)O2 and IrO2, in
agreement with the arguments presented above.
It is worth mentioning that although (Mn0.8Ir0.2)O2:10F NRs

exhibited a lower BET specific area (∼3.55 m2 g−1) in
comparison to those of (Mn0.8Ir0.2)O2 and IrO2 (Table 1 and
Figure 3), the ECSA measurements revealed that 1D
(Mn0.8Ir0.2)O2:10F NRs possess an intrinsically higher electro-
catalytically “active” surface area (∼704.76 m2 g−1), enabling
more active sites to be exposed to the electrolyte, which in
principle contributed to the enhanced OER kinetics. Such a
general discrepancy in area obtained by BET and ECSA is well
elucidated in a recent study conducted by Jung et al.103

According to this study, BET is an empirical technique to
determine the “total” surface area which can over- or
underestimate the true catalytically “active” surface area. Thus,
it is recommended to normalize the current density by BET as
well as ECSA, which can essentially provide a conservative
estimate of the specific activity of the electrocatalysts. Hence,
accordingly the obtained current densities from LSV curves
(Figure 8b) were normalized to the BET as well as ECSA area
values. It can be seen from Table S5 that, 1D (Mn0.8Ir0.2)O2:10F
NRs still demonstrated higher BET and ECSA specific activity in
comparison to those of (Mn0.8Ir0.2)O2 and IrO2. This clearly
accentuates the intrinsically superior OER electrocatalytic
activity of 1D (Mn0.8Ir0.2)O2:10F NRs, proffered by the lower
charge transfer resistance (i.e., lower activation polarization)
and unique F-containing solid solution formation as discussed in
detail in the Computational Study Results.
Finally, in order to investigate the structural stability and

mechanical integrity of the high-performance (Mn0.8Ir0.2)-
O2:10F NRs electrocatalyst after its rigorous OER stability test
conducted in harsh acidic medium, characterizations (XRD,
SEM, XPS) following post-stability tests were carried out. As
shown in Figure S8, post-XRD patterns collected on
(Mn0.8Ir0.2)O2:10F did not feature any major changes in the
XRD peak positions, suggesting that the (Mn0.8Ir0.2)O2:10F
structure is well maintained, retaining its original tetragonal

phase with no undesired crystal phase transformations. In
addition, the electrocatalysts following poststability chronoam-
perometry tests were subjected to SEM analyses. Accordingly,
SEM images (Figure S9a,b) and EDX spectrum (Figure S9c)
collected on (Mn0.8Ir0.2)O2:10F/Ti revealed the existence of 1D
nanorod architectures similar to those shown in Figure 4,
indicating no significant change or deterioration of the
morphology of the electrocatalyst as well as no change in the
elemental composition following the electrochemical stability
test. These results thus not only indicate the robust nature of the
electrocatalysts but also suggest the firm adhesion/binding of
(Mn0.8Ir0.2)O2:10F NRs on the current collector substrate.
Furthermore, post-XPS characterizations (Figure S10) revealed
the stable state of the (Mn0.8Ir0.2)O2:10F electrode indicating
the presence of Mn, Ir, and O. Furthermore, the XPS spectrum
of Mn (Figure S10a) indicated a negative shift in the XPS peak
positions after a 24 h durability test in comparison with the
pristine (Mn0.8Ir0.2)O2:10F NRs. Such lower binding energy
shifts in the case of Mn 2p peak position indicate an electronic
environment change during the OER (suggesting manganese-
(III) oxyhydroxide (MnOOH) formation).107−109 Such bene-
ficial surface modification (i.e., formation of metastable OER-
active Mn3+ ions107,109) during the prolonged exposure to the
OER conditions is commonly observed in various electrocatalyst
materials, which plays a critical role in stimulating the OER
kinetics as well as shielding both the dissolution and
disproportionation of MnO2 under the harsh acidic OER
conditions.108,109 Interestingly, in the XPS spectrum of Ir
(Figure S10b) of (Mn0.8Ir0.2)O2:10F NRs following the stability
tests, Ir 4f5/2 and Ir 4f7/2 doublet positions also exhibited a
negative shift of ∼0.25 eV in comparison to the freshly prepared
(Mn0.8Ir0.2)O2:10F. Such negative shifts in the doublet positions
of an Ir-containing electrocatalyst were similarly detected in
earlier studies conducted by Siracusano et al.52 and Ghadge et
al.,3 which indicates the formation of substoichiometric IrOx, i.e.
partial conversion of IrO2 to the hydrated substoichiometric
IrOx species, during prolonged exposure to the OER conditions.
For example, as elucidated by Huang et al.,110 in the XPS
spectrum of poststability (Mn0.8Ir0.2)O2:10F (Figure S10b), in
addition to the peak at ∼62 eV (Ir4+), other peaks at ∼62.9 and
67 eV were observed which correspond to those of Ir3+ and Ir6+,
respectively.110 According to various literature reports,52,110 the
shifts in the binding energy as well as the formation of different
oxidation states of Irn+ can be attributed to the presence of lattice
oxidized ionO2− or hydroxide or bound water/adsorbedH2O or
O2 on the surface. Such surface modification developing during
the intense rate of oxygen evolution is considered to be
beneficial, resulting in enhancement in the OER kinetics.52 In
the comprehensive XPS study conducted by Siracusano et al.,52

the formation of hydrated substoichiometric species and the
positive influence of weakly bonded surface hydroxyls in Ir-
based electrocatalysts on the OER catalytic activity have been
exclusively elucidated. In addition, from various studies it has
been identified that the surface OH groups play a crucial role as
reactive surface intermediates on the active sites of the oxygen
evolution process. Thus, in accordance with the above
discussions, as witnessed in our poststability XPS character-
izations, the modified electronic environments of Ir and Mn
evidently suggest the acceleration of OER kinetics.
In line with the above discussion, the XPS spectrum of O

(Figure S10c) shows, in addition to a peak at ∼530.8 eV, two
more peaks. The peak at ∼533 eV can be ascribed to a low
binding energy component (LBEC) which is attributed to the
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enhanced hydroxide formation110 during theOER, similar to the
case for the earlier reported studies.52,71,111 In the recent Co-
doped IrCu OER electrocatalyst work by Kwon et al.,112 such an
increase in the peak intensity (at a binding energy of∼533 eV) is
ascribed to the evolution of IrOx species as well as surface Ir−
OH species. As mentioned above as well as in good agreement
with various reported studies,112−114 the formation of an
Ir(O)x(OH)y phase is regarded as an active phase for the
OER. Thus, these post mortem XPS characterizations results
suggest the beneficial surface modification of Ir and Mn during
the OER process. The peak observed at a higher binding energy
value of ∼536 eV corresponds to Nafion,115 which is used as a
binder during the preparation of the electrocatalyst ink
(discussed in Experimental Methodology). Herein it is
important to underline that, the primary objective of the present
work is to demonstrate the promising attributes of 1D
architectures. Although our preliminary XPS results indicate
the beneficial surface amendment and change in the electronic
environment of the as-synthesized (Mn0.8Ir0.2)O2:10F system
during extended OER, an in-depth poststability structural
analysis (computational as well as experimental) is highly
desirable to advance the understanding of the structural
parameters and surface modifications occurring during the
OER process that can contribute to the high OER activity and
electrochemical durability (Figure S11). Such fundamental
electrochemical benchmarking studies will be the object of our
successive work on the Ir-based OER electrocatalyst systems for
acid-mediated water electrolysis.
3.3. Computational Study Results. 3.3.1. Computational

Study of the Electrochemically Active α-MnO2 Based
Electrocatalysts. The main origins of the enhanced electro-
catalytic activity of fluorine-doped Mn0.75Ir0.25O2 could be
understood from an electronic structure point of view as well as
from a thermodynamic consideration of all the four elementary
steps of the OER occurring at the active surface of the
electrocatalyst. Similar to our previous publications,2,16,18 we
have continued to adopt the concept proposed by Nørskov and
his group,54,116 and accordingly, we have used it for qualitative
evaluation of the electrochemical activity of Mn0.75Ir0.25O2 and
Mn0.75Ir0.25O2:F electrocatalysts. As mentioned earlier in
Computational Methodology, the electronic structures of the
stable surfaces for all the electrocatalysts have been calculated
and the positions of the corresponding d band centers have been
obtained as a first moment of nd(E): εd = ∫ nd(E)E dE/∫ nd(E)
dE, where nd(E) is the projected d band density of states of the
corresponding materials. Figure 10 thus accordingly depicts the
projected d band densities of states together with the
corresponding centers of these zones marked with vertical
arrows on the graphs calculated for the (110) surface for pure α-
MnO2, Ir-substituted α-MnO2, (Mn0.75Ir0.25)O2, and F-doped
I r - sub s t i t u t ed α -MnO2 , (Mn0 . 7 5 I r 0 . 2 5 )O1 . 7 5F 0 . 2 5 ,
(Mn0.75Ir0.25)O1.375F0.625, and (Mn0.75Ir0.25)O1.0F1.0. Since IrO2
is a benchmark OER electrocatalyst, the d band positions for
IrO2, marked with a dashed vertical line throughout the whole
graph, could serve as a reference point, showing the optimal
electrocatalytic activity for the as-synthesized electrocatalysts.2

In our previous studies2,16,18 we have showed that IrO2 is
characterized by d band centers located at ∼−1.33 eV marked
with a solid vertical line at the graph. The closer the
corresponding d band center position of the solid solution
electrocatalyst studied herein is to −1.33 eV, the higher the
electrocatalytic activity of the substituted solid solution will be
expected to be , such that the d band center position can serve as

an indicator of the expected improvement in the overall
electrocatalytic activity of the electrocatalyst. Such an approach
can thus help in understanding the effect of fluorine on the
electrocatalytic activity of α-(Mn,Ir)O2:F.
It can be seen from Figure 10 that MnO2 is indeed a poor

electronic conductor with a band gap of ∼0.9 eV. Similar
computations made by Tripkovic et al.117 indicated a
corresponding value of 1.0 eV. The electronic conductivity
(Table S7, Supporting Information) of the as-synthesizedMnO2
at room temperature (σ300 K) was obtained as ∼0.0032 S cm−1

(resistivity, ρ300 K ∼ 312.5 Ω cm), which is in good accordance
with various literature reports.118,119 Thus, it can be inferred that
such a structure of MnO2 possessing substandard electronic
conductivity would not be an efficient electrocatalyst for water
splitting, which is indeed validated by the present impedance
and polarization results. Also, the corresponding d band center
of the material is located at −0.2 eV, which is far away from the
optimal position of −1.33 eV featured by IrO2, the benchmark
electrocatalyst used for the OER in PEM-based electrolyzers.
However, introduction of 20 atom % Ir into the α-MnO2 lattice
leads to lattice expansion (Table S1) and also improvement in
the electronic conductivity (Table S7). The improved electronic
conductivity of Ir-containing α-MnO2 ((Mn0.8Ir0.2)O2) has been
evidenced from the impedance as well as electrical conductivity
measurements (σ300 K = ∼0.11 S cm−1). However, this
modification of the electronic structure alone does not help
improve the d band center position. It still locates the Fermi level
in the vicinity of −0.15 eV of the energetic scale. Although an

Figure 10. Projected d-band density of the electronic states calculated
for pure α-MnO2, (Mn0.75Ir 0.25)O2, and F-doped (Mn0.75Ir 0.25)O2 with
4, 10, and 15 wt % of F. The Fermi level is set to zero. The arrows denote
the corresponding d band centers.
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improvement in the electronic conductivity would lead to an
increase in the electrocatalytic activity of (Mn,Ir)O2 in
comparison to that of pure MnO2, it still has the possibility to
be further improved due to the suboptimal position of the d
band center. Such improvement could be achieved with the
introduction of fluorine into the (Mn,Ir)O2 lattice. Figure 10
clearly demonstrates the calculated projected density of d
electronic states for (Mn,Ir)O2 with different F contents. One
can see (Figure 10) that the addition of F from ∼4 wt % up to
∼15 wt % moves the d band center from −0.5 to −1.25 eV,
which allows one to expect a significant improvement in the
electrocatalytic activity. This shift in the d band center takes
place due to the formation of the hybridized F 2p−Mn 3d and F
2p−Ir 5d electronic states well below the Fermi level. An
identical effect of F on the electronic structure has also been seen
earlier and reported by us in a similar study of (Sn,Ir)O2:F
electrocatalysts.16 Similar to the case for (Mn,Ir)O2:F, the
formation of F 2p−Ir 5d hybridized electronic states shifts the d
band center of (Ir,Sn)O2:F down toward the optimal position
and thus improves the overall electronic conductivity as well as
the electrocatalytic activity of (Ir,Sn)O2:F with a substantial
reduction of ∼70−80% in the noble metal content.16 These
theoretical findings have been well supported in the correspond-
ing reports16 as well as in the experimental results of the present
work wherein F-containing (Mn0.8Ir0.2)O2:10F exhibited
improved electronic conductivity (σ300 K) of ∼5.88 S cm−1

(Table S7).
Due to its simplicity, the d band center concept can provide

only a qualitative explanation of the basic origins of the high
electrocatalytic activity of (Mn,Ir)O2:F. In order to investigate
the effects of Ir and F introduction into the α-MnO2 lattice on
the overpotential of the (Mn,Ir)O2:F solid solution oxide, there
is a need to consider all the four elementary steps involved in the
oxygen evolution reaction, as outlined in Computational
Methodology (eq 1). Figure 11a demonstrates the free energies
of all the four elementary steps of the OER calculated for pure α-
MnO2 and the three different atomic configurations with
introduction of Ir and F atoms discussed above and illustrated in
Figure 1b−d. Also, some of the data used for plotting these
graphs have been collected in Table 3. It can be seen that the
most energetically challenging step for all the four systems is step
III, which results in the formation of the hydroperoxide HOO*
from the second water molecule. This step determines the major
overpotential required to overcome in order to meet the four
steps of OER outlined in Figure 11a,b. For pure α-MnO2 the
OER overpotential is 1.41 − 1.23 = 0.18 V (Figure 11a), while
for (Mn,Ir)O2 it is 0.20 and 0.23 V for the two different positions
of Mn and Ir in the unit cell. Thus, these results indicate that the
presence of Ir in MnO2 increases the overpotential for the OER
in comparison with that of pure MnO2. Such an increase in the
energy difference for the third elementary step in the case of Ir-
doped MnO2 is attributable to the weaker interaction between
the adsorbed oxygen (O*) and the surface, resulting in an
increase in the total energy of the system in comparison with
pure MnO2, making it less feasible for the species to adsorb at
the surface and thus, resulting in an increase in the overpotential
of the overall OER for the (Mn,Ir)O2 electrocatalyst system.
Furthermore, it can be seen from Figure 11a that the additional
introduction of F into the (Mn,Ir)O2 oxide system leads to a
slight reduction in the overpotential from 0.20 to 0.19 V,
evidently suggesting a reduced reaction barrier and improved
electrocatalytic activity in comparison to that of undoped
(Mn,Ir)O2 oxide. From these results one can conclude that,

among all the materials considered in the present study (i.e.,
pure MnO2 and MnO2 doped with Ir and F), pure MnO2 is
expected to have the lowest overpotential for the OER reaction.
This result indicates that the MnO2 electrocatalyst itself
intrinsically has a good ability to oxidize water very efficiently,
provided it attains good electronic conductivity together with
excellent electrochemical stability under the harsh acidic OER
conditions of PEM water electrolysis. Both of these properties
related to electrocatalytic activity as well as electrochemical
stability are fairly mediocre in α-MnO2 (owing to its
semiconducting nature and poor OER stability in the acidic
environment), which together suggest that there is a strong need
to improve the electronic conductivity and electrochemical
stability by introduction of some appropriate elements into the
MnO2 framework. In this direction, the approach of
incorporating active/foreign elements into the earth-abundant
and cheap materials has been widely employed to fabricate high-
performance electrocatalyst systems (Table S8). Such elements,
though tend to be noble metals (Ir, Ru, Pt) although not
desirable, could modify the electronic structure and the overall
structural stability in a positive manner, allowing one to
synthesize highly efficient and completely noble metal free
electrocatalyst systems for the acid-assisted oxygen evolution
reaction. Along these lines, it is worth mentioning that various

Figure 11. Free energies of the intermediate reactions for (a) pure and
Ir-doped α-MnO2 with the same CUS at (110) surfaces and (b) Ir-
doped α-MnO2 and Ir-doped rutile MnO2 with the same CUS at (110)
surfaces.
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researchers have already embarked on a journey to explore
various acid stable element dopedMnO2 electrocatalyst systems
for the acidic OER (for example, recent work on the
Mn0.8Ti0.2O2 electrocatalyst system reported by Frydendal et
al.,120 the (Mn-Co-Ta-Sb)Ox system reported by Shinde et
al.,121 the NixMn1−xSb1.6−1.8Oy electrocatalyst by Moreno-
Hernandez,122 CoMnOx work by Nocera and co-workers,

123,124

etc.).
Furthermore, another aspect of the present study is to

compare the catalytic activity of 1D α-(Mn,Ir)O2 NRs with that
of a 2D thin film (Mn,Ir)O2 system having a rutile crystal
structure ,as reported by us recently.2 Figure 11b depicts the free
energies of all the four intermediate steps of the OER reaction
for both rutile and the α structures of (Mn,Ir)O2. Graphs for the
two Ir-Mn configurations with a rutile structure are taken from
an earlier report,2 while another two graphs reflect the calculated
free energies for the α structure and are reproduced from Figure
11a for the α-(Mn,Ir)O2 system. It can be seen that, for both
atomic configurations at (110), the rate-determining step (steps
III) for the α structure demonstrate consistently lower values
than the corresponding step III for the (110) rutile structure
(Figure 11b). The lowest free energy for step III is 1.43 eV for
the α structure with Mn atom under the CUS. The
corresponding value for step III at the rutile surface is 1.45 eV
with a similar atomic configuration. The difference in the
overpotential for the same CUS but with different local
distribution of the Mn and Ir ions is ∼0.02−0.03 eV for both
rutile and α-MnO2 crystal structures (Figure 11b). Thus, these
results clearly demonstrate that not only the 1D nanorod
morphology benefits the improvement in the catalytic activity
but also the crystal structure itself plays a major role in
enhancing the catalytic activity (since our calculations did not
involve any considerations of the different morphologies of
nanostructured surfaces). Accordingly, the present theoretical
results correspondingly attest to the excellent electrocatalytic
performance of the as-synthesized α-(Mn,Ir)O2 NRs for the
OER in PEM water electrolysis. In addition, the current
theoretical work also provides an excellent pathway to engineer
high-performance nonprecious OER electrocatalysts for effi-
cient hydrogen production via PEM-based acid mediated water
electrolysis.

4. CONCLUSIONS

In summary, we have demonstrated a facile hydrothermal and
wet chemical approach for the synthesis of 1D
(Mn0.8Ir0.2)O2:10F nanorods (NRs) as an efficient electro-
catalyst for the acidic OER. The as-synthesized (Mn0.8Ir0.2)-
O2:10F NRs possessing a unique electronic/molecular structure
exhibit notable electrochemical activity with a lower onset

potential of ∼1.35 V (vs RHE) in comparison to that of IrO2
(∼1.43 V vs RHE). In addition, owing to the presence of 1D
channels in the nanorod architecture and unique electronic
structure obtained upon formation of fluorine (F)-containing
solid solutions, the (Mn0.8Ir0.2)O2:10F NRs exhibit low charge
transfer resistance (∼2.5 Ω cm2), low Tafel slope (∼38 mV
dec−1), high electrochemically active surface area (ECSA ≈
704.76 m2 g−1), and notable OER performance with ∼6-, ∼2.1-,
and ∼2.2-fold higher electrocatalytic activity in comparison to
IrO2, (Mn0.8Ir0.2)O2 NRs, and 2D thin film of (Mn0.8Ir0.2)-
O2:10F, respectively. Additionally, considerably higher ECSA
and BET specific activity, mass activity (40 A g−1), and TOF
(0.01 s−1) at an overpotential of ∼220 mV clearly suggest the
intrinsically higher electrocatalytic activity of (Mn0.8Ir0.2)O2:10F
NRs in comparison to the other as-synthesized electrocatalysts.
Moreover, in a 24 h OER durability study, no major deviation in
current density was witnessed for our as-synthesized
(Mn0.8Ir0.2)O2:10F NRs, suggesting its structural robustness
and chemical as well as electrochemical integrity for displaying
the sustained and prolonged OER response under harsh acidic
conditions, which is also competently reinforced by the
poststability characterization analyses. Furthermore, our ex-
tensive DFT calculations suggest that the solid solution of α-
MnO2-based crystal structure ((Mn0.8Ir0.2)O2:10F) demon-
strates electrocatalytic activity higher than that of a rutile MnO2
based crystal structure with the similar chemical composition
and ionic distribution. Also, the results reported herein further
demonstrate the inherent capability of MnO2 to promote the
OER reaction if it can be made to display high electronic
conductivity combined with the required electrochemical
stability for the OER in acidic media. Indeed, following the
pathway discussed herein, doping with some non-noble
materials could meet these requirements, transforming the
electronic structure and thus opening new pathways for
synthesizing novel families of platinum group metal (PGM)
free electrocatalysts for PEM water electrolysis. Correspond-
ingly, the present work demonstrates the fidelity of the 1D
(Mn,Ir)O2:10F nanorod electrocatalyst system for efficient
hydrogen generation and water splitting via PEM-based acid
mediated water electrolysis.
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Table 3. Computational Data Obtained from the Present Study. (a)

ΔG (eV)

configuration
ΔZPE −
TΔS (eV)
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α-MnO2

α-(Mn,Ir)O2
Ir at Pos.1

α-(Mn,Ir)O2
Ir at Pos.2

α-(Mn,Ir)O2:F
Ir at Pos.2

rutile (Mn,Ir)O2
Ir at Pos.1

rutile (Mn,Ir)O2
Ir at Pos.2

Vac + 2H2O 0 0 0 0 0 0
HO* + H2O + 1/2H2 0.35 1.33 1.28 1.30 1.25 1.25 1.28
O* + H2O + H2 0.05 2.58 2.52 2.55 2.60 2.62 2.58
HOO* + 3/2H2 0.40 3.99 3.98 3.98 4.02 4.10 4.03
vac + O2 + 2H2 4.92 4.92 4.92 4.92 4.92 4.92
ΔG of step III (eV)
(overpotential in V)

1.41 (0.18) 1.46 (0.23) 1.43 (0.20) 1.42 (0.19) 1.48 (0.25) 1.45 (0.22)

aΔZPE−TΔS data were taken from a previously published study.53
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(95) Kötz, R.; Stucki, S. Stabilization of Ruo2 by Iro2 for Anodic
Oxygen Evolution in Acid Media. Electrochim. Acta 1986, 31, 1311−
1316.
(96) Abbott, D. F.; Lebedev, D.; Waltar, K.; Povia, M.; Nachtegaal,
M.; Fabbri, E.; Coperet, C.; Schmidt, T. J. IridiumOxide for theOxygen
Evolution Reaction: Correlation between Particle Size, Morphology,
and the Surface Hydroxo Layer from Operando Xas. Chem. Mater.
2016, 28, 6591−6604.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b02901
ACS Catal. 2019, 9, 2134−2157

2156

http://dx.doi.org/10.1021/acscatal.8b02901


(97) Binninger, T.; Mohamed, R.; Waltar, K.; Fabbri, E.; Levecque, P.;
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