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ABSTRACT: The development of efficient water-oxidizing
electrocatalysts is a key issue for achieving high performance in
the overall water electrolysis technique. However, the complexity
of multiple electron transfer processes and large activation energies
have been regarded as major bottlenecks for efficient water
electrolysis. Thus, complete electrochemical processes, including
electron transport, charge accumulation, and chemical bond
formation/dissociation, need to be analyzed for establishing a
design rule for film-type electrocatalysts. In light of this, complex
capacitance analysis is an effective tool for investigating the charge
accumulation and dissipation processes of film-type electro-
catalysts. Here, we conduct complex capacitance analysis for the
Mn3O4 nanocatalyst, which exhibits superb catalytic activity for
water oxidation under neutral conditions. Charge was accumulated on the catalyst surface by the change in Mn valence between
Mn(II) and Mn(IV) prior to the rate-determining O−O bond forming step. Furthermore, we newly propose the dissipation ratio
(D) for understanding the energy balance between charge accumulation and charge consumption for chemical O−O bond
formation. From this analysis, we reveal the potential- and thickness-dependent contribution of the charge accumulation process on
the overall catalytic efficiency. We think that an understanding of complex capacitance analysis could be an effective methodology for
investigating the charge accumulation process on the surface of general film-type electrocatalysts.

■ INTRODUCTION

Electrochemical water splitting has been regarded as an
attractive approach to attain sustainable energy system by
producing clean hydrogen energy without the formation of
undesirable byproducts.1−3 Substantial research efforts have
been devoted to the practical application of water electrolysis
technology to obtain environmentally friendly hydrogen
energy. However, the sluggish kinetics of the anodic half
reaction, the oxygen evolution reaction (OER), are a major
obstacle to improving the overall performance of water
electrolysis.3 Owing to their high performance and stability,
noble-metal-based catalysts such as RuOX and IrOX have
generally been utilized, but their high cost and scarcity have
limited their scalable application.4,5 In this regard, numerous
first-row transition-metal-oxide (TMO)-based catalysts have
been developed to achieve superb activity that is comparable to
that of noble-metal-based catalysts.6−10

For achieving the optimal catalytic performance strategically,
the key descriptors have been studied for the OER electro-
catalysts. The binding affinity with oxygen species such as O*,
HO*, and HOO* on the catalyst surface has been regarded as
an important determinant for the catalytic activity.11 From
density functional theory (DFT) studies, a scaling relation

between the binding energy of HO* and HOO* species has
been found for general metal-oxide-based electrocatalysts. The
scaling relation constructed a volcano-type trend between the
catalytic activity and the difference in binding energies of O*
and HO* (ΔGO* − ΔGHO*).

11 Additionally, for perovskite-
based electrocatalysts, occupancy of the eg orbital of the surface
metal cation has been suggested as another descriptor for the
OER activity, as the eg orbital participated in σ bonding with
anionic adsorbates.12 An eg occupancy close to unity is the
optimal electronic configuration for the lowest OER over-
potential.
In the volcano-type trend for OER overpotential, a

discrepancy between the theoretical and experimental values
has been observed under neutral pH conditions. Specifically,
DFT studies using ΔGO* − ΔGOH* as a descriptor have
predicted that 3d TMO-based catalysts, such as Co3O4, NiO,
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and MnOX, have similar overpotentials to that of IrOX.
11,13

Experimentally, the overpotential value for Mn3O4 is hundreds
of millivolts higher than that of IrOX. The discrepancy between
the experimental and theoretical values originated from the
overly simplified descriptor used in theoretical analysis.14

Therefore, it is important to analyze various parameters
including kinetic factors during the electrochemical water
oxidation reaction process.
The morphology and thickness of film-type electrocatalysts

significantly affect their overall OER performance. Specifically,
the high porosity of a catalyst film contributes to an increase in
its surface area and this is related to the activity enhancement
because of the increased number of active sites. Also, catalyst
films exhibit the best activity when at an optimal thick-
ness.15−17 This thickness-dependent trend has been explained
by competition between the increase in the number of active
sites and the electron transport resistance through the catalyst
film. Additionally, the interfacial band structure between the
catalyst and the bottom electrode must be considered for facile
electron transport.18

In addition to structural features affecting the performance
of a catalyst film, the charge accumulation property also greatly
influences the OER efficiency of film-type electrocatalysts. The
electrochemical OER involves several chemical elementary
steps such as O−O bond formation.19 The O−O bond
formation proceeds through the nucleophilic attack of water
molecules20 or radical coupling of adjacent metal−oxo
species,21 where the chemical bond formation/dissociation
occurs entailing a valence state change of the metal center on
the active site. Prior to the O−O bond formation step, an
oxidative charge is accumulated with the metal valence change
on the metal-oxide-based electrocatalysts.22 Thus, charge
accumulation needs to be evaluated among the various
electrochemical processes to understand the rate-controlling
process of the electrochemical OER. Although there are

different reports on the rate-determining step (RDS) of IrOX,
23

the low-spin configuration of Ir enables efficient charge
accumulation under neutral pH conditions.24 In contrast,
MnO2 electrocatalyst suffers from inefficient charge accumu-
lation under neutral pH conditions due to the charge
disproportionation of high-spin Mn(III) species.24 In light of
this, for an advanced design rule for OER electrocatalysts, the
charge accumulation process should be understood at the
interface between the catalyst surface and the electrolyte
during the electrochemical OER.
In this regard, manganese is particularly an interesting

candidate due to its various oxidation states from Mn(II) to
Mn(VII)25 and the selected element in biological water-
oxidizing complex in photosystem II.26,27 The high efficiency
of the biological water-oxidizing complex under mild
conditions is attributable to its dynamic and asymmetric
structure which enables efficient charge accumulation and
subsequent O−O bond formation. Charge accumulation is
promoted by stepwise oxidation from Mn(III) to Mn(IV) for
the Mn4CaO5 cluster in the water-oxidizing complex during
the Kok cycle.28 The activity of synthetic Mn-based electro-
catalysts under mild conditions is markedly degraded
compared to that observed under alkaline conditions due to
the instability of the Mn(III) species on the surface. The
Mn(III) species on the surface of crystalline manganese oxides
undergo charge disproportionation under neutral and acidic
conditions.29 Inducing a local structural distortion or structural
disordering is reported as effective strategies to stabilize the
surface Mn(III) species and enhance the OER activity under
neutral conditions.30−33

We have previously developed sub-10 nm-sized manganese
oxide nanocatalysts, which exhibited good OER activity under
neutral conditions.34,35 Combined with in situ spectroscopic
analysis (X-ray absorption, UV−vis, and Raman spectroscopy)
and electrokinetic studies, we revealed their unique reaction

Figure 1. Characterization of the as-synthesized 10 nm Mn3O4 NPs. (a) TEM image of the monodispersed Mn3O4 NPs. (b) Plane SEM image for
300 nm-thickness Mn3O4 NP film. (c) Cross-sectional SEM image of the Mn3O4 NP films on the FTO substrate. (d) PXRD pattern, (e) Raman
spectrum, and (f) Mn 2p XPS spectrum of the Mn3O4 NPs.
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mechanism which was totally different from that of the bulk
crystalline manganese oxide electrocatalysts.36 The RDS is the
chemical O−O bond formation where Mn(IV)O species are
involved in ref 37. It was indicated that the charge
accumulation process was facilitated via an Mn valence change
prior to the O−O bond formation step. Furthermore, the
electron transport characteristics for a manganese oxide
nanocatalyst film were analyzed via electrochemical impedance
spectroscopy (EIS) using a newly modified transmission line
model.38 From this EIS study, the overall catalytic performance
was determined by the competition between charge transport
and surface catalysis.
Here, we investigate the charge accumulation behavior on a

manganese oxide nanoparticle (NP) film during the OER via
complex capacitance analysis from an EIS study. For general
complex capacitance analysis of capacitors and pseudocapaci-
tors, the real (C′) and imaginary (C″) capacitance indicate the
charging property and energy dissipation process, respectively.
From this viewpoint, complex capacitance analysis could
decouple the electrochemical oxidative charge accumulation
process and oxidative charge consumption process during the
OER. Also, we newly propose the dissipation ratio to describe
the ration of energy balance between the charge accumulation
and consumption processes. The potential-dependent change
for these parameters provides insights into charge accumu-
lation on heterogeneous electrocatalysts during the OER.

■ RESULTS AND DISCUSSION

Characterization of the Mn3O4 NPs. Uniform spherical
sub-10 nm Mn3O4 NPs were successfully synthesized by the
hot-injection method (Figure 1a). The electrode film was
prepared through the spin coating of the as-prepared Mn3O4
NPs ink solution onto the FTO substrate. As shown in Figure
1b,c, the Mn3O4 NPs were well-assembled onto the FTO
substrate. The thickness of the electrode was precisely

controlled from 20 to 300 nm by changing the concentration
of Mn3O4 NP ink solution (Figure 1b,c and S1). As shown in
Figure 1d, the powder X-ray diffraction (XRD) spectrum of
our NPs well match with the Mn3O4 phase (PDF#: 00-024-
0734). In addition, the spectra of the Raman spectroscopy
analysis clearly demonstrate the characteristic Raman bands of
spinel Mn3O4 (hausmannite) at the peak position of 290, 320,
373, 479, and 659 cm−1 (Figure 1e).37,39 The peak position of
both Mn 2p3/2 and Mn 2p1/2 peaks are located at 641.57 and
653.5 eV (Figure 1f), which matches well with previous studies
of Mn3O4.

35,40

Electrochemical Kinetic Analyses of Mn3O4 NPs.
Figure 2a illustrates the cyclic voltammetry (CV) curves of
the Mn3O4 NPs under 0.5 M phosphate buffer solution (pH
7). The CV curves of the Mn3O4 NPs indicate that the Mn3O4
NPs are active for electrochemical OER, showing the drastic
catalytic current increase above 1.2 V versus NHE.
Furthermore, we observed the stable water-oxidizing electro-
catalytic activity of the Mn3O4 NPs under the phosphate
electrolyte (Figure S2). The confirmation of an Mn phosphate
overlayer is an important point to ensure the composition of
the real catalyst during the water oxidation reaction in the
phosphate electrolyte.41 The P 2p XPS data of the spent
electrocatalyst indicate that there is no formation of Mn
phosphate overlayer on our Mn3O4 NP sample. Additional Mn
2p XPS, Raman, transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) characterization
confirmed that the morphology and size of the Mn3O4 NPs
remained unchanged after the electrolysis and only slight
oxidation of the Mn3O4 NPs was observed (Figures S3 and
S4).
In addition, Tafel and pH dependency analyses were

performed to investigate the electrokinetic behavior of the
Mn3O4 NPs (Figure 2b,c). The Tafel plots were obtained from
chronoamperometry methods. The measured Tafel slope of

Figure 2. Electrochemical kinetic analyses of the Mn3O4 NPs. (a) CV curve for 70 nm-thickness Mn3O4 NP electrode in 0.5 M phosphate buffer
solution (pH 7). (b) Tafel plot in 0.5 M phosphate buffer solution (pH 7). (c) pH dependency over neutral range from a pH of 6.0 to 8.0 in 0.5 M
phosphate buffer solution. (d) Mn K-edge in situ XANES spectra of the Mn3O4 NPs at different anodic potential in 0.5 M phosphate buffer solution
(pH 7). (e) Proposed OER mechanism on the Mn3O4 NPs under neutral conditions.
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72.8 mV dec−1 in the Mn3O4 NPs corresponds to the apparent
transfer coefficient (α) of 0.81, which approximately
corresponds to the chemical RDS with one-electron trans-
ferring pre-equilibrium step.36,42 In addition, the pH depend-
ency of the Mn3O4 NPs against the current density was
investigated and measured to be −65.3 mV per pH (Figure
2c). From the Tafel and pH dependence analyses, the first-
order dependency of log(j) on pH can be derived. Combining
the electrokinetic results, we can conclude that the one proton
(H+) and one electron (e−) transfer occurs as the quasi-
equilibrium step.43 Furthermore, we recently observed the
Mn(IV)O intermediates on the surface of the same Mn3O4
NP electrocatalyst during the electrochemical water oxidation
by in situ Raman analysis.37

Taken together, based on the aforementioned electrokinetic
studies and previously investigated in situ spectroscopic
analyses,36,37 we could propose the following mechanism
which is summarized in Figure 2e. During the catalytic cycle,
the active Mn species were oxidized from Mn(II) to Mn(IV).
The Mn(III) species, regarded as the key species for the OER
activity under neutral conditions, were also stabilized on the
surface of the small-sized nanoparticle. Then, a concerted one
proton (H+) and one electron (e−) transfer takes place as the
quasi-equilibrium step, resulting in the generation of Mn-
(IV)O species. Following the quasi-equilibrium step,
formation of an O−O bond at the Mn(IV)O species
proceeded as the RDS for the surface catalysis with a decrease
in Mn valence state. Oxygen molecules were liberated and the
water molecule was adsorbed on the active site in the
subsequent process. In the proposed mechanism, the Mn
valence showed a reversible change with chemical bond
rearrangement, indicating that the electrochemical OER could
be a complementary process with charge accumulation and
dissipation of the electrocatalyst.

As shown in Figures 2a and S5, the CV curves were
measured for a 20, 70, 150, and 300 nm-thick Mn3O4 NP films
under 0.5 M phosphate buffer solution of pH 7. The electrode
has a porous structure in which the Mn3O4 NPs are compactly
assembled. Therefore, the surface area increases as the
thickness of the sample increases, resulting in an increase of
capacitance currents and the OER electrocatalytic activities
(Figures S5 and S6). The rectangular capacitive shape without
a noticeable redox peak is very similar with that of the
previously reported Mn3O4 samples, which mainly originated
from the faradaic pseudocapacitance by the redox state change
of Mn.44,45 The valence state change of Mn center in the
Mn3O4 NPs according to the applied potential is directly
supported by the potential-dependent in situ XANES data
(Figures 2d and S7).

Complex Capacitance Analysis for Mn3O4 NPs. We
conducted EIS analysis to understand the charge accumulation
process of the Mn3O4 NP films during catalysis. EIS analysis is
an effective tool for decoupling various electrochemical
processes. We previously parameterized electron transport
and surface catalysis in the Mn3O4 NP films using the
proposed circuit model.38 Herein, we understand the charge
accumulation and dissipation processes from impedance data
(Z*) which can be converted into complex capacitance (C*)
via the following equations (eqs 1 and 2).

* =
*

C w
jwZ w

( )
1

( ) (1)

* = ′ − ″C w C w jC w( ) ( ) ( ) (2)

In eqs 1 and 2, w, j, C′, and C″ are the frequency, imaginary
unit, real capacitance, and imaginary capacitance, respectively.
The real (C′) and imaginary (C″) capacitances were calculated

Figure 3. Impedance plots for 70 nm-thickness Mn3O4 NP film at OCP, 0.8, 1.0, 1.2, 1.25, 1.3 and 1.35 V vs NHE. (a) Nyquist plot (Z′ vs Z″). (b)
Complex capacitance plot (C′ vs C″). (c) Real part (C′) for complex capacitance as a function of frequency. (d) Imaginary part (C″) for complex
capacitance as a function of frequency.
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from the real (Z′) and imaginary (Z″) impedances according
to eqs 3 and 4.

′ = ″
| |

C w
Z w

w Z w
( )

( )
( ) 2 (3)

″ = − ′
| |

C w
Z w

w Z w
( )

( )
( ) 2 (4)

Complex capacitance analysis has previously been utilized to
investigate the capacitive characteristics of various energy
materials.46−51 Complex capacitance analysis is an effective
tool for understanding the capacitive response at low frequency
range, whereas the impedance spectra generally concentrate on
the analysis of the resistive behavior at a higher frequency
range. The real capacitance represents the ability of the system
to store electrical energy and the imaginary capacitance
indicates losses in the form of energy dissipation. For an
OER electrocatalyst system, the real capacitance can be
interpreted as the energy storage ability by the oxidative
charge accumulation by Mn valence state change, and the
imaginary capacitance is related to the energy losses by
oxidative charge consumption with chemical bond rearrange-
ment such as O−O bond formation. In this regard, complex
capacitance analysis can show the energy balance between
charge accumulation and charge dissipation for the OER on
the Mn3O4 NP films.
We obtained EIS measurements for the Mn3O4 NP films in

0.5 M PBS at pH 7 between the open circuit potential (OCP)
and 1.35 V versus NHE. As shown in Figures 3a and S8,
impedance data for the Mn3O4 NPs were displayed as a
Nyquist plot (Z′ vs Z″). In the impedance spectra at the OCP,
a semicircle and curve with a low curvature were observed at
higher and lower frequency ranges, respectively. The curve at

the low frequency range indicated the electrochemical
processes at the interface between the catalyst and electrolyte,
and the semicircle at the high frequency range was related to
the electron transport behavior through the catalyst film and
the charge transfer process at the interface between the catalyst
and the bottom electrode. As the applied potential was
increased, the semicircle shape disappeared and only the curve
with the low curvature was observed at 0.8 and 1.0 V versus
NHE. Above 1.2 V versus NHE, a new semicircle emerged,
which corresponds to the OER on the catalyst surface. The size
of the semicircles reduced as the potential was increased from
1.2 to 1.35 V versus NHE. The change in the spectra with
increasing potential was attributable to the decrease in
interfacial charge transfer resistance for the OER.
The complex capacitance values were converted from the

impedance data using eqs 3 and 4 to analyze the charge
accumulation process in the Mn3O4 NP films during the OER
(Figures 3b and S9). Additionally, the real and imaginary parts
of the complex capacitance were plotted as a function of
frequency on a log scale (Figure 3c,d). As shown in Figure
3c,d, the values for C′ and C″ were zero above approximately
102 Hz. This resistive behavior indicated that charge was
difficult to be accumulated and the energy dissipation process
was inhibited at a higher frequency. At a lower frequency range
(<102 Hz), the capacitive behavior showed an increase in C′
(Figure 3c). As shown in Figure 3d, a capacitive peak and an
energy dissipative tail indicated that the charge accumulation
and energy dissipation processes were complementary
interactions during the OER on the electrocatalyst film.
At the OCP, C′ increased below 100 Hz and a capacitive

peak in the log f versus C″ plot was observed at around 10−1

Hz. This was attributed to the formation of an electrical double
layer near the catalyst surface. At 0.8 V versus NHE, an increase

Figure 4. (a) Dissipation ratio (C′/C″) as a function of frequency for 70 nm-thickness film at OCP, 0.8, 1.0, 1.2, 1.25, 1.3 and 1.35 V vs NHE. (b)
Dissipation ratio (C′/C″) as a function of frequency at 1.35 V vs NHE with 20, 70, 150, and 300 nm-thickness films. (c) Peak frequency ( fmax) and
dissipation ratio (Dmax) at fmax variance as a function of potential. (d) Corrected peak frequency (log(ξmax) = log( fmax)/Dmax) for 20, 70, 150 and
300 nm-thickness films.
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in C′ was observed at under ∼102 Hz and the slope for C′
changed at around 100.33 Hz (Figure 3c). In Figure 3d, the
capacitive peak was positively shifted to 101 Hz. This change in
the spectra was attributed to the charge accumulation with the
Mn valence change between Mn(II), Mn(III), and Mn(IV) on
the Mn3O4 NP surface. At 1.0 V versus NHE, the increase in C′
was reduced slightly at a lower frequency range (<100.33 Hz)
and the capacitive peak frequency was nearly unchanged
(Figure 3d).
Above 1.0 V versus NHE, a substantial decrease in the rate of

increase in C′ was observed at the lower frequency range (<10
Hz, Figure 3c). Also, dissipative tails emerged in the lower
frequency range, which represented the charge dissipation
process on the catalyst surface by oxygen-evolving catalysis
(Figure 3d). The change in the spectra indicated that water
oxidation reaction including the chemical O−O bond
formation step was initiated at this potential range, where
Mn(III)−OH and Mn(IV)O species were sufficiently
generated on the Mn3O4 NP surface (Figure 2a). The
dissipative tail was positively shifted as the potential was
increased from 1.2 to 1.35 V versus NHE, which indicates that
the OER proceeded briskly at a higher potential. Additionally,
above 1.3 V versus NHE, the slope for C′ became steeper at a
frequency range less than 100 Hz, which was attributed to the
electron transport limitation in the film-type electrocatalyst.
From the complex capacitance analysis, the increase of the

real part in the low frequency range indicated that charge was
accumulated by the Mn valence change on the Mn3O4 NP
surface below 1.2 V versus NHE. Above 1.2 V versus NHE, the
real part decreased and the dissipative tail was observed in the
imaginary part of the plot in the lower frequency range. The
change in the spectra signifies that the accumulated charge was
consumed to continue the further steps of the OER (Figure
2e). In this regard, the complex capacitance analysis
demonstrated an energy balance between the oxidative charge

accumulation and dissipation processes on the Mn3O4 NPs
during the OER.
Furthermore, we introduced here the frequency-dependent

dissipation ratio (D), which is calculated as the ratio of C′ and
C″, for analyzing the correlation between the energy balance
and the various electrochemical processes on the Mn3O4 NP
films during the OER (eq 5).

=
′
″

D f
C f
C f

( )
( )
( ) (5)

The dissipation ratio (D) indicated the ratio of charge
accumulation ability with respect to the dissipation processes.
As shown in Figure 4a, the dissipation ratios were plotted as a
function of frequency on a log scale at several applied
potentials. We found that the dissipation ratio was maximized
(Dmax) at a specific frequency ( fmax) in each spectrum (Figure
4a). For 1.0 V versus NHE and below, Dmax increased and fmax
was not significantly changed as the potential rose. The values
for Dmax were measured as 4.2 and 5.6 at 0.8 and 1.0 V versus
NHE, respectively. The fmax values were estimated as 10−0.5 Hz.
The increase in Dmax was attributed to the charge accumulation
being superior to the energy dissipation process with the Mn
valence change (Figure 2e). Above 1.0 V versus NHE, where
Mn(III)−OH and Mn(IV)O species had been sufficiently
generated, Dmax decreased and fmax was positively shifted with
increasing potential. The values for Dmax were 1.91, 1.52, 0.79,
and 0.47 at 1.2, 1.25, 1.3 and 1.35 V versus NHE, respectively.
The respective fmax values were measured as 100.25, 100.5,
100.83and 101.17 Hz. The decrease in Dmax represents that the
influence of oxidative charge consumption becomes dominant.
The increase in fmax was due to the increase in the dissipation
process kinetics as the potential increased above 1.2 V versus
NHE (Figure 4c).
In Figure 4b, the dissipation ratios were measured for 20, 70,

150 and 300 nm-thick Mn3O4 NP films at 1.35 V versus NHE.

Figure 5. Real conductance (Gmax′ ) and imaginary conductance (Gmax″ ) at peak frequency ( fmax) for (a) 20, (b) 70, (c) 150, and (d) 300 nm-
thickness Mn3O4 NPs electrodes. (e) Correlation between Gmax′ and Gmax″ for various electrode thicknesses where G′ is lower than G″ (G′ < G″). (f)
Variation of Gmax′ as a function of the dissipation ratio at the peak frequency ( fmax).
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As the thickness of the Mn3O4 NPs film increased, Dmax and
fmax concomitantly decreased. At 1.35 V versus NHE, the Dmax
values were measured as 0.64, 0.47, 0.37 and 0.28 for 20, 70,
150, and 300 nm thicknesses, respectively. The corresponding
values for fmax were 101.33, 101.08, 100.92, and 100.67 Hz. The
decrease in Dmax was due to the enhancement of the dissipation
process and surface catalysis for the porous Mn3O4 NP
electrodes. The decrease in fmax reflected that the kinetics for
the overall OER were slower for thicker Mn3O4 NP films due
to an increased electron transport limitation under high anodic
potential condition.
We further introduced the corrected peak frequency (ξmax)

here to rationalize the influence of both the potential and the
electrode thickness. The values for ξmax were calculated using
the following equation (eq 6).

ξ =
f

D f( )max
max

max (6)

The ξmax value does not vary with the electrode thickness
but log ξmax linearly increased with the applied potential above
1.2 V versus NHE (Figure 4d). Assuming that the relaxation
processes follow the Butler−Volmer formalism, we could
propose charging−dissipation-coupled coefficient (αc−d) by
the following equation (eq 7), where F, T, and E are the
Faraday constant, temperature, and applied potential,
respectively. Since the ξmax value is related to the overall
kinetics of the charging and dissipation processes, we expect
that the αc−d value could provide information about the overall
rate-determining kinetic step, such as the apparent transfer
coefficient obtained through Tafel analysis. The αc−d was
calculated as 0.78 using this equation. The values for αc−d
matched well with the transfer coefficient which was measured
from Tafel analysis in the previous study.35,36
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Complex Conductance (G′ and G″) Analysis for
Mn3O4 NPs. To analyze the competition between the
dissipation process and charge accumulation, complex
conductance was converted from complex capacitance using
eqs 8 and 10. The complex conductance data were plotted at
various applied potentials for several film thicknesses (Figure
S10). Figure 5a−d shows potential dependency of the real
(Gmax′ ) and imaginary (Gmax″ ) conductance at the peak
frequency ( fmax). Both Gmax′ and Gmax″ increased with the
applied potential for all thicknesses (∼20−300 nm), although
Gmax″ reaches a plateau at high potential for 150 and 300 nm-
thick films. In the low potential range, Gmax′ was lower than
Gmax″ and a crossover between Gmax′ and Gmax″ was observed for
each film thickness. At a lower potential, Gmax′ is smaller than
Gmax″ for each film thickness, which indicated that the charge
accumulation process with the Mn valence change was
dominant. When Gmax′ is larger than Gmax″ , the dissipation
process became dominant during the electrochemical OER.

* = ′ + ″G w G w jG w( ) ( ) ( ) (8)

′ = ″G w wC w( ) ( ) (9)

″ =G w wC w( ) ( ) (10)

In Figure 5e, Gmax′ and Gmax″ showed a linear relationship
when Gmax′ is smaller than Gmax″ . The smaller values for Gmax′

compared to Gmax″ represented that the Mn valence change
process served as a rate-controlling factor for overall efficiency.
Importantly, the slope for Gmax″ with respect to Gmax′ was
measured as nearly unity, as shown in eq 11.

″ = ′ +G G1.05 0.0016max max (11)

This indicated that the charge accumulation process of the
Mn valence change and the dissipation process were strongly
correlated with the dissipation process of electron transfer. In
other words, this behavior indicates the readiness for Mn
valence changes and describes the oxidative charge accumu-
lation with proton release for electroneutral chemical storage
of charges, in contrast to an electrostatic capacitor with charge
separation. It reflected that the energies from the dissipation
process and charge accumulation was balanced, which was
caused by the one proton−one electron coupled transfer
process prior to the O−O bond-formation step. Also, the
intercept of Gmax″ (∼0.0016 S) can be viewed as a measure of
the energy accumulation threshold beyond which the
dissipation processes occur.
Log Gmax′ showed a linear relationship with respect to Dmax

(Figure 5f) for all Mn3O4 NP film thicknesses. The intercept
was measured as 0.03 S when Dmax is zero. From eqs 5 and 9,
this intercept, Glim′ , corresponded to the hypothetical situation
where the real capacitance (C′, energy storage ability) was zero
and the imaginary capacitance (C″, dissipation process) was an
infinite value. We emphasize that only one curve was obtained
from all the film thicknesses. Hence, Glim′ is a useful parameter
which reflects the kinetics of the overall electrochemical
system, such as the turnover frequency. It can be measured
directly from EIS analysis without identifying the number of
active sites and using an equivalent circuit model.

■ CONCLUSIONS
We conducted complex capacitance analysis for the Mn3O4 NP
films to understand the charge accumulation process on the
catalyst surface during the OER. From this complex
capacitance analysis, charge was accumulated on the catalyst
surface by the change in Mn valence between Mn(II) and
Mn(IV) below 1.2 V versus NHE. Above 1.2 V versus NHE, the
accumulated charge was used up by oxygen-evolving catalysis.
We newly proposed the dissipation ratio as the ratio of the real
capacitance with respect to the imaginary capacitance for
analyzing the energy balance between the charge accumulation
process and charge dissipation for a catalytic reaction. The
potential dependence of the dissipation ratio indicated that the
charge dissipation process was superior to charge accumulation
at a higher potential. Additionally, the thickness dependence of
the dissipation ratio indicated that an electron transport
limitation induced charge accumulation on the catalyst surface
for thicker catalyst films. We believe that this complex
capacitance analysis using EIS could be generalized for various
film-type electrocatalysts to investigate the charge accumu-
lation processes on the catalyst surfaces.

■ EXPERIMENTAL SECTION
Materials. Mn(CH3COO)3·2H2O (97%), 1-octadecene

(90%), myristic acid (CH3(CH2)12COOH) (99%), decanol
(CH3(CH2)9OH), Na2HPO4·7H2O (ACS reagent, 98.0−
102.0%), and NaH2PO4·2H2O (99.0%) were purchased from
Sigma-Aldrich and used as received without further purifica-
tion. Fluorine-doped-tin-oxide-coated glass (FTO, TEC-8)
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with the surface resistivity of 15 Ω sq−1 was manufactured by
Pilington Company.
Synthesis of the Manganese Oxide NPs. The Mn3O4

NPs were synthesized by slightly modifying a previously
reported method called the hot injection method.32 To
synthesize monodispersed sub-10 nm-sized NPs, 1 mmol
manganese acetate and 2 mmol myristic acid were dissolved in
20 mL of octadecene and a mixture of 1.83 mL of decanol and
3 mL of octadecene was prepared. These two separate
solutions were degassed at 110 °C for 2 h with stirring. After
2 h of degassing, the solution of manganese acetate and
myristic acid was slowly heated up to 290 °C under an argon
atmosphere. When the temperature reached above 285 °C, the
1.2 mL mixture of decanol and octadecene was injected rapidly
into the solution of manganese acetate and myristic acid. The
mixture was maintained at 290 °C for 1 h.
Electrode Preparation. After the synthesis of the Mn3O4

NPs in octadecene, the solution of Mn3O4 NPs, toluene, and
acetone were mixed in the volume ratio of 1:1:2 and
centrifuged to precipitate the Mn3O4 NPs. This step was
repeated three times. Then, the precipitate of Mn3O4 NPs was
dispersed in hexane. Then, 40 μL of the Mn3O4 NP solution
was spin-coated onto the FTO substrates at a spin rate of 2000
rpm and a holding time of 10 s. The thickness of the Mn3O4
NP films spin-coated on the FTO substrates was controlled by
the volume ratio of the initial dark brown Mn3O4 NP solution
to hexane. To eliminate the organic ligands on the surface of
the Mn3O4 NPs, the spin-coated film on the FTO substrates
were annealed at 300 °C for 5 h.
Scanning Electron Microscopy. The morphology of the

Mn3O4 NP films on the FTO substrates was characterized with
a high resolution scanning electron microscope (SUPRA 55VP,
Carl Zeiss, Germany). Images were taken with an acceleration
voltage of 2 kV.
X-ray Diffraction. The XRD analysis of Mn3O4 NP

powder was conducted using an X-ray diffractometer (New
D8 ADVANCE, Bruker) with a Cu Kα radiation (λ = 1.5406
Å). The XRD pattern of Mn3O4 NPs was measured from 15 to
75° with a step of 0.02.
Raman Spectroscopy. The Raman experiment was

conducted with a Raman spectrometer (LabRAM HR
Evolution, Horiba) with a 50× long working distance visible
objective. The wavenumber of the excitation light source was
532 nm. To make sure of the reliability of the acquired
spectrum, the Raman shift was calibrated using a silicon
standard sample (520.6 cm−1). The Raman spectrum was
obtained with an acquisition time of 120 s with a 600 g/mm
grating.
X-ray Photoelectron Spectroscopy. XPS spectra were

obtained with a photoelectron spectrometer (K-Alpha+,
Thermo Fisher Scientific) using the Al K-Alpha source with
a pass energy of 40 eV and step size of 0.1 eV at the spot size of
400 μm. The obtained XPS spectrum was calibrated with C 1s
peak (284.8 eV).
Electrochemical Measurements. All electrochemical

experiments were conducted in a three-electrode system. Ag/
AgCl/3 M NaCl and Pt plates were used as a reference
electrode and a counter electrode, respectively. Electro-
chemical tests were carried out at room temperature using a
potentiostat (CH Instruments 760E). 500 mM phosphate
buffer (pH 7) was used as the electrolyte. The electrode
potential versus Ag/AgCl was converted to the NHE scale,
using the following equation: E(NHE) = E(Ag/AgCl) + 0.197

V. Additionally, the overpotential values were calculated by the
difference between the iR-corrected potential (V = Vapplied −
iR) and the thermodynamic potential of water oxidation. Prior
to every CV measurement, the solution resistance was
measured and all the data were iR-compensated. Scan rate
for all the CV curves was 0.05 V/s. The EIS was observed in
the frequency range from 10−1 to 105 Hz with a 5 mV
amplitude. During analysis, the electrolyte was mildly stirred by
a magnetic bar to remove the oxygen bubbles on the surface of
the electrodes.
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