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ABSTRACT: The charge transport in the film-type electrocatalysts for the

. . . .. X i Substrate-Catalysts Interface
oxygen evolution reaction is a significant factor affecting the overall catalytic e

performance. For instance, transition metal oxide-based catalysts film has an CTRE > I

optimum coating thickness due to the charge transport limitation. In this ;\@o‘o g 2] sweme [ oo
article, we investigated the charge transport behavior at the interface between 7 s -
the catalysts and the underlying substrate, which has been less investigated than </' e -

the two other charge-transporting interfaces, that is, the catalysts surfaces and |1 )@ 4 L
the inner catalysts film. We observed that Mn;O, nanocatalysts exhibited “\f\”*o R -
different oxygen-evolving performances depending on the underlying substrate, RSN A Tel E
and this activity trend was correlated with the work function of the substrate. 2%

We analyzed the work function dependency based on the energy band

structure at the catalysts—substrate interface and determined that the substrates with low work functions formed high Schottky
barriers, disturbing the interfacial charge transport. On the basis of this understanding, we demonstrated that the catalytic
activity of Mn;O, nanocatalysts film can be significantly enhanced using industrially important Ti substrates that have a thin
buffering interlayer with the proper work function.
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1. INTRODUCTION oxygen-evolving catalytic cycle; thus, OER presents more
complicated reaction steps than does HER, where only two
electrons are involved. In addition, the O—O bonding
formation for releasing dioxygen molecules has a high
activation barrier; thus, a high overpotential is inevitably
required to accomplish OER.*™°

The increased energy demand due to global population growth
has given rise to the increased use of fossil fuels, highlighting
the importance of sustainable and clean energy sources.

Among the suggested alternative energy sources, hydrogen has
been regarded as a promising one because of its high energy

density and abundant raw materials, which can also be 2H' 4+ 2¢” - H, E° = 0 Vvs NHE (1)

produced through sustainable energy conversion processes.

In particular, water el_ectrolysis is one of the mos_t apprc?priate 2H,0 — O, + 4H" + 4¢~ E° = 123 Vvs NHE @)

pathways for sustainable hydrogen production without

generating any byproducts, which is in contrast with Generally, precious metal oxides, such as RuO, and IrO,, are

conventional carbon-based methods.” known to exhibit the best catalytic performance for OER;
Water electrolysis consists of two half-reactions: the however, because of their e?ensiveness and scarcity, attempts

hydrogen evolution reaction (HER, eq 1) and the oxygen to reduce their contents’ '’ and replace them with earth-

evolution reaction (OER, eq 2). To implement a water abundant elements should be required. Indeed, 3d transition

electrolysis system for practical applications, it is essential to metal oxides have been intensively explored as proper

develop robust electrocatalysts for lowering the activation candidates for replacing current precious metal oxides.'"'

barrier of each half-reaction. Numerous strategies for designing For example, Ni and Fe hydroxides exhibit great catalytic

HER/OER catalysts have been extensively suggested, followed activities under basic conditions, exhibiting low overpotentials

by the development of remarkable HER/OER catalysts (~200 mV at 10 mA/cm®) superior to that of IrO,'*~"

exhibiting low overpotentials; however, limitations on the Under the neutral condition, electrodeposited amorphous

realization of a practical water electrolysis system remain due

to the critical drawback at the anodic compartment, that is, the Received: September 6, 2019

inherently slow reaction kinetics of OER.? Kinetically, four Revised: ~ November 22, 2019

proton-coupled electron transfers are required to complete the Published: December 17, 2019
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cobalt oxides (Co-Pi) manifest a great catalytic performance
with almost permanent stabilities through self-healing
processes. "

In nature, the water oxidizing complex (WOC) in the
biological photosystem II exhibits a great OER activity with a
high turnover frequency (~50 O, molecules s™"), superior to
any artificial OER catalysts.'” The Mn,CaOjs cluster known as
the catalytic site in WOC has an asymmetric and distorted
structure that allows for flexible valency changes of Mn atoms
as well as dynamic structural changes of the cluster during
water oxidation.'®>' Inspired by the unique features of the
Mn,CaOjs cluster, bioinspired Mn-based catalysts have been
intensively investigated. Generally, bulk Mn oxides such as
MnO or Mn,Oj; exhibit a poor OER performance due to their
limited redox capabilities at each phase.”” On the basis of this
understanding, mixed-valent MnO, catalysts have been
developed that enable flexible changes to the Mn oxidation
state. The Driess group synthesized MnO, nanoparticles
(NPs) via a surface treatment by using Ce(IV) oxidants, and
electrodeposited amorphous and disordered MnO,, films were
developed by the Dau group.””** Both MnO, catalysts showed
a high OER performance at neutral pH, which could be
attributed to the inherent mixed Mn valency. In addition, the
Dismukes group observed that the OER performance of Mn
oxides was enhanced as the Mn(III)—O bond was elongated
by a Jahn—Teller (J—T) distortion, and the Nakamura group
showed that the stabilization of Mn(IIl) in J—T distorted
MnO, NPs could prevent charge disproportionation and, thus,
enhance the OER performance.”**°

Our group previously developed Mn;(PO,),-3H,0 nano-
catalysts in which the phosphate ions distorted the crystal
structures and stabilized Mn(IIl), exhibiting a better OER
performance than that of pure crystalline Mn oxides at neutral
pH.”” Furthermore, we successfully synthesized uniform and
assembled partially oxidized MnO NPs with a superior OER
performance to that of conventional bulk Mn-based catalysts.
Distinct from the bulk Mn oxides, we confirmed that the
Mn(III) species were highly stabilized on the surface of MnO
NPs. Through comprehensive electrokinetic and in situ
spectroscopic analyses, we suggested a unique reaction
mechanism whereby the rate-determining step (RDS) was
the O—O bonding formation step, which was highly different
from the bulk Mn oxide cases.”®”” Recently, we further
investigated the electron transport behaviors of our MnO NPs
during OER by using electrochemical impedance spectroscopy
(EIS) analysis and successfullg extracted various kinetic
parameters for surface catalysis.’

On the basis of our mechanistic understanding of the film-
type OER catalysts, we believe that controlling the charge
transport behaviors of the catalyst film is as important as
improving the intrinsic activity of the catalysts, which has also
been pointed out by several groups.’’ >’ In this regard, to
establish a rational design rule for film-type electrocatalysts, the
charge-transporting characteristics of every single process
should be investigated for simplifying the whole process and
decoupling the affecting variables. We think that the overall
charge transport in the film-type electrocatalysts can be divided
into three interfacial processes: the electrons for water
oxidation should transport through (i) the electrolyte—
catalysts interface, (ii) the inner catalysts film, and (iii) the
catalysts—substrate interface.

In the charge transfer process at the electrolyte—catalysts
interface, the intrinsic properties of the catalytic materials
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determine the surface capacitance and resistance, which are
usually analyzed and quantified by EIS. To extract the proper
charge transfer parameters by EIS analysis, the design of an
appropriate equivalent circuit of the hydrous layer, where the
electrolyte and catalysts coexist, is required. Indeed, there have
been abundant investigations on modeling elaborated equiv-
alent circuits that closely correspond to the experimental EIS
data, giving insight into understanding the interfacial charge
transfer between the electrolyte and catalysts.>*>**

In the charge transport process throughout the inner
catalysts film, the loading amount of the catalysts film is an
important factor. The analogous loading-dependent activity
trends have previously been studied for transition metal
(oxy)hydroxides such as NiO,, FeO,, and MnO,.*” Generally,
under low loading conditions, an OER activity enhancement
was observed that could be explained by the increase in the
surface area with the film thickness. At higher loadings, the
optimized OER activity was obtained in the region and the
surface area remained constant regardless of the thickness
increase. At even higher loadings, a decrease in the OER
activity was observed, which was attributed to the significant
electron transport resistance across the catalysts film. In the
case of Co-Pi, a well-known film-type catalyst, it has been
reported that the exchange current density saturated at a 3 ym
thickness, and we have also observed that our MnO NPs film
exhibited optimum catalytic activity at a 300 nm thick-
ness, 293133

In the charge transport at the catalysts—substrate interface,
the adhesion of the catalysts to the substrate and the
electronegativity of the substrate have been suggested as
affecting factors.” It has been reported that strong physical
adhesion between catalysts and substrates lowered the film
resistance and enhanced the overall OER performance for the
film-type catalysts.36 In addition, the Bell group suggested that
metal substrates with a high electronegativity strongly attracted
the electrons of Co;0,, which facilitated the charge transport
at the catalysts—substrate interface as well as the valency
change of the Co atoms.”’

Among the three charge transport processes in film-type
electrocatalysts, the charge transport at the catalysts—substrate
interface has been less considered than the others, where
studies have solely focused on the physical adhesions of the
catalysts and not on the electrical properties of the substrate.
This discrepancy is due to (i) the assumption that the water
oxidation reaction would be substantially more sluggish than
the charge transport and (ii) the previous experimental
experiences with highly conductive metallic catalysts such as
Pt, RuO,, and IrOz.38’39 However, in the case of earth-
abundant element-based oxides or compounds, the interfacial
resistance is high and significantly depends on the substrate. In
the case of our Mn;O, nanoparticles, the OER activity was
very high when deposited on a fluorine-doped tin oxide-coated
glass (FTO) substrate, and the potential required to reach 1
mA/cm” was 1.23 V vs NHE in neutral 0.5 M phosphate buffer
solution. However, when deposited on a Ti substrate, which is
widely used in commercial electrolysis and is industrially
relevant, the potential required to reach 1 mA/cm? significantly
increased to 1.57 V vs NHE under the same conditions. These
observations are a puzzling phenomenon, which was not
expected for Pt, IrO,, and RuO, catalysts; thus, we attempt to
understand the reason for the decrease in OER activities
caused by the underlying Ti substrate.
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In this study, we aim to investigate how the underlying
substrate can affect the overall electrochemical properties of
film-type electrocatalysts for OER. We systematically measured
the substrate-dependent OER activity of Mn;O, NPs and
analyzed the electron transport behaviors to understand the
different catalytic activities of Mn;O, NPs depending on the
underlying substrates by conducting EIS analysis and modeling
the interfacial band structure. We found that the electronic
energy band structure at the catalysts—substrate interface
clearly affected the overall OER performance, which could be
controlled by tuning the interfacial band structure.

2. EXPERIMENTAL SECTION

2.1. Materials. Manganese(II) acetate tetrahydrate (Mn-
(CH4C00),-4H,0, 99%, Acros), oleylamine (C,gH;NH,,
70%, Sigma-Aldrich), oleic acid (CH;(CH,),CH=CH-
(CH,),COOH, 99%, Alfa Aesar), and 1-octanol
(CH,(CH,),0H, 99%, Alfa Aesar) were purchased and used
as received without further purification. Nickel foil (0.1 mm
thick, 99.5%, Alfa Aesar), stainless steel (SS) foil (0.1 mm
thick, type 304, Alfa Aesar), copper foil (0.127 mm thick,
annealed, 99.9%, Alfa Aesar), titanium foil (0.127 mm thick,
annealed, 99%, Alfa Aesar), zirconium foil (0.25 mm thick,
annealed, 99.8%, Alfa Aesar), and FTO (NSG TEC A8,
Pilkington) with a surface resistivity of 7 Q/sq were purchased
and used.

2.2. Synthesis of the 4 nm-sized Mn;0, NPs. The 4
nm-sized Mn;O, NPs were synthesized through a modification
of the previously reported thermal decomposition method.*>*!
A mixture of manganese(Il) acetate tetrahydrate (0.49 g), oleic
acid (1.139 g), and oleylamine (6.054 g) dissolved in 1-octanol
(30 mL) was stirred at room temperature for 3 h in a 100 mL
flask. Then, the mixture was heated to 100 °C under magnetic
stirring at 1500 rpm. When the temperature reached 99 °C,
deionized water (0.38 mL) at room temperature was injected
rapidly into the mixture and the temperature was maintained at
100 °C for 10 min. Finally, the dark brown solution was then
cooled to room temperature.

2.3. Electrode Preparation. All the substrates were
sonicated for 30 s with acetone, ethanol, and deionized
water. After sonication, the metal foils were further cleaned by
immersing in a 0.5 M H,SO, solution at 60 °C for 1 h. The
metal interlayer was deposited on FTO and Ti substrates by
radiofrequency sputter (MHS-1500, Moohan, Korea) at 300
W. The Mn;0, NPs crude solution, toluene, and acetone were
mixed in a volume ratio of 1:1:2 and centrifuged to obtain the
precipitate of the Mn;O, NPs. The purification step was
repeated several times by reinserting the equivalent amounts of
toluene and acetone. After this purification step, the
precipitated NPs were dispersed in n-hexane. Then, 40 uL of
the Mn;O,4 NPs solution was spin-coated onto the substrates at
a spin rate of 2000 rpm and a holding time of 15 s. The
thickness of the Mn;O, NPs film spin-coated on the substrates
was controlled by the volume ratio of the initial dark brown
Mn;0, NPs solution to n-hexane. To eliminate the surfactants
on the surface of the Mn;O, NPs, which could inhibit the
access of water molecules to active sites, the spin-coated films
were annealed at 200 °C for 1 h.

2.4, Characterization of 4 nm-sized Mn;O, NPs.
2.4.1. Transmission Electron Microscopy. Transmission
electron microscopy (TEM) images were obtained using a
high-resolution transmission electron microscope (LIBRA 120,
Carl Zeiss, Germany) with an acceleration voltage of 120 kV.
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To prepare the TEM samples, the Mn;O, NPs dispersed in
hexane were dropped on the TEM grid and dried in air.

2.4.2. Scanning Electron Microscopy. The morphology and
thickness of the Mn;O, NPs film on the various substrates
were characterized by a focused ion beam (FIB) scanning
electron microscope (AURIGA, Carl Zeiss, Germany). The
images were taken with an acceleration voltage of 30 kV.

2.4.3. X-ray Photoelectron Spectroscopy. The X-ray
photoelectron spectroscopy (XPS) analysis was conducted
using an X-ray photoelectron spectrometer (K-alpha+,
ThermoFisher Scientific, U.S.A.) with a pass energy of 40 eV
and a step size of 0.1 eV. The XPS spectra of the Mn;O, NPs
were calibrated with C 1s peak (284.8 eV) as the standard
reference.

2.4.4. Ultraviolet Photoelectron Spectroscopy. The ultra-
violet photoelectron spectroscopy (UPS) analysis of the
Mn;0, NPs film was carried out by a photoelectron
spectrometer (PHI S000 VersaProbe, ULVAC PHI, Japan)
using He I excitation (21.22 €V) with a pass energy of 0.585
eV and a sample bias of —9 eV. The resulting spectrum was
plotted against the binding energy for the calculation of the
valence band position of the Mn;O, NPs. The binding energy
of the Mn;0, NPs was calculated from the following equation,

hy = EB + EK + q)analyzer

where hv is the light energy of He I, and Ep, Ey, and @ e
are the binding energy measured from the Fermi level, the
kinetic energy, and the work function of the analyzer,
respectively.”

2.4.5. Ultraviolet—Visible Spectroscopy. The UV—vis
absorption spectrum was obtained in absorbance mode using
a UV—vis spectrophotometer (UV-2550, Shimadzu, Japan) in
a wavelength range from 300 to 900 nm.

2.4.6. Kelvin Probe Force Microscopy. The work function
values of the substrates were measured using a scanning Kelvin
probe (SKPS5050, Kelvin Probe Technology, Scotland), which
is a device that measures the surface electrical potential
without actually contacting the sample.”’ The work function of
the surface was calculated from the potential difference
between the surface and the Au tip, for which the work
function value is already known.

2.5. Electrochemical Measurements. All electrochem-
ical measurements were conducted in a three-electrode system.
Ag/AgCl/3 M NaCl and Pt were used as the reference
electrode and counter electrode, respectively. The electrode
potential vs Ag/AgCl was converted to the normal hydrogen
electrode (NHE) scale, using the following equation: E(NHE)
= E(Ag/AgCl) + 0.210 V. Additionally, the overpotential
values were calculated by the difference between the iR-
corrected potential (V = Vpplied — iR) and the thermodynamic
potential of water oxidation at a specified pH. The 0.5 M
phosphate buffer solution (pH 7) was used as the electrolyte.
We did not observe any Pt contents on the anode electrode
after the electrochemical experiments by measuring XPS
spectrum, indicating that the Pt counter electrode did not
affect the catalytic activity at the working electrode (Figure
S1).

2.5.1. Cyclic Voltammetry. Cyclic voltammetry (CV)
experiments were carried out at room temperature using a
potentiostat (VSP-300, Bio-Logic Science Instruments,
France). Prior to every cyclic voltammetry measurement, the
solution resistance was measured and all the data were iR-
compensated. The CV curves were polarization-corrected to
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remove the nonfaradaic contribution. The scan rate for all CV
curves was 50 mV/s. During the analysis, the electrolyte was
stirred by a magnetic bar to remove the oxygen bubbles on the
surfaces of the electrodes.

2.5.2. Electrochemical Impedance Spectroscopy. The
electrochemical impedance spectroscopy (EIS) analysis was
performed at room temperature using a potentiostat (CHI
760E, CH Instruments, U.S.A.). The experiment was
conducted in the frequency range from 107! to 10° Hz with
a 5 mV amplitude. The fitting was performed with the
commonly used complex nonlinear least-squares (CNLS)
fitting technique in the software (ZView 2, Scribner Associates,
USA.).

3. RESULTS AND DISCUSSION

The 4 nm-sized Mn;O, NPs were synthesized by the thermal
decomposition method modified from previous reports,***!
and Figure la clearly shows the uniform morphology of the 4
nm-sized NPs. The electrodes were prepared by spin-coating
onto FTO glass and Nj, stainless steel (SS), Cu, Ti, and Zr
foils, and the coating thickness of the Mn;O, NPs was

B e

Mn;O, NPs I

Figure 1. (a) TEM image of the synthesized Mn;O, nanoparticles
(NPs) approximately 4 nm in size. (b) Cross-sectional SEM images of
Mn;0, NPs spin-coated on fluorine-doped tin oxide-coated glass
(FTO) and Ti foil. (c) Samples coated with Mn;O, NPs on FTO, Nj,
stainless steel (SS), Cu, Ti, and Zr substrates.
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controlled as 150 nm regardless of the underlying substrate
(Figure 1b), to exclude the possible effect on the OER activity
due to the amount of the catalysts. All the electrodes used in
this study are displayed in Figure lc.

We first measured the substrate-dependent OER perform-
ance of the Mn;O, NPs. The polarization-corrected cyclic
voltammetry curves of Mn;O, NPs in the neutral 0.5 M
phosphate buffer solution were clearly dependent on the
underlying substrate (Figure 2a). The overpotentials of Mn;0,
NPs required to reach a current density of 1 mA/cm” were
measured as 411, 418, 426, 592, and 740 mV on FTO, Nj, SS,
Cu, and Ti substrates, respectively. In the case of Mn;O, NPs
on the Zr substrate, the current density did not reach 1 mA/
cm?® within the potential sweep window (from open-circuit
potential to 1.4 V vs Ag/AgCl) of our CV measurement.
Compared with previously reported transition metal-based
electrocatalysts for OER at neutral pH, summarized in Table
S1, Mn;O, NPs/FTO exhibited the highly efficient OER
activity under neutral condition, which became poor on the
other substrates. We also measured the substrate-dependent
stability of the Mn3;O, NPs by chronopotentiometry at 10 mA/
cm? (Figure S2). The results show a similar trend of substrate
dependency of the OER activity of Mn;O, NPs. Because we
controlled the thicknesses of the Mn;O, NPs films to be
identical, the substrate-dependent difference in the OER
performance was evidently caused by the substrate materials.
In other words, the charge transport behavior at the Mn;0,
NPs—substrate interface was the main cause of the change in
the OER performance of Mn;O, NPs because the nature of the
charge transports at the electrolyte—Mn;0, NPs interface and
in the inner Mn;O, NPs film remained the same under our
experimental conditions.

In addition, the amounts of dissolved Mn;O, NPs on FTO
and Ti substrates during the electrolysis at 1 mA/cm” for 12 h
were similarly measured by inductively coupled plasma mass
spectrometry (ICP-MS), resulting in 145 and 1.10 ug,
respectively. This result excluded the possibility of different
dissolution behaviors depending on the underlying substrate.
Therefore, we assumed that the poor performances provided in
the Cu, Ti, and Zr cases in Figure 2a originated from the
sluggish charge transport at the Mn;O, NPs—substrate
interface, distinct from the FTO, Ni, and SS cases.

To quantify the charge transport at the Mn;O, NPs—
substrate interface, EIS analysis under the OER condition was
carried out (Figure 2c and d). We obtained the Nyquist plots
for the four electrodes at applied anodic potentials of 1.30 and
1.35 V (vs NHE), as displayed in parts c and d of Figure 2,
respectively. The equivalent circuit model we adopted is
presented in the inset of Figure 2d, and it has been a widely
accepted circuit model for film-type transition metal oxide
catalysts.>* Through fitting our experimental data with this
circuit model, several charge transport parameters were
extracted and are summarized in Table S2. We chose Mn;0,
NPs/FTO and Mn;O, NPs/Ti as representative electrodes
exhibiting good and poor OER activities, respectively. We also
prepared two other Au film-inserted electrodes (Mn;O, NPs/
Au/FTO and Mn;O, NPs/Au/Ti) to investigate the effect of
the interlayer between Mn;O, NPs and the substrate, which
will be discussed later.

Taking a look at the total charge transfer resistance for the
overall OER process (R1) of Mn;O, NPs/FTO and Mn;0,
NPs/Ti, the R1 values of both electrodes decreased as the
applied anodic potential increased, indicating that the whole
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Figure 2. (a) Polarization-corrected cyclic voltammetry curves of Mn;O, nanoparticles (NPs) on different substrates in 0.5 M phosphate buffer
solution at pH 7 (scan rate: S0 mV/s). (b) Plot of the overpotential required to reach 1 mA/cm?* vs the work function of the substrate.
Experimental electrochemical impedance spectroscopy (EIS) data and fitting results for Mn;O, NPs on the various substrates at (c) 1.30 V and (d)
1.35 V vs NHE in 0.5 M phosphate buffer solution at pH 7; the equivalent circuit used in the CNLS fitting (inset).
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Figure 3. (a) Ultraviolet photoelectron spectroscopy (UPS) spectrum of Mn;O, nanoparticles (NPs). (b) Tauc plot of Mn;O, NPs from the UV—
vis absorption spectrum. Schematic band structure of Mn;O, NPs—substrate interface with (c) no bias and (d) anodic bias.

charge transport process from the catalytic surface to the
electrode increased with the driving anodic potential. However,
by comparing the R1 values of the two electrodes, the R1 of
Mn;0, NPs/Ti was measured as 5—8 times that of Mn;O,
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NPs/FTO. As discussed in Figure 2a, the two electrodes
possessed the same thickness Mn;O, NPs films; thus, the
different R1 values were apparently caused by the different
interfaces between the Mn;O, NPs and substrates. Therefore,
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we could suggest that the charge transport at the Mn;O, NPs/
Ti substrate interface was inefficient compared to that at the
Mn;0, NPs/FTO substrate.

We further investigated the key factors affecting the rate of
the charge transport at the catalysts—substrate interface and
found that the work function of the substrate was closely
correlated with the OER performance. Figure 2b shows the
correlation between the overpotential required to reach a
current density of 1 mA/cm” and the work function of the
substrate. In the case of SS, the work function varies depending
on the ratio of the Ni, Fe, and Cr elements; thus, we measured
the work function of SS (4.83 eV) by Kelvin probe force
microscopy (KPFM), which is a general tool for work function
measurements. The work functions of the other substrates
(except SS) were obtained from the well-known values of 4.80
(FTO), 5.15 (Ni), 4.65 (Cu), 4.33 (Ti), and 4.05 eV (Zr).**
We observed two apparent phenomena in Figure 2b: (i) the
OER performance became poor with the increase in
overpotential as the work function decreased, and (ii) the
OER performance saturated at similar overpotentials (~420
mV at 1 mA/cm?) when the work function was >4.80 eV. We
suggested that those phenomena could be interpreted by the
energy barriers between Mn;O, NPs and the substrates based
on the interfacial band structure model.

Generally, Mn;0, is known as a typical p-type semi-
conductor; therefore, we assumed that the Fermi level of
Mn;0, NPs was close to the valence band level, which was
measured by ultraviolet photoelectron spectroscopy (UPS)
(Figure 3a). As shown in Figure 3a, the valence band position
(Ey) of the Mn;O, NPs was calculated from the difference
between the vacuum level (E,,.) and the onset point in the
low-binding-energy region (0.87 eV). E,,. was determined by
subtracting the He I source energy (21.22 eV) from the
secondary electron cutoff energy in the high-binding-energy
region (16.55 €V), resulting in —4.67 eV. Therefore, the Ey of
Mn;0O, NPs was calculated to be —5.54 eV vs E,,.. In addition
to the measurement of the valence band position, UV—vis
spectroscopy was conducted to determine the conduction
band position (E¢c) of Mn;O, NPs from the bandgap energy
(Eg) measurement (Figure 3b). The E; of Mn;0, NPs could
be measured from the following equation,

a(hv) = A(hw — Eg)l/"

(n = 1 for direct allowed transitions such as Mn;0,)

where @, hy, and A are the absorption coefficient, the light
energy, and a constant, respectively. Therefore, the Eg of
Mn;0, NPs was identical to the intersection energy value
between the extension line of the constant-slope region and the
x-axis (hv = 0) in the Tauc plot of Mn;O, NPs (Figure 3b),
resulting in 3.18 eV. From Ey and E; measured by UPS and
UV—vis spectroscopy, respectively, the E. of Mn;O, NPs was
calculated to be —2.36 eV vs E,,.

On the basis of the energy band positions of Mn;O, NPs, we
modeled the interfacial band structure of the Mn;O, NPs—
substrate interface. Figure 3c depicts the interfacial band
structure without any bias. Considering the work function of
the substrates (<5.15 eV) and the Fermi level of Mn;O, NPs
(close to —5.54 eV), a typical metal—semiconductor (p-type)
Schottky contact is formed. In detail, as the substrate and
Mn;0, NPs are contacted and as equilibrium is established,
the electrons move from the anode to the cathode through the
conducting wire, allowing downward movement of the Fermi
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energy of the substrate (Epy) and the corresponding
downward bend of the Mn;O, NPs energy band near the
contact. As a result, a Schottky barrier is formed at the
interfacial contact, for which the height (@) is determined to
depend on the work function of the substrate. Generally,
Schottky barriers hinder the interfacial transport of the
majority carriers; however, some amount of the majority
carriers can transport through the interface due to thermal
excitation. Following the Boltzmann distribution, the number
of transported carriers exponentially increases as @y decreases,
indicating that the work function of the substrate affects the
rate of the interfacial charge transport. Figure 3d shows the
interfacial band structure of the Mn;O, NPs—substrate
interface at an applied anodic bias. As an anodic potential
(V) is applied, Epy and the Fermi level of Mn;O, NPs (Egg)
move down together by qV, with the charge of q. Therefore,
@y does not change before or after applying the anodic bias
and solely depends on the work function of the substrate.

Taken together, we suggested that the substrate-dependent
OER performance of Mn;O, NPs could be analyzed using this
aspect of our interfacial band structure model. First, the height
of Schottky barrier was solely dependent on the work function
of the substrate in our substrate effect measurements because
the valence band position of Mn;O, NPs was constant.
Therefore, the number of the transported carriers at the
Mn;0, NPs—substrate interface decreased exponentially as the
work function of the substrate decreased, resulting in the
sluggish OER kinetics and poor catalytic performance observed
in Figure 2b. Second, as the work function of the substrate
exceeded a certain value (4.80 eV in our cases), sufficient
charge carriers could be injected from the Mn;O, NPs film
into the substrate with sufficiently fast kinetics. The overall
OER performance was then determined by the intrinsic OER
activity of Mn;O, NPs, implying that the whole charge
transport process at the anode was not dominantly affected by
the interfacial energy barrier. Therefore, the catalytic perform-
ances of Mn;O, NPs using FTO, Ni, and SS substrates were
similar, as shown in Figure 2a. On the basis of our
understanding of the interfacial band structure at the Mn;O,
NPs—substrate interface, we proposed that the substrate-
dependent OER activity of Mn;O, NPs was mainly affected by
the interfacial energy barrier and the consequent kinetics of the
charge transport at the Mn;O, NPs—substrate interface.

In our analysis, we assume that (i) our 4 nm-sized Mn;0,
nanocatalysts assembled on the substrate can be treated as a
150 nm-thick porous bulk film and (ii) the charge transfer
between each nanoparticle is efficient. The charge transfer
kinetics inside a thick film composed by Mn;O, has been
investigated quantitatively by using a new impedance model of
our group.”

In addition, the Mn;O, NPs—substrate interface could be
influenced by the surface states of either catalysts or substrates.
We conducted the same experiments with BF,” ligand-
exchanged Mn;O, NPs (Figure S3) and highly annealed
substrates at 500 °C for 1 h (Figure S4).*> The trend is
consistent with that of Figure 2a. Furthermore, we compared
the surface roughness by the electrochemical active surface
area (ECSA) measurement (Figure S5) and observed that the
double layer capacitances of Mn;O, NPs were similar
regardless of the underlying substrates (Figure S6). Therefore,
in this experimental condition, the work function of the
underlying substrate is a descriptor that explains the overall
OER performance of Mn;O, nanoparticles even after
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controlling the surface states. It leads to the same conclusion.
Therefore, it is valid to use the simplified interfacial band
structure model to understand and explain the charge transport
behaviors at the catalysts film—substrate interface.

We predicted that the OER performance could be controlled
by tuning the interfacial Schottky barrier. Figure 4a illustrates
the modulated interfacial band structure, in which an interlayer
with a higher work function than the substrate, such as Au, Pt,
and Ni, was inserted at the Mn;O, NPs—substrate interface.
The Fermi levels of the underlying substrate and the interlayer
equilibrate with each other due to the metal—metal contact
where the charge carriers freely transport. Thus, the interfacial
energy barrier at the Mn;O, NPs—interlayer interface was
determined by the work function of the interlayer metal
instead of that of the underlying substrate; therefore, facilitated
interfacial charge transport and an enhanced OER performance
were expected.

Figure 4b shows the interlayer-dependent OER performance
of the Mn;O, NPs/Ti electrode in neutral 0.5 M phosphate
buffer solution. We introduced four different interlayers (Au,
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Figure 4. (a) Schematic band structure of the substrate—interlayer—
catalysts interface. Polarization-corrected cyclic voltammetry curves of
Mn;0, nanoparticles for (b) different interlayers on Ti foil and (c)
different Au thicknesses on Ti foil in 0.5 M phosphate buffer solution
at pH 7 (scan rate: 50 mV/s).
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Pt, Ni, and Cu with a thickness of 50 nm), for which the work
functions were 5.10, 5.65, 5.15, and 4.65 €V, respectively.44 As
expected from the interfacial band structure, we observed an
OER performance of Mn;O, NPs that surpassed that of
Mn;0, NPs/Ti. While the catalytic performances for the cases
using the Au, Pt, and Ni interlayers were recorded as similar to
that of Mn;O, NPs/FTO, the Mn;O, NPs/Cu/Ti system
exhibited a relatively poor OER performance, which
corresponded to the observed tendency in Figure 2a. The
fitting results of the EIS analysis for Mn;O, NPs/Au/Ti and
Mn;0, NPs/Au/FTO, as shown in Figure 2¢ and d, clearly
indicated a significant decrease in the total charge transfer
resistance for the overall OER process (R1) by 8—30 times
compared with the results for Mn;O, NPs/Ti (Table S2).
These data apparently supported our prediction that the Au
interlayer facilitated charge transport at the Mn;O, NPs—
interlayer interface.

Additionally, to exclude a possible catalytic effect of the
interlayer material, we varied the thickness of the Au interlayer
and checked the OER performance with the Mn;O, NPs/Au/
Ti electrode (Figure 4c). Regardless of the interlayer thickness,
the catalytic activities were identically monitored and exhibited
similar overpotentials, indicating that the interlayer-dependent
OER performance was independent of the catalytic activity of
the interlayer. Therefore, we suggest that a metal interlayer
deposition of only 10 nm thickness can sufficiently control the
interfacial energy barrier at the Mn;O, NPs—substrate
interface. We expect that the insertion of thin interlayers
with proper work functions can be a promising methodology
for improving the poor OER performance accompanying the
industrially relevant Ti substrate.

4. CONCLUSIONS

We demonstrated the importance of interfacial band structure
between Mn;O, NPs and the substrate for electrochemical
water oxidation, which has not been considered in electro-
catalytic systems. We observed that the work function of the
underlying substrate affected the overall OER performance.
Specifically, we observed that (i) the OER activity became
poor as the work function of the substrate decreased and (ii)
the OER activity became saturated as the work function of the
substrate increased above a certain value. Those two
phenomena could be explained by the interfacial band
structure model, where a Schottky barrier hindered the
interfacial transport of the charge carriers for water oxidation.
On the basis of our understanding of the interfacial band
structure, we improved the OER activity of Mn;O, NPs on a
poorly performing substrate such as Ti by inserting a thin
interlayer with a high work function. We believe that our
experimental findings and the theoretical understandings of the
substrate effect provide new insights into the charge transport
behaviors of film-type electrocatalysts and establish a strategy
for the activity maximization of industrially relevant substrates,
such as Ti.
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