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ABSTRACT: Bifunctional catalysts capable of catalyzing both
oxygen reduction reaction (ORR) and oxygen evolution (OER)
reaction are extremely valuable for oxygen-based energy con-
version devices such as regenerative fuel cells and metal−air
batteries. However, the underlying property of such catalysts that
gives rise to their bifunctionality is not yet known nor explored.
With the first use of near-infrared photoluminescence spectroscopy
for tracking the changes in the individual metal cation valence
states during electrocatalysis in combination with in situ
gravimetric and resistance measurements, we show the underlying correlation between catalytic activity, potential-dependent
resistance, and nature of reaction intermediates on various bifunctional and nonbifunctional surfaces. Our results show that
bifunctional MnOx reversibly switches electrical polarity from p-type to n-type along with the formation of high-valent cationic Mn4+

active sites as well as low-valent cationic Mn2+ active sites during OER and ORR, respectively, which is absent in nonbifunctional
NiO and Co3O4. Results also show that other key process steps such as lattice hydration/dehydration occur during polarization.
These results are rationalized in terms of a band structure framework which correlates electrochemical activity with the formation
energy of various metal cation intermediates.

■ INTRODUCTION

Multifunctional catalysts capable of catalyzing multiple
reactions on the same catalyst surface are of utmost importance
for many chemical and energy transformations. For instance, in
organic synthetic chemistry, bifunctional catalysts consist of
complementary surface groups that work synergistically to
enable both nucleophilic and electrophilic reactions and
thereby lead to high-value molecular transformations compared
to single-functional catalysts. In electrochemistry, bifunctional
electrocatalysts are essential components of many reversible
energy conversion and storage devices that enable the
production of clean energy such as rechargeable metal−air
batteries, and regenerative fuel cells, whose theoretical energy
densities are on par with gasoline (∼13 kW h/kg).1

Considerable efforts have been dedicated toward improving
the energy conversion efficiency of these devices,2,3 but the
main obstacle has been the lack of suitable bifunctional oxygen
electrocatalysts that simultaneously show high activity for both
oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) during charge/discharge cycles.4 The oxygen
electrode is known to be strongly irreversible and consequently
gives rise to large differences between the charging and
discharging voltages, which leads to energy losses and
decreased lifetimes of these systems. Some of the best-known
electrocatalysts such as Pt, RuO2, or IrO2 are known to exhibit
superior electrochemical activity for at least one of the
electrolysis reactions [OER or ORR/HER (hydrogen evolution
reaction)] but not both,5−7 thus preventing their deployment

as bifunctional electrocatalysts. While bifunctional activity has
been reported on composite materials where OER and ORR
occur on two compositionally different catalytic sites such as in
Pt/Au8 and Pt alloys,9,10 N and P co-doped carbon,11 Co3O4/
carbon support,12−14 very few pure catalysts are capable of
simultaneous catalysis (single-site functionality) that is
required for enhancing activity per unit area and minimizing
transport and recombination losses. Semiconducting oxides of
manganese (Mn2O3, MnOOH, and α-MnO2)

15−17 and
metallic oxides such as LaNiOx,

18,19 doped (La or Cu)
CoO3

20−22 are single-site catalysts that have been reported to
show OER/ORR bifunctionality.17,23−26 This study focuses on
understanding the underlying properties of semiconducting
bifunctional oxides that are responsible for their single-site
bifunctionality.
Prior in-depth evaluation of several phases of MnOx by

Dismukes and coworkers27,28 and Ramiŕez and coworkers25

have shown that α-Mn2O3 is the most active catalyst for OER,
which was attributed to the presence of Mn3+ active sites in the
corner-sharing MnO6 octahedra as opposed to edge-sharing
octahedrons.27 Density functional theory calculations on α-
Mn2O3 of Su et al. predicted HO*-covered Mn2O3 and O*-

Received: January 26, 2020
Revised: February 6, 2020
Published: February 21, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
5286

https://dx.doi.org/10.1021/acs.jpcc.0c00714
J. Phys. Chem. C 2020, 124, 5286−5299

D
o
w

n
lo

ad
ed

 v
ia

 V
id

h
y
a 

C
h
ak

ra
p
an

i 
o
n
 M

ar
ch

 9
, 
2
0
2
0
 a

t 
2
1
:5

3
:4

1
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.



covered MnO2 as the active sites for the ORR and the OER,
respectively.29 Experimental evidence for the predicted active
sites has remained elusive. Systematic in-operando X-ray
absorption spectroscopy (XAS) measurements have shown
that the average oxidation state of Mn increases up to 3.4
during OER and decreases to 2.5 during ORR, as seen from the
shifts of the absorption edge to either higher or lower
energy.30,31 One of the main limitations of X-ray-based
techniques is that they can only provide information about
the average oxidation state in strongly correlated oxides such as
MnOx, IrOx, or NiOx. This is because the strong spin−orbit and
electrostatic interactions between the holes generated from the
photoionization process from X-ray absorption and the
unpaired valence-shell (d) electrons of high spin cations in
strongly-correlated systems cause a severe broadening of
photoelectron energies.32 In a multivalent catalyst, the
overlapping of broadened peaks of various oxidation-state
cations makes the assignment of the oxidation state to a single
identifiable peak energy in both XAS and X-ray photoelectron
spectroscopy (XPS) very difficult. This loss of sensitivity makes
individual chemical states in mixed valent oxide difficult to
resolve.33 This has led to ambiguities in the exact nature of Mn
valent state that is responsible for the OER/ORR activities.
While the determination of the relative contribution of different
metal oxidation states (such as Mn2+, Mn3+, and Mn4+) through
XPS is usually performed through fitting with theoretically
predicted peaks of individual ions,34−36 satellite peak splitting
and exchange peak splitting for the Mn 2p, 3s, and 3p peaks,37

both of which are well documented for MnOx systems,34,37,38

such analyses are prone to large errors when applied to
electrocatalytic studies where relative changes in the cation
concentration in the mixed-valent state must be tracked.
In addition to the uncertainties in the relevant cation valent

state, from a broader perspective, the underlying correlation
between the cation valent state and the bifunctional property or
lack thereof in certain electrocatalysts is not known. Therefore,
understanding the fundamental origin of bifunctionality
including the nature of reaction intermediates and their
relation to the catalyst band structure is important not only
for further enhancement of energy conversion efficiency but
also for enabling the rational design of new multifunctional
catalysts.
In this work, we report the first use of confocal near-infrared

photoluminescence (NIR-PL) spectroscopy to probe the
cation charge states of the active sites and the reaction
intermediates. Using the results from the combined in situ
electrical, spectroscopic, and gravimetric measurements on
bifunctional Mn2O3 and nonbifunctional NiOx, we show that
electrocatalytic activities of an oxide crucially depend on the
potential of formation of active defect sites relative to the
potential of redox reaction and the local surface electrical
resistivity. Bifunctionality in MnOx arises as a result of the
material’s ability to undergo a facile switch in polarity from p-
type to n-type during OER and reduction ORR, respectively,
that gives rise to volcano-type changes in the resistance due to
the formation of both high- and low-valent metal cation active
sites. In contrast, most common oxides, such as NiOx and
Co3O4, show good catalytic activity for OER but not ORR, and
are therefore nonbifunctional. This is due to a large increase in
the sample resistance during ORR, which gates catalytic
current, and is a result of unfavorable lattice defect energy.

■ EXPERIMENTS AND RESULTS

Electrochemical testing was performed on nominally undoped
oxides of manganese (α-Mn2O3), cobalt (Co3O4), and nickel
(NiOx), whose activities were measured against the bench-
marked activities of ruthenium dioxide (RuO2) and platinum.
X-ray diffraction (XRD) patterns of all oxide powders used
here only showed the presence of a single phase, as shown in
Figure S1 in the Supporting Information. Compositional
analysis of both oxide phases using XPS through the established
fitting procedure35,36,38−41 (Figure S2 and Table S1) show that
α-Mn2O3 oxide used here showed the presence of Mn4+ at a
concentration of 10%, which is likely due to interstitial oxygen
(Oi) or Mn cation deficiency, both of which are known to
create acceptor-type states and native p-doping in Mn2O3, as
reported in the literature.42 Similarly, the composition of NiOx

was estimated to be NiO2.1, as determined from the presence of
Ni3+ defect states in Ni2+ lattice sites, resulting from the
presence of excess lattice oxygen that gives rise to native p-
doping of the material.43

Electrocatalytic OER and ORR activity of both oxides were
benchmarked against the RuO2 OER and Pt ORR activities
using a glassy carbon (GC) rotating disk electrode (RDE)
setup in O2- and Ar-purged electrolytes of pH = 12 in a three-
electrode setup. Electrocatalytic testing was also performed
under static conditions on oxides dispersed on fluorine-doped
tin oxide (FTO)-coated glass substrates to confirm the activity
trends and to exclude any substrate effects. All electrodes were
prepared without the use of any conductive carbon or fillers to
avoid interference of carbon additives which are known to
synergistically aid the ORR activity of certain oxides such as
Co3O4.

12 Therefore, the reported current density values reflect
the true intrinsic activity of the oxide whose area was estimated
from the Brunauer−Emmett−Teller (BET) adsorption iso-
therm. All potentials referred in the text are with respect to the
reversible hydrogen electrode (RHE) at pH = 12 unless
otherwise noted. Figure 1A compares the linear-sweep
voltammograms of Mn2O3, NiOx, and Co3O4 electrodes on
FTO substrates under static conditions. Figure 1B compares
the Tafel polarization curves of the same oxides on GC RDE at
a rotation speed of 1600 rpm using galvanostatic charging
against the benchmarked OER and ORR activity of RuO2 and
polycrystalline Pt disk, respectively. The Tafel slope of 56 mV/
decade of the Pt disk is in agreement with the 60 mV/decade
slope reported for Pt/C and Pt nanoparticles in the
literature.44−48 Similarly, the Tafel slope of 100 mV/decade
for OER activity of RuO2 is in line with the value of ∼95 mV/
decade reported for polycrystalline and single crystalline
RuO2.

49 Comparison shows that Co3O4 and NiOx are good
catalysts for OER but not for ORR, while Mn2O3 shows good
activity for both OER and ORR, that is, it is bifunctional. This
catalytic activity trend of various oxides on the GC electrode is
similar to that observed with the FTO electrode. The cyclic
voltammetry (CV) recorded for the Mn2O3 electrode in an Ar-
purged electrolyte is shown in Figure 1C along with the labels
for all the various potentials of peak currents. As can be seen,
oxygen evolution was observed at potentials more positive than
1.9 V. The reduction of oxygen evolved during the anodic scan
can be seen at potentials more negative than 0.7 V. Very little
current is observed when the electrode is polarized in the
cathodic direction alone.
To understand the origin of bifunctional activity of Mn2O3,

we first measured changes in the electrical resistivity and the
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nature of majority charge carriers of the catalysts in situ during
polarization through electrochemical impedance spectroscopy,
as detailed in the Methods section. Nyquist plots of all oxide
electrodes showed two semicircles (Figure 2A) and were fitted
with an equivalent circuit model, RS(RBCB)(RCTCDLW)FD,
shown in the inset of Figure 2A, that accounts for: (i) solution
resistance, RS; (ii) bulk electrode resistance, RB, in parallel with
the bulk capacitance, CB, to account for any changes in the bulk
of the semiconductor because of ion insertion; (iii) oxide/
electrolyte interface with charge transfer resistance and surface
electronic resistance, RCT, and Warburg impedance, W, in
parallel with the double layer capacitance, CDL; and (iv) a finite
diffusion element, FD, in addition to W to account for the low-
frequency diffusion tail. In this model, both the charge transfer
resistance and surface electronic resistance is represented by
RCT because active sites that enable binding of intermediates
through changes in the metal valent states also lead to the
increase in the electrical conductivity of the oxide.50 This
assertion is discussed in detail later. Figure S3 in the Supporting
Information shows the accuracy of the model used for the
fitting analysis of data generated from impedance measure-
ments for a wide range of polarization potentials. Table S2 in

the Supporting Information provides the example of values
estimated for various elements extracted from the fitting
analysis for Mn2O3 in the pH = 12 electrolyte. The bulk
resistance (RB) along with RS showed no significant change in
its value over the entire potential range, as seen in Figure 2A,
while RCT showed significant changes with polarization
potential. This indicates that electrochemical processes are
likely restricted to the surface.
The total electrical resistance (Rtotal), as given by the sum of

RCT, RB, and RS, of various oxides polarized between OER and
ORR potentials showed marked changes in the electrical
resistivity on the order of 102 to 104, as shown in Figure 2B−D
Bifunctional Mn2O3 electrode showed a volcano-type resist-
ance plot with a large increase in resistance at intermediate
potentials between OER and ORR potentials, while it showed
low resistance (metallic conductivity) at potentials that
coincide with potential regions of high electrocatalytic OER
and ORR currents. This indicates that catalytic activity is
governed by the surface electrical conductivity and charge
transfer resistance. A similar pattern of resistance change was
also observed in slightly acidic electrolytes, which is shown for
Mn2O3 for the pH = 4 electrolyte in Figure 2B. The resistance
of Mn2O3 decreased slightly during polarization in the forward
scan from open-circuit potential (OCP) up to OER potential,
but the conductivity was essentially metallic (∼80 Ω).
However, a progressive increase in the resistance, which is
similar to that observed for the pH = 12 electrolyte but with a
higher magnitude of resistance change, was measured during
the reverse scan from OER to ORR. The maximum in
resistance occurred at 0.1 V (∼3 kΩ) and 0.65 V (∼22 kΩ) in
pH = 12 and pH = 4 electrolytes, respectively, with respect to
the RHE. Given that resistivity is lower in basic electrolytes
(note the magnified scale) than in acidic electrolytes, this
indicates that the nature of the species responsible for
resistance changes depends on the H+ concentration in the
medium. In contrast to bifunctional Mn2O3, the resistance
changes in nonbifunctional oxides, namely, Co3O4 and NiOx,
showed that they undergo a metal-to-insulator transition
between the OER and ORR potential scans. Both Co3O4 and
NiOx showed increased conductivity during the potential scan
from OCP to OER. This potential region of high electrical
conductivity coincides with a region of high OER activity.
Thus, metallic conductivity aids in catalyzing OER, while the
formation of an insulating phase at negative polarizations gates
the electrocatalytic ORR current. For all oxides tested, the
measured resistance values at a given potential were nearly
similar during forward and backward potential scans, as seen,
for instance, from the resistance values measured at OCP and
at that same potential during the reverse ORR scan, which
indicates that the processes inducing resistance changes, likely
involving ion insertion, are reversible.
In addition to resistance changes, Mott−Schottky (M−S)

measurements were performed at a fixed frequency of 1000 Hz
both at OCP and after electrochemical prepolarization at
anodic (2.1 V, OER region) and cathodic (0 V, ORR region)
potentials for 10−30 min to determine the sign and density of
majority charge carriers. According to the results shown in
Figure 3, Mn2O3, in addition to the resistance changes,
undergoes a switch in the polarity of majority charge carriers
from p-type during OER to n-type at ORR potentials. The
electrode showed a p-type behavior at OCP in both basic and
acidic (inset of Figures 3A, and S4, respectively) electrolytes
that are consistent with native p-type doping because of the

Figure 1. (A) Linear sweep voltammograms of several binary oxides
on a FTO substrate; (B) Tafel polarization curves taken under
galvanostatic conditions using GC RDE showing the catalytic activity
of different oxides for OER and ORR in an O2-purged electrolyte of
pH = 12 at 1600 rpm; and (C) cyclic voltammogram of Mn2O3 and
NiOx on FTO electrodes obtained at a scan rate of 5 mV/s in an Ar-
purged, pH = 12 aqueous electrolyte.
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Mn4+ cations, as observed from XPS results. The flat band
potential, UFB, occurred at ∼0.62 V versus RHE or −4.82 eV
with respect to the vacuum energy scale.51 While exhibiting the
same p-type behavior, the UFB shifts to 1.4 V after the electrode
was anodically prepolarized. In contrast, the polarity changes to
n-type with a shift in the UFB to 0.6 V after cathodic
polarization. This switch in the polarity of majority charge
carriers from p-type to n-type between OER and ORR scan
potentials was observed in all electrolytes of pH values between
4 and 13. The results obtained for pH = 4 electrolyte is shown
in Figure S4 in the Supporting Information. This change in the
conductivity between p-type to n-type during ORR scan would
explain the volcano-type resistance trend and is likely due to
the formation of an insulating surface phase because of
passivation of native hole dopants at the surface by injected
electrons. In contrast to Mn2O3, no such change in the
electrical polarity from p-type to n-type was observed in
nonbifunctional oxides (Co3O4, and NiOx), as seen from
Figure 3B,C. Both oxides showed only p-type behavior under
different prepolarization conditions. Therefore, it can be
concluded that the bifunctional Mn2O3 electrode has the
ability to switch electrical polarity between p-type that enables
efficient h+ transfer for oxidative processes (OER) to n-type
that enables e− transfer for efficient reductive processes (ORR).
In contrast, nonbifunctional oxides (Co3O4 and NiOx) show
unipolar conductivity, that is, either n-type or p-type but not
both, and are therefore more efficient for either the OER or
ORR process but not both and as a result are irreversible
toward the oxygen reaction. Their inability to switch polarity
results instead in the formation of an insulating surface phase
during one of the oxygen reaction processes that gate the
catalytic current.
It was observed that changes in the electrical polarity and the

density of majority carriers with anodic and cathodic
prepolarization were dependent on the electrolyte pH. The
density of uncompensated majority charge carriers was

estimated from the slope of the M−S plot measured at varying
electrolyte pH and is shown in Figure S5. Here, the hole carrier
density is represented as a positive value, while electron density
is denoted as a negative value. Given the particulate nature of
the electrode, the value of the estimated charge carrier density
is only approximate. Nevertheless, values measured in electro-
lytes of different pH can be qualitatively compared because the
geometric area and weight of the electrodes were nearly similar
for measurements in different electrolytes. Several interesting
trends were observed: (i) a switch in conductivity from p-type
to n-type was observed at all pH values of the electrolyte with
cathodic prepolarization; (ii) the Mn2O3 electrode exhibited a
greater p-type character, as seen from the higher hole carrier
density under basic conditions compared to that in acidic
conditions. The hole carrier concentration increased with pH
both at OCP and after positive polarization; and (iii) the n-type
character was dominant under acidic conditions. This was seen
from the increasing value of electron carrier density, measured
after negative prepolarization, with decreasing electrolyte pH.
The smaller n-type character seen in the basic electrolyte is also
reflected in the higher resistance value of ∼2 kΩ (semi-
conducting) of the electrode compared to the value of ∼150 Ω
in the acidic electrolyte at 0 V polarization.
More in-depth characterization was performed using Mn2O3

and NiOx as prototypical bifunctional and nonfunctional
oxides, respectively, to probe the nature of reaction
intermediates responsible for the origin of resistance and
polarity changes.
First, it was confirmed that the observed changes in the

resistance and electrical polarity is due to irreversible
compositional changes occurring during polarization through
XRD measurements (Figure S6A) of the emersed Mn2O3

electrode after polarization at various potentials. Prior
Raman52 and XAS31 studies indicate that electrodeposited
MnOx undergoes an irreversible phase transformation to
Mn3O4 at the ORR potential or at potentials more negative

Figure 2. (A) Nyquist plot of the Mn2O3 electrode at several polarization potentials in a pH = 12 electrolyte. The inset shows the same plot and
simulated curve over a wider frequency range obtained for 1.5 V polarization potential. Also, shown is the schematic of the equivalent circuit used for
simulation; (B,C) changes in the total electrical resistance, which is the sum of charge transfer resistance, RCT, bulk resistance, RB, and solution
resistance, RS, estimated from impedance analysis of bifunctional (α-Mn2O3) and nonbifunctional (Co3O4, and NiOx) oxides.
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than −0.6 V versus SHE. Results here show that crystalline
Mn2O3 prepared using the solid−state reaction technique is
stable against irreversible compositional changes. No bulk
phase transformation could be detected through XRD after the
electrode was polarized at both oxidizing (2.3 V) and reducing
(0.3 V) potentials for 20 min in the pH = 12 electrolyte. More
surface-sensitive Raman measurements (Figure S6B) were also
performed on emersed electrodes after polarization at various
potentials. The Mn2O3 electrode showed a strong vibrational
peak at 651.7 cm−1 and weak peaks at 366 and 309 cm−1, all of
which are characteristic of Mn−O stretches of bixbyite α-
Mn2O3,

53 while a slight reversible shift of the 651.7 cm−1 peak
of ∼1.2 cm−1 to the higher (lower) wavenumber with positive
(negative) polarization was observed, which is consistent with
the decrease in the bond length, resulting from the oxidation
(reduction) of the metal cation site with polarization.54,55 No
formation of Mn3O4 was observed, which has the characteristic
Raman peak at 659 cm−1,52 and is consistent with XRD results.
The only region of considerable shift was during polarization at
0.6 V that corresponded to ORR. At this potential, the
dominant peak at 651.7 cm−1 disappeared and two new peaks
at 316 and 410 cm−1 appeared, the latter of which is
characteristic of Mn(OH)2.

56 Further polarization recovered
the characteristic bixbyite peak at 650 cm−1.

To determine the nature of various ion insertion processes
that lead to the formation of reaction intermediates that give
rise to changes in the surface resistance, time-dependent
changes of the Mn2O3 electrode mass was measured by
electrochemical quartz crystal microbalance (EQCM). Figure
4A shows the mass change, defined as the change in the mass of
the electrode with respect to the mass recorded at OCP per
unit geometric area, of the Mn2O3 electrode occurring during
potential cycling between OER and ORR steps recorded at a
scan rate of 5 mV/s in the pH = 12 electrolyte. The profile
shows several regions with distinct features that are marked
with letters A through J. First, the profile shows that there is no
loss in the total mass but rather a small gain at the end of the
CV cycle. This indicates that the contribution of corrosion to
the measured mass change was negligible within the testing
period (typically two cycles).57 In the region A−B, which
corresponded to the potential range of 0.9−1.9 V that precedes
the OER step, the electrode showed a continuous increase in
mass, which is consistent with the insertion of OH− into the
lattice sites. In the same potential range, CV (Figure 1C)
showed distinct peaks, Ia, IIa, and IIIa, at 1.1, 1.55, and 1.8 V,
respectively, which indicates that such peaks correspond to
OH−-induced formation of intermediates that also give rise to
changes in resistivity.58 In addition, the EQCM profile
indicates the occurrence of secondary processes that are also
of interest: (i) a mass loss between 2.0 and 2.2 V during O2

evolution (region B−C) at a potential greater than 1.9 V; (ii) a
significant mass increase (46% of total increase) at potentials
higher than 2.2 V (region C−D) that continues even upon
potential reversal, which points to an inserting species that is
neutral and is not associated with e− exchange (likely H2O);
(iii) a large mass loss (∼75% of total loss) occurs between 1.25
and 0.9 V (region G−H). Wu et al.57 observed a similar mass
loss in MnO2, which they showed through charge-to-mass
calculations to be due to the loss of H2O. It is likely that this
may be the reason for mass loss in Mn2O3 as well; and (iv) a
small mass gain (region H−I) at potentials more negative than
0.9 V. Because Raman measurements show the formation of
Mn(OH)2 at 0.6 V, the observed mass gain is attributed to the
formation of Mn(OH)2.
While the above results confirm the formation of ion-

induced intermediates, their effect on resistivity and catalytic
activity can only be understood if the charged state of these
intermediates (defects) is known. While prior X-ray absorption
studies have conclusively shown that the average oxidation
state of Mn increases to +3.4 during OER and decreases to
+2.4 during ORR,30,31 the exact nature and the relative
concentration of individual metal valence states in the mixed-
valent catalyst could not be determined. We recently reported
through studies on several different oxides and chalcoge-
nides41,59,60 the first use of confocal NIR-PL as a technique for
studying various cationic defects of various oxidation states
under in-operando Li+ insertion process conditions. Here, we
demonstrate its first application to the ex situ study of the
electrocatalyst under electrochemical conditions.
The spectral range of radiative emissions seen in metal oxides

is shown in Figure S7.61 Electronic transitions between the
ligand (L) and metal charge transfer and metal to conduction
band (CB) transitions frequently occur in the ultraviolet (UV)
spectral range. The d−d transitions are usually in the visible
region, and defect-related emissions, both cationic and anionic,
are in the visible to NIR spectral region.41 In the case of MnOx,
the characteristic emission from electronic transitions of

Figure 3. M−S plots of oxides at OCP and after charging at 2.1 and 0
V polarization. Mn2O3 (A) shows a polarity switch from p-type and n-
type between the OER and ORR scan. On the other hand, NiOx (B)
and Co3O4 (C) show no change in the electrical polarity between
OER and ORR scan. Both show only p-type behavior.
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various cationic defects (Mn2+−Mn6+) occur in the 0.9−1.9 eV
spectral range: 4T1g →

6A1g of Mn2+ at 1.8 eV, 3T1g →
5E1g of

Mn3+ at 1.3 eV, 2E1g →
4A2 of Mn4+ at 1.6 eV, and 3T2 →

3A2 of
Mn5+ at 1.1 eV.62−67 The energies of characteristic emissions
were confirmed in the present study through measurements
with reference mineral/oxide powders and XPS measurements,
and are shown in Figure S8. Because the characteristic
photoluminescence (PL) emission of different Mn oxidation
states occur at distinct energies, resolution of the contributions
from individual Mn cations is very straightforward compared to
X-ray absorption or emission analysis. Therefore, the technique
is uniquely suited for studying electrocatalytic intermediates.
The surface sensitivity of the PL technique using common

setups depends both on the wavelength of light and diffusion of
photoexcited carriers. For an excitation wavelength of 633 nm,
the penetration depth spans tens to hundreds of nanometers in
our system. However, the use of the confocal microscope setup
enables one to screen signal coming from out-of-focus bulk
planes and achieve true surface sensitivity. Therefore, depth-
dependent changes in the confocal PL spectrum allow one to
distinguish bulk versus surface intermediates without sample
destruction.
Figure 4B shows the ex situ NIR emission spectrum from the

Mn2O3 electrode polarized at various potentials corresponding
to the redox peaks observed in the CV (Figure 1C) in the pH =
12 electrolyte. All spectra were recorded using a 633 nm laser
light focused on the sample surface through a confocal
microscope. While the spectra are slightly noisy because of
the use of a very low laser power of 1.7 mW to avoid spot
damage due to localized laser heating, the ratio of peak signal to
background was high (102). At OCP, the emersed electrode
shows only the characteristic emission of Mn3+ at 1.4 eV.
Positive polarization at 1.55 V (anodic peak IIa) leads to the

shift in the emission peak to a lower energy of 1.1 eV that is
characteristic of Mn5+. Further polarization at 1.9 V (peak IIIa)
results in the disappearance of Mn5+-related emission and an
appearance of the Mn4+-related signal. While this observation
of an increase in the Mn oxidation state with anodic
polarization confirms prior results, we report here the first
observation of Mn5+ formation during water oxidation, which
has been predicted by theoretical calculations29 but has not
been observed experimentally by other spectroscopic techni-
ques in both natural and synthetic manganese oxide
catalysts.68,69

During the cathodic potential scan at 1.1 V polarization, the
electrode only shows a dominant peak of Mn3+ at 1.4 eV,
indicating that the sample retains the crystal structure of
Mn2O3 after the end of the positive cycling, which was
confirmed from Raman and XRD measurements discussed
earlier. At 0.9 V, the emission peak shifts to a lower energy of
∼1.1 eV that indicates the formation of Mn5+. During ORR at a
potential of 0.6 V (CV peak IIIc), the sample exhibits mixed
oxidation states of Mn2+, Mn3+, and Mn4+ but with an increased
contribution from Mn2+. This formation of the lower valent
metal cation (Mn2+) at ORR potential is a striking observation,
which is shown later to be the key difference that differentiates
bifunctional and non-bifunctional electrocatalysts. There is also
a complete disappearance of Mn5+ at negative potentials. After
polarization at 0.3 V (CV peak IVc), only emission from Mn3+

is observed.
Emission spectra taken at varying focus depths indicated that

all observed changes in the Mn oxidation state were restricted
to the surface. For example, Figure 4B shows the spectrum of
the Mn2O3 electrode at 0.9 V at two different focus depths. The
spectrum from the surface (“surf. focus”) shows a strong peak
from Mn5+ cations, while the spectrum from the same spot but

Figure 4. (A) Mass change of a Mn2O3 electrode during CV; (B) ex situ NIR PL spectra of the emersed Mn2O3 electrode after polarization in a pH
= 12 electrolyte at various voltages. The observed surface shifts in the emission peak reflects the changes in the oxidation state of the Mn atom
during polarization; (C) changes in the intensity of NIR emission of NiOx after polarization in the pH = 12 electrolyte at various potentials. The
formation of Ni3+ defect states is observed at positive polarization. The complete quenching of the 0.9 eV emission is due to passivation of Ni3+

during negative polarization, which results in the formation of an insulating phase.
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focused to deeper sample depth (“deep focus”) showed only
the signal from Mn3+ lattice ions. Unlike other MnOx phases
such as δ- or α-MnO2 that have layered or tunneled MnO6

octahedral arrangements with large void spaces that enables ion
insertion into the bulk lattice, Mn2O3 has a closed three-
dimensional arrangement with no void space. Therefore, it is
likely that OH− insertion is restricted to the surface in Mn2O3.
In contrast, the results of emission measurements on a

nonbifunctional NiOx electrode at varying potentials (Figure

4C) showed the formation of the higher-valent cation (Ni3+)
during OER scan but no formation of the lower-valent cation
(Ni+) could be observed during cathodic polarization. The
pristine NiOx electrode shows broad but intense emission
centered at 0.9 eV that is characteristic of Ni3+ ions, as shown in
an earlier study.41 Immersion in the pH = 12 electrolyte at
OCP quenches this NIR emission intensity. Positive polar-
ization at 1.7 V leads to an increase in the Ni3+ emission peak
that is consistent with prior results.70 This emission peak,

Figure 5. In situ changes in the difference absorbance of Mn2O3 in the UV−vis (A,C) and NIR (B,D) during potential scan from OCP to OER,
respectively, in pH = 12 electrolyte; (C) changes in the difference absorbance of the Mn2O3 electrode at 320, 510, 460, and 720 nm corresponding
to the Mn oxidation state of +2, +3, +4, and +5, respectively, during positive potential scan from OCP to 2.2 V; (D) changes in the ΔA[Mn−OH] vs
various applied potentials during positive scan.

Figure 6. In situ changes in the difference absorbance of Mn2O3 in the UV−vis (A,C) and NIR (B,D) during reverse potential scan from OER to
ORR, respectively, in the pH = 12 electrolyte; (C) changes in the difference absorbance of the Mn2O3 electrode at 320, 510, 460, and 720 nm
corresponding to the Mn oxidation state of +2, +3, +4, and +5, respectively, during reverse potential scan; and (D) changes in the ΔA[Mn−OH] vs
various applied potentials during reverse scan.
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however, is quenched completely at all potentials negative of
0.7 V. No formation of Ni+-related donor defect emission,
which has a characteristic peak emission at ∼0.7 eV,41 could be
observed even when polarized down to 0 V. The absence of
donor-type defect state (Ni+) formation in nonbifunctional
NiOx is in striking contrast to bifunctional Mn2O3 that shows
the formation of a donor-type Mn2+ at a relatively low
overpotential. This absence of a lower oxidation defect state is
the key property that distinguishes bifunctional oxides from
nonbifunctional oxides with regard to ORR activity.
The NIR-PL results showing changes in the oxidation states

were independently confirmed with in situ absorbance
measurements (Figures 5 and 6). While PL is a surface-
sensitive probe, absorption measurements probe the bulk of the
film. Because PL results also show that changes in valence
states are restricted to the surface, we use the bulk-sensitive
probe to observe changes at the surface. All absorbance
measurements on Mn2O3 and NiOx electrodes were performed
in situ in the diffuse reflectance mode during electrochemical
polarization in pH = 12 electrolytes from the UV to NIR
spectral range. The changes in the UV to visible spectral range
contain excitation transitions of the various oxidation states of
Mn atoms are as follows: 6A1g →

4T1g of Mn2+ at ∼320 nm,65,71
5E1g →

5T2g of Mn3+ at 510 nm,72 4A2 →
4T2g of Mn4+ at 460

nm, and 3A2 →
3T2 (3F) of Mn5+ at 720 nm.63,67 The NIR

spectral range contains a combination of stretching and
deformation vibrations of hydrogen-bonded water molecules
to the surface OH groups at 1158 nm,73−75 and the first
overtone stretching vibration of Mn−OH related groups,
[Mn−OH], at 1446 nm.73,74

The difference absorbance (ΔA) spectra, defined as the
absorbance relative to the value measured at OCP, of the
Mn2O3 electrode during polarization from OCP to 2.2 V in pH
= 12 electrolyte in the UV−vis and NIR spectral ranges are
shown in Figure 5A,B, respectively. The changes are perhaps
best seen in the ΔA versus voltage plot shown in Figure 5C,D.
Consistent with the observed CV peaks and results of NIR-PL
measurements, in situ absorbance results show increased
intensity of Mn4+ at 1.1−1.4 V (CV peak Ia), Mn5+ at 1.55 V
(peak IIa), Mn4+ again at 1.9 V (peak IIIa), and Mn5+ at 2.1 V
(peak IVa). A striking feature is the observation of cyclic
changes in the intensity of ΔA[Mn−OH]: two positive maxima at
1.4 and 1.9 V, indicating an increase in Mn−OH vibration
strength and two minima (zero ΔA) at 1.6 and 2.1 V,
respectively. These potentials coincide with the three anodic
peak potentials (IIa, IIIa, and IVa) seen in the CV at 1.55, 1.8,
and 2.1 V, respectively, which suggests that changes in the
ΔA[Mn−OH] reflect the formation of various intermediates of
OER. Oxygen evolution is known to proceed as a series of one-
electron intermediates starting from the formation of −OH−

and leads to the sequential formation of O2−, −OOH−, and
−OO2−, that also results in the change in the metal cation
valence state.24,49 Therefore, one would expect an increase in
ΔA[Mn−OH] with the formation of Mn4+−OH− and Mn4+−
OOH− intermediates and a decrease in the ΔA[Mn−OH] signal as
a result of Mn5+O2− and Mn5+−OO2− coverage. The NIR
changes confirm this trend. It is emphasized here that NIR
signals do not provide the spectroscopic signature of these
intermediates. Rather, their formation is surmised through the
potential-dependent changes in the Mn−OH vibrational
intensity.
From the observed changes in the metal valent states and

type of oxygen intermediates, the following OER steps are

proposed that is fully consistent with theoretical predictions of
Fernando et al.29 and Su et al.24

OER Step-I: Localization of a hole (h+) at the Mn3+ lattice
site to form the Mn4+ site (polaron) active site.

UMn h Mn 1.1 1.4 V3 4
+ → = −

+ + + (1a)

OER Step-II: A high-valent Mn4+ site (polaron) site serving
as the active sites for ion adsorption.

UMn OH Mn OH 1.1 1.4 V4 4
+ → − = −

+ − + −

(1b)

U

Mn OH OH Mn O e H O

1.55 V

4 5 2
2− + → − + +

= ∼

+ − − + − −

(2)

U

Mn O OH Mn OOH e

1.9 V

5 2 4
− + → − +

= ∼

+ − − + − −

(3)

U

Mn OOH OH Mn OO e H O

2.1 V

4 5 2
2− + → − + +

= ∼

+ − − + − −

(4a)

Mn OO Mn O chemical step5 2 3
2− → +

+ − +
(4b)

This mechanistic pathway for OER is shown schematically in
Figure 7A.

Absorbance changes during cathodic polarization (Figure 6,
ORR scan) show that no significant changes to the Mn valent
states occur until 0.8 V (onset of peak IIIc), which is the onset
of ORR. At this voltage, Mn2O3 shows the strongest increase in
the Mn2+ signal along with smaller increases in the Mn3+ and
Mn4+ signals. Such a mixed-valent state was also seen in the
NIR-PL spectrum at 0.6 V. Because the ORR process does not
initiate until the formation of Mn2+, it is concluded that Mn2+ is
the catalytic site for the ORR process.

Figure 7. Schematic showing the mechanistic pathway for OER (A)
and ORR (B) on the Mn2O3 surface. * here represents the active Mn
cation site. The potential (U) of formation of various intermediates
from the CV, NIR-PL, and absorbance results are also indicated.
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In-depth microkinetic studies on Mn2O3 by Mao et al.76

show that ORR proceeds through a four-electron direct
pathway involving two sequential steps consisting of the
reduction of adsorbed OO2− to the peroxide ion, −OOH−,
followed by a two-electron reduction of −OOH− to OH−.
They also noted that Mn2O3 is an excellent catalyst for
chemical disproportionation of −OOH− to molecular O2 that
further undergoes the above 4e− reduction pathway.15,76,77 The
measured charged states of Mn cations (Mn2+, Mn3+, and
Mn4+) at 0.8 V ORR potential in the present study are
consistent with their mechanistic pathway given below:
ORR-Step-I: Localization of electron at the Mn3+ lattice site

to form the Mn2+ site (polaron) active site.

UMn e Mn (active site) 1.0 V3 2
+ → = ∼

+ − +

(5)

ORR-Step-II: Adsorption of O2 and its further reduction at
the Mn2+ active site.

UMn O Mn OO 0.8 V2
2

4 2
+ → − =

+ + −
(6a)

U

Mn OO H O e Mn OOH OH

0.8 V

4 2
2

3
− + + → − +

=

+ − − + − −

(6b)

U

Mn OOH H O 2e Mn OH 2OH

0.3 0.5 V

3
2

3
− + + → − +

= −

+ − − + − −

(7a)

UMn OH Mn OH 0.3 0.5 V3 3
− → + = −

+ − + −

(7b)

Chemical disproportionation

2Mn OOH 2Mn O 2OH3 3
2− → + +

+ − + −
(8)

The observed mixed valent state of the catalyst at 0.8 V is
consistent with the charge states of ORR intermediates,
namely, Mn4+−OO2− and Mn3+−OOH− at the Mn2+ cation
site that serves as the active site for ORR. A decrease in the
Mn2+ signal at potentials less than 0.5 V together with an
increase in the Mn3+ signal seen with NIR-PL provides support
that Reactions 7a and 7b occur between 0.3 and 0.5 V (CV
peak IVc).
Some secondary processes also occur that are evident in the

absorbance changes that can be correlated to the changes seen
in EQCM results. The intensity of ΔA[Mn−OH] is red-shifted
from 1446 nm (seen during positive bias) to 1474 nm with
negative values at all voltages positive of 0.8 V during the
cathodic scan. Both the wavelengths of stretching vibration of
surface −OH bonds depend sensitively on the level of
hydration. At these potentials, EQCM results indicate the

insertion of water into the lattice sites. The absorbance
switches to a positive value at 0.8 V that coincides with the
potential at which EQCM results show a mass loss that is also
likely due to the loss of H2O. Theoretical calculations of
Rossmeisl and coworkers24 predict that the ORR is triggered
with the loss in lattice water, which supports both of these
observations. The loss of lattice water would lead to the
recovery of Mn−OH stretching vibration (positive ΔA values).
A small increase in Mn5+ is observed at 0.9 V (NIR-PL, UV−
vis) but that disappears at lower polarization potential. This
charge state is a consequence of adsorption of molecular O2 as
OO2− at the Mn3+ site and may occur in parallel with O2

adsorption at the Mn2+ site. However, given that this signal is
much smaller than the signal of Mn2+ and Mn4+, we conclude
Mn3+ is not the active site for the ORR process.
Similar absorption measurements in the pH = 4 electrolyte

(Figure S9A,B) show the increased formation of Mn2+ in the
lattice both at potentials more positive than 1.6 V and at
potentials less negative than 0.9 V during the negative scan,
indicating a more facile formation of Mn2+ under low pH
conditions.
For comparison, spectroscopic measurements were also

conducted on a nonbifunctional catalyst of the NiOx electrode
in the pH = 12 electrolyte, and is shown in Figure 8A,B. During
positive potential scanning (Figure 8A), the electrode shows an
increase in the defect-related Ni3+ absorbance in the NIR
spectral region, indicating an increase in the formation of Ni3+

at the potential leading up to OER, which is consistent with the
results of NIR-PL measurements. The concentration of this
Ni3+ defect is essentially quenched during the negative scan at
all potentials more negative than 0.7 V, which agrees with the
NIR-PL results as well. This quenching of acceptor defects
results in the formation of an insulating phase. No formation of
donor-type defect states was observed in NiOx even at high
cathodic polarization.

■ DISCUSSION

The combined electrical, gravimetric, and spectroscopic results
show several differences between bifunctional and nonbifunc-
tional catalysts. Here, we show the underlying correlation
between electrical conductivity, cation valent state, and ion-
insertion processes between the two types of semiconducting
bifunctional and nonbifunctional oxides.
The two main observations distinguishing bifunctionality

and a nonbifunctional catalyst are as follows: (i) the formation
of both high-valent (Mn4+) and low-valent (Mn2+) cation
charge states in Mn2O3 that serve as active sites for OER and
ORR, respectively, while only a high-valent cation (Ni3+) is

Figure 8. Changes in the difference absorbance in the UV−vis spectral region of the NiOx electrode during potential scan to OER (A) and ORR (B)
in the pH = 12 electrolyte.
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observed in NiOx during OER and no formation of low-valent
Ni+ was observed; and (ii) bifunctional oxides show a switch in
the electrical polarity from p-type during OER to n-type during
ORR with a volcano-type resistance change, while nonbifunc-
tional catalysts (NiOx and Co3O4) show no polarity switch and
exhibit an insulating state during ORR. To understand the
correlation between the two, we consider the band lineup of
these oxides. The band diagrams of various oxides were
constructed using the measured values of band gaps from
optical measurements (Figure S10) and flat band potentials
estimated at OCP in the pH = 12 electrolyte (Figure 3) and are
shown schematically in Figure 9A with respect to the

electrolyte. Also, shown in the figure are the approximate
positions of both native metal cation dopant states (shown with
*), as well as those intermediate metal cations that are
generated during electrochemical polarization. Their formation
potentials were obtained from CV, PL, and optical absorption
results, as discussed earlier. Note that some of the intermediate
states such as Mn5+ and Mn2+ are shown to be well within the
conduction band (CB) or valence band (VB). In Mn2O3, for
instance, Mn4+ is both a native defect (dopant) formed during
synthesis as well as an electrochemical intermediate formed
during polarization. The Mn5+ charge state, on the other hand,
forms only during polarization as Mn5+O2− at a potential of

1.55 V versus RHE. Converting this value to the vacuum
energy scale, the electron chemical potential of Mn5+ was
determined to be −5.28 eV at pH = 12. The changes in the
band bending occurring during polarization are not shown in
Figure 9A for clarity.
We consider the band lineup of Mn2O3 and NiOx to

elucidate the formation of active sites and the subsequent
charge transfer processes at the interface. Both are p-type
semiconductors because of acceptor-type native defects (Mn4+

in Mn2O3 and Ni3+ in NiOx) in the lattice formed during
synthesis. Before contact with the electrolyte, the VB and Fermi
level (EF) of Mn2O3 lies above the electron energy of oxygen
reaction, EORR/OER

0 . Upon contact, a h+-accumulation region is
formed at equilibrium, as shown schematically in Figure 9B,
which is enhanced further during anodic polarization. Local-
ization of holes leads to the formation Mn4+ polaron sites that
not only increase the p-type electronic conductivity (because of
polaron hopping) of the oxide but also serve as active sites for
the binding of OH− intermediates. Therefore, from the
perspective of electrostatic interactions, higher-valent Mn
cations such as Mn4+ and Mn5+ provide higher stabilization
for negatively charged OER intermediates.50 Because Mn4+

(polaron) states in Mn3+ lattice sites are acceptor-type defects,
it leads to a high metallic p-type surface conductivity at positive
polarization. In line with this explanation, the surface
conductivity and charge transfer resistance in the impedance
analysis were modeled using a single parameter, RCT. In
contrast, cathodic polarization would decrease the h+

concentration and therefore increase the p-type resistance,
which is consistent with the formation of an insulating state.
However, given its small band gap (Eg = 1.3 eV), moderate
cathodic overpotentials will lead to the negative shift of EF that
would result in the passivation of Mn4+ acceptor states and lead
to the formation of donor-type Mn2+ defects that give rise to an
inverted region with e−-accumulation in the CB. This high
density of e− gives rise to n-type behavior seen in the M−S
measurements seen after cathodic prepolarization. In addition,
the higher e− density of Mn2+ compared to Mn3+ cation means
that they are better e− donors to adsorbed molecular oxygen.
Therefore, ORR catalysis occurs more efficiently on a low-
valent Mn2+ active site, and the onset of ORR current is not
observed until the favorable potential for Mn2+ formation is
reached. These arguments are supported by calculated values of
the binding energy of oxygen on many 3d transition metal
oxides by Klier78 that gives the standard enthalpy change of the
reaction 2Mn2+O + 1/2O2 →Mn2

3+O3 to be −45 kcal/g, while
that of the reaction Mn2

3+O3 + 1/2O2 → 2Mn4+O2 to be only
−19 kcal/g. These values point to the higher affinity of O2 for
the Mn2+ cation over Mn3+, which is in part due to the higher
crystal field stabilization of Mn3+. Therefore, bifunctional
activity of Mn2O3 is a result of its ability to form both high-
valent (Mn4+) and low-valent (Mn2+) cations that serve as
active sites for OER and ORR, respectively.
On the other hand, nonbifunctional oxides (Co3O4, NiOx)

show native p-type conductivity because of higher-valent metal
cations (Ni3+ in NiOx). The VB of NiOx lies below EORR/OER

0 .
This gives rise to a h+ depletion region on the surface in the
pH = 12 electrolyte at equilibrium. Anodic polarization results
in an increase in the concentration of higher-valent metal
cations (Ni3+ in NiOx), as seen with both NIR-PL and
absorbance results, that increases the p-type conductivity and
serve as active sites for OER. Therefore, the material shows
good activity for OER. However, NiOx and Co3O4, unlike

Figure 9. (A) Schematic of the energy band diagrams of Mn2O3,
NiOx, and Co3O4 showing the native cation (dopant) states (marked
with *) and cation states formed during electrochemical polarization
in the pH = 12 electrolyte. Band bending due to polarization is not
shown for clarity; and (B) schematic illustrating the nature of band
bending in a p-type semiconductor (e.g., Mn2O3 and NiOx) at
equilibrium and during cathodic polarization during ORR. In small
band gap Mn2O3, polarization leads to the formation of an inversion
region on the surface, while in the large band gap NiOx, it leads to the
formation of the hole depletion (insulating) region.
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Mn2O3, have large band gaps where the CB energy lies at
higher energy than the EORR/OER

0 . Consequently, cathodic
polarization of the oxide from equilibrium further decreases the
h+ concentration, thus passivating Ni3+ native acceptor defect
states, but cannot shift the Fermi level closer to the CB (no
switch in polarity or formation of Ni1+). This inability to form
lower-valent, donor-type Ni1+cation active sites means that they
show no switch in the electrical polarity (unipolar con-
ductivity) but rather undergo a metal-to-insulator transition
during cathodic polarization. They remain p-type but with an
insulating phase. Any small ORR activity likely occurs at the
Ni2+, which are likely efficient at O2 binding. These results
suggest that the electrocatalytic activity of an oxide is critically
dependent on the potential of defect formation.
Using these concepts, one can now define a descriptor based

on the relative potential of formation of relevant metal cation
defects to correlate with the activity. For instance, an important
criterion for the bifunctionality is that the formation potential
of both acceptor and donor defects (Udef) must occur close to
the thermodynamic potential of the redox reaction (UORR/OER

0 ).
The difference, Udef

− UORR/OER
0 , can therefore be used as a

descriptor to determine the electrocatalytic activity of an oxide,
that is, the ease of the formation of these defects is related to
the catalytic activity.
Finally, we note that pH-dependent changes of Mn2O3

(Figure S5) can be understood within this band lineup
framework. The increase in p-type character of Mn2O3 with
increasing pH is due to the increased stabilization of OH−-
related adsorbates (such as *OH, *O, *OOH) species at
higher pH than at lower pH. Consequently, higher Mn
oxidation states, such as Mn4+−OOH− and Mn5+O2−, are
acceptor-type defect states that are more stable at higher pH,
which increase the p-type character. Such a surface is highly
active for OER or other oxidizing reactions. On the contrary,
the increase in the n-type characteristics of Mn2O3 with
decreasing pH is a result of formation and stabilization of Mn2+

states.24

■ CONCLUSIONS

In conclusion, using the novel electrochemical NIR-PL
technique for probing cation valence states along with
impedance and gravimetric measurements, we have shown
the correlation between electrochemical activity, nature of
metal cations acting as active sites, and the measured charge
transfer and surface resistance. Our results show that good
bifunctional activity for both OER and ORR, as seen in α-
Mn2O3, is due to the catalyst’s ability to shuttle between high
valence states (Mn4+and Mn5+) and a low valence state (Mn2+)
that serve as active sites for OER and ORR, respectively. The
resulting transitions lead to potential-dependent surface
resistance changes. Consequently, there is a switch in the
polarity between an n-type phase with Mn2+ states and a p-type
conducting phase with defects during reduction (ORR) and
oxidation (OER), respectively, that are enabled because of low
defect formation potentials. In contrast, nonbifunctional oxides
(NiOx, Co3O4) have wider band gaps, which cause donor-type
defect states to lie outside the electrolyte potential window.
Consequently, they show no switch in the electrical polarity
and show poor activity for one of the two oxygen reactions.
Therefore, an oxide should have a small band gap (<1 eV) with
CB and VB edges close to the oxygen redox potential in order
for it to be bifunctional. The defect-property function
relationships shown here have important implications for the

design of both bifunctional and nonbifunctional electrodes
relevant for energy-storage devices.

■ METHODS

Oxide Synthesis and Electrode Preparation. Ruthe-
nium oxide (RuO2) used in the present study was prepared by
thermal decomposition of RuCl3·6H2O at 450 °C for 3 h. All
other oxide powders of various stoichiometries (MnO, α-
Mn2O3, and α-MnO2), nickel oxide (NiOx with x > 1), and
cobalt oxide (Co3O4) used in the present study were purchased
from Sigma-Aldrich. Electrodes were prepared by sequential
layer-by-layer deposition of a slurry containing oxide powder in
dimethyl formamide (DMF) at 80 °C on a GC RDE electrode
for electrocatalytic studies and also on FTO-coated glass slides
for optical and some electrochemical studies. This process
resulted in a continuous, uniform porous oxide films. No
conductive binders or fillers were used for electrode
preparation as they are known to participate in faradaic
reactions at high overpotentials.

Electrochemical Charging. Electrocatalytic testing was
done in a three-electrode RDE setup (Pine instruments) with
the oxide-coated GC as the working electrode along with Ag/
AgCl/saturated KCl and Pt mesh as the reference and counter
electrodes, respectively, in an Ar-purged or O2-purged aqueous
electrolyte whose pH was adjusted using KOH and H2SO4.
The potential of this reference electrode was converted to the
RHE scale using the relation URHE

applied = UAg/AgCl
applied + (0.059*12) +

0.197. Electrochemical charging was done by applying a linear
potential scan using a CH Instruments 660E electrochemical
workstation. The current density was calculated based on the
weight of the electrode, and the surface area was estimated
from BET isotherms. The resistance of the electrode was
measured in situ by electrochemical impedance spectroscopy.
The total impedance of the cell was measured in the frequency
range of 0.1 Hz to 1 MHz at an ac amplitude of 5 mV by
interrupting the potential scan at various potentials. To
determine the nature of majority charge carriers at a given dc
potential, M−S measurements were performed on the
electrode in the same electrolyte. The capacitance of the
electrode was determined at a fixed ac frequency of 1000 Hz as
a function of the scan voltage after prepolarization at the anode
(2.1 V) and cathode (0 V) for 10−30 min until steady-state
current was reached. The uncompensated charge carrier
concentration, ND, and the flat band potential were estimated
through the M−S analysis using the equation
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Here, C is the measured capacitance at applied voltage V, εs

is the permittivity of Mn2O3 with a value of 5.1,42 and q is the
elementary charge. For measurements recorded in electrolytes
of varying pH, a fresh electrode of nearly similar mass and area
was used for each of the runs to avoid interference from
electrolyte ions.

EQCM Studies. The change in mass on the Mn2O3

electrode was recorded in situ using time-resolved EQCM
(CH Instruments 400C) that employed an 8 MHz gold-coated
resonating quartz crystal. The working electrode for these
studies was prepared by drop-casting a thin layer of Mn2O3/
DMF slurry directly on the Au electrode. Prior to all
experiments, the resonator was locked to the resonant
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frequency of the crystal and permitted to stabilize for 15 min.
The change in resonant frequency (Δf) over time was
correlated to a change in mass (Δm) on the electrode using
the Sauerbrey equation

f f A m2 / ( )
0
2 1/2

Δ = − [ μρ ]Δ

where f 0 is the resonant frequency of the crystal, A is the area of
the gold disk, ρ is the density of quartz (2.648 g/cm3), and μ is
the shear modulus (2.947 × 1011 g/cm s2) for the quartz. None
of the mass changes observed corresponded to a change of
greater than 2% of f 0, which validated the use of the Sauerbrey
equation for analysis. Comparison of control experiments
performed with only the Au substrate in the same electrolyte
confirmed that observed mass change corresponded only to
that of the oxide and not of the Au substrate.
Optical Studies. In situ changes in the optical absorbance

of the Mn2O3 and NiOx electrodes were recorded in the
reflectance mode with an integrating sphere using a UV−vis−
NIR spectrophotometer (Shimadzu UV-3600) in the range of
300−2700 nm. The three-electrode setup was the same as that
used for electrochemical measurements. Absorbance of the
electrode was recorded after 20 min of the application of each
potential step.
Ex situ photoluminescence and Raman measurements in the

range from 330 to 1700 nm were obtained using a HORIBA
Scientific LabRAM HR Evolution spectrometer equipped with
Si and InGaAs CCD detectors using an excitation wavelength
of 325 nm (He−Cd laser) and 633 nm (He−Ne laser). All PL
spectra were obtained at room temperature in a reflective
backside configuration. The laser power used for sample
excitation in the NIR range using 633 nm laser was ∼1.7 mW,
while that used in the UV−visible range using 325 nm laser was
7 mW.
X-ray Studies. XPS measurements were done using a

Physical Electronics PHI 5000 VersaProbe system comprising a
monochromatic Al (Kα) (1486.7 eV) X-ray source and a 150
mm radius hemispherical electron energy analyzer. All spectra
are normalized in energy to the C 1s peak. Survey scans were
collected over the range from 1100 to 0 eV with a pass energy
of 117.4 eV. Typical surveys were collected for 10 min. Higher-
resolution scans were collected over a range of 20 eV around
the peak of interest with 23.5 eV pass energy. Typical close-up
scans were detected for 10−20 min per peak of interest.
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(62) Micíc,́ R.; Drasǩovic,́ B. Some Photoluminescence Properties of
Mn2+ in Magnesium Bromide. Phys. Status Solidi B 1985, 128, 489−
494.
(63) Sekiguchi, D.; Adachi, S. Synthesis and Photoluminescence
Spectroscopy of BaGeF6:Mn4+ Red Phosphor. Opt. Mater. 2015, 42,
417−422.
(64) Silva, A. S.; Lourenco̧, S. A.; Dantas, N. O. Mn Concentration-
Dependent Tuning of Mn2+ d Emission of Zn1‑xMnxTe Nanocrystals
Grown in a Glass System. Phys. Chem. Chem. Phys. 2016, 18, 6069−
6076.
(65) Ren, H.; Yang, F. Influence of Mn2+ on the Up-Conversion
Emission Performance of Mn2+, Yb3+, Er3+: ZnWO4 Green Phosphors.
J. Mater. Sci. 2018, 29, 15396.

(66) Verdun, H. R. In Absorption and Emission Properties of the
New Laser-Active Center in Mn5+ in Several Crystalline Hosts,
Advanced Solid State Lasers; Optical Society of America, 1993; p TL7.
(67) Cao, R.; Qiu, J.; Yu, X.; Sun, X. Spectroscopic Investigation on
BaSO4:(Mn6+, Mn5+) Crystal. ECS J. Solid State Sci. Technol. 2013, 2,
R237−R240.
(68) Najafpour, M. M.; Renger, G.; Hołynśka, M.; Moghaddam, A.
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