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ABSTRACT: The development of Mn-oxide electro-
catalysts for the oxidation of H2O to O2 has been the
subject of intensive researches not only for their
importance as components of artificial photosynthetic
systems, but also as O2-evolving centers in photosystem II.
However, limited knowledge of the mechanisms under-
lying this oxidation reaction hampers the ability to
rationally design effective catalysts. Herein, using in situ
spectroelectrochemical techniques, we demonstrate that
the stabilization of surface-associated intermediate Mn3+

species relative to charge disproportionation is an effective
strategy to lower the overpotential for water oxidation by
MnO2. The formation of N−Mn bonds via the
coordination of amine groups of poly(allylamine hydro-
chloride) to the surface Mn sites of MnO2 electrodes
effectively stabilized the Mn3+ species, resulting in an
∼500-mV negative shift of the onset potential for the O2
evolution reaction at neutral pH.

Water oxidation is generally considered to be the
bottleneck reaction in artificial photosynthetic sys-

tems1−9 designed to produce hydrogen through proton
reduction or convert carbon dioxide to liquid fuel because of
the inherent difficulty of catalyzing the overall four-electron/
four-proton reaction (2H2O→ 4H+ + 4e− + O2). However, the
water oxidation reaction proceeds with extraordinary high
catalytic activity in naturally occurring photosystem II (PSII),
where a μ-oxo bridged tetrameric Mn cluster (Mn4CaO5)
serves as the multielectron oxidation catalyst within a complex
protein environment.3,10−13 Thus, the Mn clusters of photo-
synthetic organisms have triggered extensive research efforts to
develop efficient water oxidation catalysts composed of the
inexpensive and abundant element Mn.14−24 To date, there
have been notable developments in relation to bioinspired
water oxidation catalysts,18−24 particularly Mn oxides, including
simple and mixed-metal oxides, that have been demonstrated to
function as effective electrocatalysts under strongly alkaline
conditions. However, as the O2-evolving activity of these Mn
catalysts is markedly suppressed at neutral pH, a large
electrochemical overpotential, ranging from 500 to 700 mV,
is required for O2 evolution.2,24,25 For their successful
application as components of artificial photosynthetic systems,
it is essential to improve the water oxidation activity of Mn
catalysts, particularly under neutral conditions. Nevertheless,

few studies have investigated the mechanisms of water
oxidation at the surface of Mn-oxide electrodes. Thus, it is
unclear why the catalytic activity of Mn oxides sharply declines
under neutral conditions and remains the subject of debate.2,13

Recently, we identified that an optical absorption band peak
at 510 nm was generated for a Mn-oxide electrocatalyst during
the catalytic cycle of water oxidation.25 Measurement of in situ
water oxidation current and optical absorption, and the results
of a probe experiment using pyrophosphate (PP), have shown
that the 510-nm absorption is assignable to d−d transition of
surface-associated Mn3+ ions, which is formed by the electron
injection from H2O to anodically poised MnO2 and acts as a
precursor of the O2 evolution reaction.25 Notably, Mn3+ is
unstable at pH <9 due to charge disproportionation (CD) that
results in the formation of Mn2+ and Mn4+ (2Mn3+ → Mn2+ +
Mn4+), but is effectively stabilized by comproportionation at
high alkalinity.13,26,27 Thus, the low water oxidation activity of
Mn oxides under neutral conditions is attributable to the
inherent instability of Mn3+, whose accumulation at catalytic
surfaces requires the electrochemical oxidation of Mn2+ at a
potential of ∼1.4 V, as schematically illustrated in Figure 1.25

On the basis of this proposed model, we hypothesize that the
stabilization of Mn3+ relative to CD is essential for the
development of Mn catalysts that afford water oxidation with
small overpotential at neutral pH.
In the present communication, we report that the surface

modification of a Mn-oxide electrocatalyst with amine-
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Figure 1. Schematic illustration of a current density (j) vs potential
(U) curve for a pristine δ-MnO2 electrode under neutral pH
conditions. The surface-associated intermediate Mn3+ species are
rapidly consumed by charge disproportionation to form Mn2+ and
Mn4+, resulting in no net charges passing across the electrode.
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containing polymers, poly(allylamine hydrochloride) (PAH) is
an effective strategy to suppress the CD of Mn3+. Stabilization
of Mn3+ relative to CD was found to markedly decrease the
overpotential for electrochemical water oxidation by MnO2 at
neutral pH, resulting in the initiation of O2 evolution at a
potential near the thermodynamic reversible potential of the
four-electron oxidation of H2O.
A PAH-modified Mn-oxide (PAH-MnO2) electrode was

prepared using a spray deposition method.25 Briefly, a 0.5 mM
colloidal solution of MnO2 was first obtained by the reduction
of KMnO4 with a stoichiometric amount of Na2S2O3 at room
temperature. An aqueous PAH solution was added under
stirring to the colloidal solution (the molar ratio of Mn to the
PAH amine group was 5:1), which was then repeatedly sprayed
onto a clean conducting glass substrate (FTO-coated glass,
resistance: 20 Ω/sq) held on a 200 °C hotplate. The
transparent brown film that formed on the electrode was
thoroughly rinsed with pure water and then dried at room
temperature. The synthesized PAH-MnO2 electrode exhibited
an XRD pattern characteristic of δ-MnO2 (Figure S1). SEM
inspection of the electrode showed that the FTO substrate was
uniformly covered with nanoparticles ranging from 20 to 50 nm
in diameter (Figure 2A). The uniform distribution of amine

groups on the electrode surface was evidenced by elemental
mapping using energy-dispersive X-ray spectroscopy (Figure
2B).28 In addition, the formation of N−Mn bonds via the
coordination of amine groups to surface Mn sites was revealed
by the appearance of a N3− → Mn4+ LMCT absorption band
peak at 420 nm in the optical absorption spectrum of the PAH-
MnO2 electrode (Figure 2C).
Figure 3A shows changes in the diffuse transmission UV−vis

absorption spectra of a PAH-MnO2 electrode at pH 8 (0.5 M
Na2SO4)

29 over an increasing range of potentials, using spectral
data obtained at 0.6 V as a reference. Upon stepping the
potential from 0.7 to 1.4 V in 0.1-V increments, a new
absorption peak at 470 nm and bleaching of the absorption in
the longer-wavelength region of the band-gap transition of
MnO2 were observed. In a previous work, we found that a

pristine δ-MnO2 electrode exhibited the nearly identical
spectral change as a function of potential during the catalytic
cycle of water oxidation,25 except that the absorption band peak
formed at 510 nm (Figure 3B, solid black line). The observed
shift of the Mn3+ d−d transition band from 510 to 470 nm by
amine coordination is attributable to the stronger ligand field of
PAH amine groups than those of oxide anions. It is noteworthy
that a blue shift from 510 to 470 nm was reproduced by
treating the surface of pristine δ-MnO2 with ammonia or
imidazole (Figure S2). Thus, the shift in the absorption band is
a consequence of N−Mn bond formation.
In Figure 4A, we compared the potential dependence of the

470 and 510 nm absorbance peaks for the PAH-MnO2
electrode and pristine δ-MnO2, respectively, from the UV−vis
spectroscopy results (Figure 3A). For pristine δ-MnO2 (black
triangles), absorbance at 510 nm was negligible in the potential
range of 1.1−1.3 V, but increased at potentials more positive
than ∼1.4 V, where Mn3+ is forcibly generated by the
electrochemical oxidation of Mn2+ (see Figure 1). As can be
seen from the difference spectrum (Figure 4A, red triangles),
the onset potential for Mn3+ formation for the PAH-MnO2
electrode markedly shifted by ∼500 mV in the negative
direction relative to that of pristine δ-MnO2. Notably, the
formation of Mn3+ for PAH-MnO2 at more negative potential
regions was also demonstrated by probe experiments using PP,
a redox-inert molecule that has the ability to uptake Mn3+ from
the surface of solid-phase Mn oxides via a specific chelating
reaction.30 When the PAH-MnO2 electrode was immersed into
a 20 mM PP solution after electrolysis at 1.0 V for 1 min, Mn3+-
PP complexes were detected by optical absorption measure-

Figure 2. (A) SEM and (B) EDX images of a PAH-MnO2 film (green,
manganese; red, nitrogen). (C) UV−vis absorption spectra of colloidal
solutions of (1) PAH-MnO2 and (2) δ-MnO2. Inset shows the
difference spectrum between (1) and (2).

Figure 3. (A) Changes in the diffuse transmission UV−vis spectra of a
PAH-MnO2 film electrode measured at increasing potential (0.7, 0.8,
0.9, 1.0, 1.1, 1.2, and 1.3 V) and pH 8. The spectrum measured at 0.6
V was used as a reference. Dotted arrows indicate the direction of the
spectral change with a potential shift from 0.7 to 1.3 V. (B)
Comparison of Mn3+ d−d transition spectra between PAH-MnO2 (1.2
V) and pristine δ-MnO2 (1.7 V) electrodes. The spectra measured at
0.6 and 1.1 V were used as reference spectra for the PAH-MnO2 and δ-
MnO2 electrode, respectively. (C) UV−vis absorption spectrum of a
20 mM pyrophosphate solution exposed to a PAH-MnO2 electrode
after electrolysis in a 0.5 M Na2SO4 solution (pH 8). A 20 mM
pyrophosphate solution alone was used as a spectral reference.
Electrolysis was conducted for 1 min at an electrode potential of 1.0 V.
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ments30,31 (Figure 3C). Therefore, we can conclude that Mn3+

species are effectively stabilized by the formation of N−Mn
bonds via the coordination of PAH amine groups with the
surface Mn sites of MnO2 electrodes.
To confirm the effects of stabilization of Mn3+ ions against

CD on O2 evolution activity, a PAH-MnO2 electrode was
subjected to electrochemical water oxidation at pH 829 (Figure
4B). The amount of dissolved oxygen was monitored
simultaneously with current density (j) versus potential (U)
measurements using a needle-type oxygen microsensor.
Interestingly, upon sweeping the electrode potential, an
increase in both anodic current (solid red line) and O2
production (red squares) was observed at an onset potential
of close to 0.8 V. This potential is ∼500 mV more negative than
the corresponding values for a pristine δ-MnO2 electrode (solid
black line and black squares, respectively) and is nearly identical
with the onset potential of Mn3+ production for a PAH-MnO2
electrode (Figure 4A, red triangles). It should be noted that
when PAH coated on the MnO2 electrode surface was
decomposed by calcination of the electrode at 500 °C,32 both
the anodic current and O2 production were largely suppressed
in the potential range of 0.8−1.3 V (Figure 4C). Calcination of
the PAH-MnO2 electrode at 500 °C also suppressed the
production of Mn3+ in this potential range (see Figure S6). A
strong correlation was detected between the onset potentials of
O2 evolution and Mn3+ production, both before (Figure 4A,B)
and after (Figures 4C and S6) the thermal decomposition of
PAH. Therefore, the UV−vis spectroscopy results and observed
onsets potentials provide strong support for the hypothesis that

the stabilization of Mn3+ effectively lowers the overpotential
required for electrochemical water oxidation by MnO2.
The current efficiency (CE) for water oxidation by a PAH-

MnO2 electrode was estimated using quadrupole mass
spectroscopy. The electrolysis at 1.0 V for 1 h showed an
increase in mass peaks assigned to N2 and O2. The CE for O2
evolution was estimated to 20%. Production of N2 indicates
that the oxidation of amine groups of PAH polymer proceeds
simultaneously with water oxidation.33

Concerning the mechanisms of Mn3+ stabilization, it is worth
noting that CD is a competing process to Jahn−Teller (JT)
distortion for eliminating orbital degeneracy.34−38 As the
trivalent state of Mn in δ-MnO2 adopts a high-spin d4

configuration (t2g
3eg

1),39 Mn3+O6 octahedra are typically
subjected to JT distortion. On one hand, the Mn2+ and Mn4+

produced by the CD of Mn3+ adopt nondegenerate t2g
3eg

2 and
t2g

3eg
0 configurations, respectively. Therefore, the Mn3+ in δ-

MnO2 is able to eliminate orbital degeneracy by CD. As
demonstrated in the difference spectra (Figure 4A), the
formation of N−Mn bonds on the MnO2 electrode surface
effectively suppresses the CD of Mn3+, resulting in the
accumulation of Mn3+ on the electrode surface even at
potentials more negative than 1.4 V. Therefore, we consider
that asymmetrization of the Mn-centered crystal field via N−
Mn bond formation, which was evidenced by the blue shift of
the d−d transition band of Mn3+ through amine coordination
(Figure 3B), favors JT distortion over CD as the mechanism to
eliminate the orbital degeneracy of Mn3+.
In summary, the present in situ spectroelectrochemical

detection of surface intermediates formed during the water
oxidation reaction by a MnO2 electrocatalyst has demonstrated
for the first time that a strong correlation exists between the
onset potentials of O2 evolution and Mn3+ production. The
formation of N−Mn bonds via the coordination of amine
groups to the surface Mn sites of MnO2 electrodes was found
to stabilize the Mn3+ species, resulting in O2 production at an
onset potential close to the thermodynamic reversible potential
of the four-electron oxidation of H2O, E(O2/H2O) = 0.76 V, at
pH 8. This finding supports our hypothesis that suppression of
the CD of Mn3+ is essential to lower the overpotential for
electrochemical water oxidation by MnO2 at neutral pH.

25 To
eliminate the orbital degeneracy of Mn3+ (t2g

3eg
1), CD is an

alternative to JT distortion.34−38 Thus, the introduction of
asymmetry into the Mn-centered crystal field demonstrated in
this work represents a new design principle for efficient
multielectron water oxidation catalysts composed of inex-
pensive and abundant MnO2 for artificial photosynthesis.
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Figure 4. (A) Potential dependences of the difference absorbance for
PAH-MnO2 (470 nm) and pristine δ-MnO2 (510 nm) electrodes,
respectively, measured at pH 8. (B) Current density (solid line) and
dissolved O2 concentration (filled squares) for PAH-MnO2 and
pristine δ-MnO2 electrodes at pH 8. Solid red line and squares: PAH-
MnO2; solid black line and squares: pristine δ-MnO2. (C) Potential
dependences of current density (solid line) and dissolved O2
concentration (filled squares) for a PAH-MnO2 electrode after
calcination at 500 °C for 10 h.
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