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Abstract: The Earth-abundant and inexpensive manganese
oxides (MnO,) have emerged as an intriguing type of catalysts
for the water oxidation reaction. However, the overall turnover
frequencies of MnO, catalysts are still much lower than that of
nanostructured IrO, and RuO, catalysts. Herein, we demon-
strate that doping MnO, polymorphs with gold nanoparticles
(AuNPs) can result in a strong enhancement of catalytic
activity for the water oxidation reaction. It is observed that, for
the first time, the catalytic activity of MnO /AuNPs catalysts
correlates strongly with the initial valence of the Mn centers. By
promoting the formation of Mn’" species, a small amount of
AuNPs (<5%) in a-MnOyAuNP catalysts significantly
improved the catalytic activity up to 8.2 times in the photo-
chemical and 6 times in the electrochemical system, compared
with the activity of pure o-MnO,.

The photochemical and electrochemical splitting of water
into H, and O, has received continuous attention over a half
century owing to its potential applications in renewable
energy technologies. The half-photolysis of the photochem-
ical water oxidation reaction (WOR) and the electrochemical
oxygen evolution reaction (OER) [2H,0(1)—4e —
4H*(aq) + O,(g)] are known as complex processes involving
a four-electron-transfer process. The oxygen generation is
kinetically slow and has been recognized as a bottleneck that
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largely limits the overall efficiency of water splitting. The
rational design of numerous novel photochemical and elec-
trochemical catalysts is crucial for more efficient water
oxidation.!"! Inspired by highly active cubane-like CaMn,O,
photocatalysts, researchers have developed the Earth-abun-
dant and inexpensive manganese oxides (MnO,) as an
intriguing type of catalyst for light-driven and electricity-
driven water splitting.”)’ MnO, materials have versatile
crystalline/amorphous structures due to the multivalent
nature of manganese. Given that the complex/variable
valence,”% multiple polymorphs,"** and versatile morphol-
ogies of MnO, materials® can influence their catalytic
activity, considerable effort has been devoted to developing
highly efficient MnO, catalysts for water splitting in the past
few years. The catalytic activity of MnO, polymorphs for
WORSs/OERs is dependent upon the presence of Mn*"
species,” which have an antibonding electronic configuration
and a longer Mn—O bond than that of Mn**/Mn** species.[*!

A number of recent studies have also shown that the
underlying substrate (e.g. metal electrode) of the catalysts can
significantly improve O, evolution performance for both
WORs and OERs."”! The interaction of catalyst and substrate
may result in a synergetic coupling effect at their interface,
thus leading to the enhancement of catalytic activity.”¥ For
instance, Bell’s group has demonstrated that cobalt oxide
(Co0,) films deposited on noble metal substrates (e.g. Au, Pt,
and Pd) exhibit a much higher activity for OERs."” The
turnover frequency (TOF) of CoO, deposited on Au for
OERs is nearly 40 times higher than that of bulk CoO,.
Jaramillo et al. lately reported that the catalytic activity of Au
nanoparticle (AuNP) doped MnO, films was significantly
enhanced and that the TOF of AuNPs/MnO, films was an
order of magnitude higher than that of bulk films.”¥ As such,
the use of metal oxide catalysts doped with noble metal NPs
may stand out as a promising opportunity to develop highly
active catalysts for WORs/OERs. However, the underlying
role of metal NP dopants in enhancing the catalytic activity
for O, evolution is still under debate. A study by Primo et al.
proposed that the hot electron injection from photoexcited
gold NPs (AuNPs) to the catalytic centers may alter the
electron-transfer pathways in WORs.®) One model involves
the oxidation of water on the surface of AuNPs. Other
reports, conversely, describe the enhanced OER activity of
metal oxide catalysts’™¥ that have core-shell nanostruc-
tures™ where metal NPs cannot directly interact with water
molecules.
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In the present study, we focus on five different MnO,
materials doped with AuNPs, i.e., cryptomelane-type o-
MnO,, birnessite-type 8-MnO,, amorphous MnO,, cobalt-
doped a-MnO,, and cubic bixbyite Mn,0;, to further explore
the role of metal NPs on the catalytic activity of MnO,
materials. We observed that, for the first time, the catalytic
activity of MnO,/AuNPs for WORs presented a strong
correlation with the valence of Mn centers. For the oxidation
state of Mn**, the MnO,/AuNPs catalysts (< 5% Au) showed
nearly an order of magnitude higher catalytic activity for
WORs/OERs than bulk MnO, catalysts. The electron transfer
from Mn®" to AuNPs was envisaged to improve the catalytic
activity of MnO,/AuNPs. Our study highlights the importance
of noble metals in developing mixed metal/metal oxide
systems as efficient water oxidation catalysts.

Various MnO, polymorphs were synthesized by following
the reported procedures (see the Supporting Information
(SI)).”! AuNPs were deposited on the surface of MnO,
materials through chemical reduction of HAuCl, using urea.
The growth of AuNPs on MnO, catalysts was confirmed by
transmission electron microscopy (TEM) as shown in Fig-
ure 1a,c (for more TEM images see SI). Figure 1a shows
TEM images of as-prepared cryptomelane-type o-MnO,
nanorods with an average diameter of roughly 20 nm and
a length of 200-500 nm. The AuNPs have an average diameter
of 4 nm and are well-dispersed on the surface of the a-MnO,
nanorods. The amount of Au deposited on a-MnO, was
determined by energy-dispersive X-ray (EDX) spectroscopy.
By adjusting the ratio of HAuCl, and MnO,, the doping

amount of AuNPs could be readily controlled in the range of
0.9% to 5.8% (see Table S1). Catalysts are denoted as MnO,/
AuNP-n hereafter, where n is the percentage of Au in the
catalyst. Other MnO, polymorphs, including birnessite-type
8-MnO, (Figure 1¢), amorphous MnO,, cobalt-doped o-
MnO, rods, and bixbyite Mn,O; (see Figures S6, S8, and
S10) were doped with AuNPs using a similar procedure. The
crystallinity of MnO,/AuNP catalysts was further confirmed
by X-ray diffraction (XRD) and Raman spectroscopy (see
SI). No noticeable change in the crystalline structures of
MnO, polymorphs was observed in any sample after Au
deposition. The surface area of MnO,/AuNPs is close to that
of pure MnO, and no obvious changes were observed.

The catalytic performance of MnO, polymorphs was first
evaluated for WORs as photocatalysts utilizing the well-
established [Ru(bpy);]**-S,04’" system. The overall photo-
electrochemical reaction is given by Equation (1).

2 [Ru(bpy);]** + S,0¢°™ + hv — 2 [Ru(bpy),]** + SO,> oY)

Here [Ru(bpy),]*" is a photosensitizer and S,04" is a sacri-
ficial electron acceptor. The formed [Ru(bpy);]** species can
be reduced back to [Ru(bpy),]*" by pulling one electron from
the catalyst where water molecules lose electrons and are
oxidized to form O,. The O, generated in solution upon
exposure to visible light (4>400 nm) was measured using
a needle-type oxygen microsensor. WOR results obtained
using 0-MnO,/AuNPs and 6-MnO,/AuNPs are presented in
Figure 1b,d. Pure a-MnO, exhibited a moderate oxygen

evolution rate and the dissolved
oxygen content was approximately
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rate of oxygen generation. The dis-
solved oxygen content increased
from 4.0 mmolmol™' Mn for o-
MnO,/AuNP-0.9 to 5.8 mmolmol™!
Mn for o-MnO,/AuNP-44 with
increased loading of AuNPs on o-
MnO,. The TOF of 1.70x10°s™'
for o-MnO,/AuNP-4.4 calculated
from WOR results is 8.2 times

Figure 1. a,c) TEM images of MnO, (left) and MnO,/AuNP (right) catalysts: a) 0-MnO, and a-
MnO,/AuNP-4.4; and c) 8-MnO, and 6-MnO,/AuNP-5.8. Scale bars are 50 nm in (a) and 200 nm in
(c). b,d) Concentration of dissolved O, measured under visible-light irradiation (>400 nm) with a-
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y . 1 #|  higher than that of pure a-MnO,

£ Ti1r:2 (5)240 20 o0 (see Table S2). For 8-MnO,/AuNPs,
a dramatic enhancement of WOR

activity was of particular note and
the dissolved oxygen content was

-1
MnO,/AuNP (b) and 8-MnO,/AuNP (d) as catalysts. Conditions: 1.5 mm [Ru(bpy);]*", 13 mm roughly 18 mmolmol Mn The
Na,S,0q, 68 mm Na,SO,, and 3 mg of catalyst in 15 mL Na,SiFs/NaHCO; buffer solution (pH~5.8). TOF of 8-MnO,/AuNP-5.8 is 5.1x
The WOR results were confirmed by a minimum of three individual measurements. 107 s7!, close to that of Mn,O;.”
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Likewise, the enhancement of WOR activity was found in the
other two types of MnO, polymorphs, including amorphous
MnO, and cobalt-doped a-MnO, rods (see Figures S12 and
S13). Moreover, the increase of the doping contents of AuNPs
in MnO, polymorphs seemed to further improve the catalytic
activity, but this effect is minimal." WOR results suggest that
the addition of AuNPs to MnO, polymorphs results in a much
higher photochemical catalytic activity.

To further explore the enhanced catalytic activity of
MnO,/AuNP catalysts, the OER performance of a-MnO,/
AuNP was also evaluated by cyclic voltammetry (CV). The
voltammograms of a-MnO,/AuNPs with various contents of
AuNPs under alkaline conditions (0.1m KOH, pH ~13) are
shown in Figure 2 (see SI for details). Larger current density
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Figure 2. Cyclic voltammetry studies of a-MnO, and a-MnO,/AuNP
for the electrochemical oxidation of water. All measurements were
carried out in O,-purged 0.1 M KOH solution at a scan rate of

10 mVs™'; rotation rate of 1600 rpm for the rotating disk electrode.

and lower overpotential of water oxidation were obtained
with a higher loading of AuNPs. The overpotential () at the
current density (j) of 10mAcm™ is 0.39 V for a-MnO,/
AuNP-4.4, compared to pure a-MnO, with #=0.63V
(Table S2). The mass activity of a-MnO,/AuNP-4.4 at 5=
0.35V is about 6 times higher than that of pure a-MnO,,
while the TOF of a-MnO,/AuNP-4.4 for OERs is roughly 10
times higher than that of pure a-MnO.. It is quite challenging
to compare the catalytic activity to that of previously
published MnO, catalysts as the sample preparation and
measurement conditions vary. However, under similar con-
ditions, Fekete et al. reported the electrochemical activity of
nanostructured f-MnO, catalysts and found that the over-
potential at j=10mAcm™ is 0.55V in NaOH solution
(0.1m), which is close to that of pure a-MnO, in this
work.” The recent report from Gorlin and Jaramillo
showed that the electrodeposited MnO,/AuNP composite
catalyst has an overpotential of 0.35 V at j=10 mAcm 2.4
Similar effects from AuNP doping are shown in the study we
present here.

How does the intriguing catalytic synergy of MnO,/
AuNPs for water splitting occur? To investigate synergetic
effects, it is useful to address two important factors: 1) the
influence of AuNPs on the structure and surface properties of
MnO,, including the crystal structures of MnO, and the
valence/oxidation state of Mn; and 2) the influence of AuNPs
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on the reaction pathways and catalytic centers, for example,
whether AuNPs can act as co-catalysts or new active centers
instead of Mn. As previously mentioned, macroscopic crys-
talline structures of MnO, catalysts were not influenced by
the presence of AuNPs. The enhancement of WORs may be
ascribed to the change in either the surface properties of the
MnO,/AuNP catalysts or the in situ involvement of AuNPs in
the WOR mechanism.

The surface properties of MnO,/AuNPs catalysts were
first investigated by X-ray photoelectron spectroscopy (XPS).
The high-resolution XPS spectra of the Mn2p region (Fig-
ure S15) present two peaks at 642.2 eV and 653.8 eV assigned
to Mn2p;, and 2p,,, respectively. The difference in the
binding energy of the two peaks, which is frequently used for
characterizing Mn** and Mn*' ratios, did not display any
significant change compared to that of pure a-MnO,. How-
ever, the Mn K-edge X-ray absorption near-edge structure
(XANES) analysis of MnO,/AuNPs catalysts suggested
a slight change in the average oxidation state of Mn
(Figure 3). The overall features of Mn K-edge XANES
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Figure 3. The average oxidation state of Mn for a-MnO, and a-MnO,/
AuNP catalysts derived from Mn K-edge absorption threshold.

spectra are quite similar for all samples of a-MnO,/AuNP.
Extended X-ray absorption fine structure (EXAFS) spectra
also revealed no significant influence of gold loading on the
average Mn-O and Mn-Mn distances (Table S6). However,
a decreasing XAFS amplitude indicated an increasing dis-
tribution of Mn—O and Mn-Mn distances with gold loading.
The slight shift from 6551.84 (a-MnO,) to 6551.61 eV (o-
MnO,/AuNP-4.4) corresponds to the decrease of the Mn
oxidation state from 3.91 (a-MnO,) to 3.84 (a-MnO,/AuNP-
4.4)."Y This small shift in binding energy indicates that: 1) the
localized electronic interaction of MnO, and AuNPs lowers
Mn valence; and 2) the weak, positive charge of AuNPs will
compensate the change in the valence of Mn, resulting in the
formation of Mn species with a lower oxidation state.'®! The
co-presence of positive Au ions (Au’") was further confirmed
by Au4f XPS spectra (Figure S16).

To explore the influence of AuNPs on the reaction
pathway and catalytic centers, more control experiments
were performed. First, the individual AuNPs (citrate-stabi-
lized AuNPs, 3-5 nm in diameter) were tested for WORs and
no oxygen was detected. Second, physically mixing AuNPs
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and a-MnO, did not enhance the catalytic activity relative to
that of pure a-MnO,. Third, the catalytic performance of
Mn,0O; and Mn,O;/AuNPs catalysts for WORs was examined
using the conditions identical to those of the [Ru(bpy),]*"

S,04*" system (see Figure 4). There is no significant difference
in the catalytic activity of Mn,0;, Mn,O;/AuNP-0.4, and
Mn,0;/AuNP-3.9 catalysts for WORs. The TOF value of
439%x107°s7! for Mn,0; is close to that of Mn,O;/AuNPs,
4.14x 107 s™" (within 5%). We can conclude from these
results: 1) AuNPs are catalytically “inactive” for WORs in the

225
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_= —&— Mn203/AuNP-0.4
2 17.5] —a—Mnz03/AuNP-3.9
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T 10.0-
2
> 7.54
c
§ 5.01Light On
X 2.54
& 25|
0.0 ptpe™ T T T T
0 50 100 150 200 250 300
Time (s)

Figure 4. Concentration of dissolved O, generated with Mn,O; and
Mn,O;/AuNPs catalysts under visible-light irradiation (>400 nm).

absence of MnO, catalysts in the photochemical system;
2) the mixture of AuNPs with MnO, did not promote the
activity of MnO,, indicating that the interaction of AuNPs and
MnO, is localized and diminished at long distance; and 3) the
deposition of AuNPs on Mn,O; does not improve its WOR
activity, implying that only Mn®' species are the catalytic
centers and AuNPs are not directly involved in the WORs.
This suggests that AuNPs cannot act as the catalytic centers
for WORs or modify the electron-transfer pathways between
the water molecules and the catalytic centers.

In general, Mn*" species have a very labile Mn—O bond
compared to that of Mn*"/Mn”" species and it can act as
precursors for O, evolution. The active Mn®" species can be
generated by the electron injection from H,O to Mn*" ions in
MnO,."! However, they are rather unstable under natural or
acidic conditions, and the disproportionation of Mn** to Mn**
and Mn*" species occurs quickly to diminish the active Mn**
centers for WORs (Scheme 1a, 2Mn*"—Mn*" + Mn*"). The
equilibrium concentration of Mn*' species is less than 1074 %
of the initial concentration of Mn*" and Mn>* at pH~ 6.[°"]
Based on our observation of valence-dependent catalytic
activity, it is reasonable to deduce that AuNPs in MnO,/
AuNPs catalysts promote the in situ formation of active Mn*"
species for WORs. One hypothesis is that the loss of an
electron from the Mn*' species to AuNPs through the
reaction 2Mn*" 4+3H,0 —Mn,0;+2e” +6H" regenerates
Mn*" catalytic centers (Scheme 1a). In this redox reaction,
the electron transfer from Mn*"/Mn*" (E° =4-1.49 V) redox
pairs to AuNPs (note that, for Au™/Au E°=+1.83 V and for
Au*/Au E°=+1.52 V) continuously yields Mn®" species. The
results presented in Figure 3 clearly demonstrate that the

www.angewandte.org
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Scheme 1. a) The changes in the oxidation state of Mn catalytic centers
in the photochemical water oxidation. b) Schematic illustration of the
mechanism for photochemical water oxidation with the [Ru(bpy)s]*—
S,04’ system on MnO,/AuNPs catalysts. The proposed electron-
transfer pathways describe two possibilities involving oxidation of
water (loss of an electron) on AuNPs (left) or on MnO, (right).

localized electronic interaction of MnO, and AuNPs leads to
the weakly positive charge. The electron-transfer pathway
will increase the concentration of surface Mn** species, but
not directly impact the loss of electrons from the water
molecules. For Mn,O; catalysts, Mn>" species preexist; thus,
no change in activity of Mn,Os/AuNP catalysts was observed.
Moreover, the electronic communication of AuNPs and other
metal oxide semiconductors has been reported previously at
a metal-semiconductor interfaces, for example, AuNPs/
TiO," and AuNPs/WO,.®! AuNPs may also increase the
electron-transfer efficiency at the metal-semiconductor inter-
face,[*" compared to catalytic materials and Ru**/Ru** redox
species.

We have examined the in situ change of the oxidation
state of Mn species using UV/Vis spectroscopy. As shown in
Figure 5a, a-MnO, displayed a broad peak centered at
370 nm in aqueous solution, corresponding to the d-d
transition band gap of MnO,.'" The broadness of the
absorption peak is due to the coexistence of lower oxidation
states of Mn in a-MnO,.I! For instance, Mn®" species in the
octahedral center induce a red-shift of the absorption band
due to the single spin-allowed d—d transition and the charge
transfer between Mn** and 0.l The change in the spectra of
a-MnO,/AuNP-4.4 catalysts (0.1 mgmL™") was recorded in
the presence of Na,S,0y as an electron acceptor at a time
interval of 1 min (Figure Sa). The gradual red-shift of the
absorption peak (& 50 nm) of a-MnO, to a longer wavelength
occurs with increasing reaction time. The change in the
absorption of a-MnO, as a function of reaction time is plotted
in Figure 5b. The new peak appearing at 540-560 nm is
ascribed to the generation of surface Mn®' species. The
control experiments were performed with pure a-MnO,
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Figure 5. a) Time-resolved UV/Vis absorption spectra of a-MnO,/
AuNP-4 (0.1 mgmL™") in the presence of Na,S,0;. The absorption
spectra were measured immediately after the addition of Na,S,0; and
at regular time intervals of 1 min. b) Changes in the UV/Vis absorption
of 0-MnO,/AuNP-4.4 over 6 min after subtracting the reference
spectrum recorded at t=1 min. The arrows indicate the increase of
reaction time.

without AuNPs and a-MnO, mixed with free AuNPs under
identical conditions (Figure S17). No absorption shift was
observed in these experiments.

The changes in the spectra of 0-MnO,/AuNP-4.4 suggest
that AuNPs promote the formation of active Mn®" species.
The electron transfer between Mn and S,04>" is known to be
thermodynamically favorable (S,04°/SO,>~ E°=2.1V) but
proceeds slowly. The redox reaction cannot be measured in
the absence of AuNPs. The role of AuNPs is likely to enhance
the electronic communication between Mn and the redox
species, for example S,04*/SO,*” and Ru*'/Ru*", by pulling
electrons from the catalysts (Scheme 1b). Similar results were
reported in OERs using metal oxides (Co and Ni) with noble
metals, where the noble metals generated and stabilized metal
ions at higher oxidation states (e.g. Co*" and Ni*"). Such
species are recognized as active centers for the water
oxidation reaction. Of greater relevance to our present
study, Casella et al.'”’ and Yeo etal.”! demonstrated that
the growth of Ni hydroxide on a gold electrode favors the
oxide of Ni** over Ni**. Yeo et al. also noted that the cobalt
oxide deposited on Au electrodes exhibits a high occurrence
of Co** species on the surface.™ The enhanced activity was
correlated to the electronegativity of noble metals.

In summary, we have systematically studied five different
MnO,/AuNP catalysts in both  WORs and OERs. The
enhanced catalytic activity of MnO, after deposition of
AuNPs has been confirmed in both photochemical and
electrochemical systems. A small amount of AuNPs (<5%)
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served as a dopant and the catalytic activity of a-MnO,/AuNP
was significantly enhanced up to 8.2 times in the photo-
chemical and 6 times in the electrochemical system compared
to that of pure a-MnO,. The catalytic activity of MnO,/
AuNPs was found to be strongly correlated to the valence of
Mn centers. The enhanced electronic communication
between Mn and the redox species that solely promotes the
in situ formation of active Mn®*' species for WORs played
a key role in the increased catalytic activity of MnO,/AuNPs.
Our results may provide fundamental guidance in the
preparation of highly active transition-metal oxide catalysts
for both WORs and OER:s.
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