
Enhanced Interactions between Gold and MnO2 Nanowires for Water
Oxidation: A Comparison of Different Chemical and Physical
Preparation Methods
Haojie Zhang,†,‡ Chao Lin,‡ Fuping Du,‡ Yonghui Zhao,‡ Peng Gao,‡ Hao Chen,‡ Zheng Jiao,†

Xiaopeng Li,*,‡ Tiejun Zhao,*,‡ and Yuhan Sun‡,§

†College of Environmental and Chemical Engineering, Shanghai University, Shanghai 200444, China
‡CAS Key Laboratory of Low-Carbon Conversion Science and Engineering, Shanghai Advanced Research Institute (SARI), Chinese
Academy of Sciences (CAS), Shanghai 201210, China
§School of Physical Science and Technology, Shanghai Tech University, Shanghai 201210, China

*S Supporting Information

ABSTRACT: Oxygen evolution reaction (OER) has been
considered as the bottleneck step in water electrolysis to
simultaneously produce hydrogen and oxygen. The earth
abundant first-row metal oxides such as manganese oxide have
been found very active after anchoring nanoparticular noble
metals such as Au, Pd and Pt onto its surface. Recent reports
have demonstrated that Au can increase the turnover frequency
(TOF) of MnOx more than 10 times for the OER due to the
unique local interaction between Au and MnOx. Here, we
conducted a detailed comparative study of different prepara-
tion methods on the OER activity of Au/MnO2 nano-
composites, including physical sputtering (PS), deposition−precipitation with urea (DPU), DP with NaOH (DPN) and
deposition−reduction (DR) with NaBH4. Through carefully controlling the preparation conditions, we find chemical preparation
methods (i.e., DPU and DPN) can achieve uniform growth of monodispersed Au nanoparticles on MnO2 nanowires (Au/
MnO2) same as sputtering; moreover, the as-prepared Au−MnO2 by DPU and DPN shows stronger interaction than that by
sputtering, thereby achieving higher OER performance. Delicate chemical valence change and conductivity improvement induced
by such interaction are further quantified by conventional XPS, resistivity and impedance measurements.

KEYWORDS: Oxygen evolution reaction (OER), Water electrolysis, Manganese oxide nanowire, Au nanoparticles,
Trivalent manganese

■ INTRODUCTION

Splitting water into hydrogen and oxygen via electrocatalytic or
photocatalytic routes has been considered as a feasible way to
store renewable energy (e.g., wind and solar energies) into the
form of energy-intense chemical fuels.1−3 One of the
prerequisites of global scale employment of water splitting
devices is to develop a robust, durable and highly efficient
electrocatalyst. As the half reaction of water splitting,
electrochemical water oxidation, also known as the oxygen
evolution reaction (OER), is currently considered a major
bottleneck. Substantial overpotentials typically in excess of 450
mV are required to drive the sluggish four-electron OER
process. According to the well-known “volcano plot” of
electrocatalysts, precious metal oxides including PtO2, IrO2

and RuO2 possess the highest electrocatalytic activity among
various metals.4,5 Nevertheless, their prohibitive price and
scarcity limit widespread implementation of these materials. On
the other hand, earth abundant metal oxides mainly the first-
row transitional metal have been extensively studied. One

typical example is MnO2, which has already shown a decent
electrochemical activity.6−10 It also possesses low toxicity
whereas Ni and Co are potentially carcinogenic.11,12 Moreover,
the basic MnO6 octahedron unit can build up a rigid MnO2

framework with unique one-, two-, or three-dimensional (1D,
2D or 3D) tunnels, generating a large diversity in the crystalline
structure MnO2 and thereby tunable physicochemical proper-
ties.13 All those advantages make MnO2 as a highly promising
OER candidate with strong designability and scalability.14,15

Dispersion of fine Au nanoparticles (AuNPs) on certain
metal oxide support has been reported exhibiting surprisingly
high catalytic activity toward various chemical reactions (e.g.,
alcohol oxidation).16−19 So far, anchoring AuNPs onto metal
oxide substrates such as NiOx, NiCo2O4 and MnOx, have been
demonstrated promoting the OER performance only in several
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recent literatures.20,21 T. F. Jaramillo et al. reported that
deposition of fine Au nanoparticles on MnOx thin films via
physical sputtering method can remarkably promote the OER
activity with comparison to MnOx in the absence of Au,
generating 1 order of magnitude higher turnover frequency
(TOF) than that of pure MnOx.

21 On the basis of the in situ
and ex situ spectroscopic XAS (X-ray absorption spectroscopy),
Jaramillo et al. concluded that such significant enhancement is
due to the strong localized interfacial interactions between Au
and MnOx. MnOx located away from the interface with Au
owns a more reduced state than MnOx located near Au, which
probably benefits the OER. R. Frydendal et al. also proposed a
theoretical explanation for these enhancements based on a
hydrogen acceptor concept, which comprises a stabilization of
an *−OOH intermediate by Au, effectively lowering the
potential needed for breaking bonds to the surface.22 However,
there are still many issues remaining. From the viewpoint of
scientific understanding, AuNPs with high electron negativity
may strongly change the physiochemical properties of MnO2
nanostructures with their high surface-to-volume ratio, which
have been discovered in several semiconductor nanostruc-
tures.20,23 These physiochemical changes such as chemical
valence and conductivity variation need to be further quantified
rather than qualified in order to reveal the in-depth structure-
performance relationship. Moreover, from technological points
of view, it is also attractive to explore more cost-effective routes
to deposit AuNPs such as wet chemical methods to replace
physical sputtering in order to facilitate possible future
commercialization of electrocatalysts. Wet chemical methods
may also generate different levels of interaction between Au and
MnO2 in comparison with physical methods, since Au
precursors and deposition mechanism are totally different.
In this report, we addressed aforementioned scientific and

technological issues by deposition of AuNPs on MnO2
nanowires (Au/MnO2) with high surface-to-volume ratio via
different chemical and physical methods, including physical
sputtering (PS), deposition-precipitation with urea (DPU), DP
with NaOH (DPN) and deposition-reduction (DR) with
NaBH4. We find that chemical methods (i.e., DPU and DPN)
can achieve growth of monodispersed AuNPs on MnO2
nanowires same as physical sputtering; furthermore, in
comparison with sputtering, DPN and DPU methods result
in stronger interaction between Au and MnO2, thereby
demonstrating better OER performances. The enhanced
interactions indeed lead to pronounced physicochemical
changes of MnO2 nanowires. Such changes mainly including
Mn valence change and conductivity improvement have been
successfully quantified via XPS, resistivity and impedance
measurements.

■ EXPERIMENTAL SECTION
Materials. Chemical reagents of analytical grade including MnSO4·

H2O, (NH4)2S2O8, (NH4)2SO4, NaBH4, HAuCl4, urea and poly-
vinylpyrrolidone (PVP, molecular weight 25 000−30 000) were
purchased from Sinopharm Chemical Reagent Co., Ltd. and used as-
received.
Preparation of α-MnO2 Nanowires. α-MnO2 nanowires were

synthesized by a typical hydrothermal method according to the
reported procedure.24,25 0.02 mol of MnSO4·H2O, 0.02 mol of
(NH4)2S2O8 and 0.08 mol of (NH4)2SO4 were added to 70 mL of
deionized water with vigorous stirring to form a clear transparent
precursor solution. The mixed solution was transferred to a 100 mL
Telfon-lined stainless autoclave, and then heated at 140 °C for 12 h.
After being cooled to room temperature, the obtained precipitate was

filtered and washed with a large amount of water until the pH value of
wastewater reached around 7. MnO2 nanowire powder was obtained
after drying the precipitate in the oven at 120 °C for 16 h. To
demonstrate the α-MnO2 owning the best OER activity, nano-
structured MnO2 with other crystalline structures including β-, γ- and
δ- MnO2 were also synthesized for comparison (preparation details
seen in the Supporting Information).

Preparation of Au/MnO2 Catalysts. Gold was deposited on α-
MnO2 nanowires (denoted as Au/MnO2) by various methods as
described below.

a. Physical Sputtering (PS). Deposition of AuNPs via PS is a
matured technique.26,27 α-MnO2 nanowires were first coated on the
carbon paper (CP) via dip coating. Afterward, gold was deposited by a
DC planar magnetron sputtering system with the sputtering time of 45
s, discharge power of 50 W, total Ar pressure of about 0.3 Pa and the
electrode distance of 50 mm. The sample was denoted as PS-Au/
MnO2.

b. Deposition−Precipitation with Urea (DPU). In a typical
preparation,28,29 1 g of α-MnO2 nanowires was dispersed in 100 mL
of aqueous mixed solution of HAuCl4 (7.5 mM) and urea (0.75M).
The mixed solution was kept at 80 °C with vigorously stirred for 4 h.
Then, the products were collected by centrifugation and washed with
deionized water. Afterward the products were vacuum-dried at 60 °C
for 12 h and calcinated at 300 °C for 2 h. The sample was denoted as
DPU-Au/MnO2-C (C means calcination).

c. Deposition−Precipitation with NaOH (DPN). At first, 100 mL of
7.5 mM HAuCl4 aqueous solution was adjusted to 8 with addition of 1
M NaOH. Then, 1 g of α-MnO2 nanowires was added to the solution
and the pH of the solution was kept constant around 8 by dropwise
addition of 1 M NaOH. Meanwhile, the aqueous solution was heated
to 80 °C with vigorous stirring for 2 h. Afterward, the products were
collected by centrifugation, washed and dried same as the DPU
sample. The sample was named as DPN-Au/MnO2.

d. Deposition−Reduction by NaBH4 Protected by PVP (DR). The
DR-Au/MnO2 sample was prepared by using NaBH4 as the reducing
agent.30 60 mg PVP were added to 10 mL of 7.5 mM HAuCl4 aqueous
solution and then stirred for 30 min at room temperature. After that,
200 mg of MnO2 was dispersed into the solution and stirred for
another 30 min. Then, an aqueous solution of NaBH4 (10 mL
including 59.8 mg NaBH4) was added at a rate of one drop in every
three seconds under vigorous stirring for about 10 min. The solutions
were stirred for another 1 h. Finally, the products were collected,
washed and dried same as the DPU sample.

Characterizations. The phase purity of the Au/MnO2 catalysts
was identified by powder X-ray diffraction (XRD) using Cu Kα
radiation (λ= 0.154 178 nm) with a scanning speed of 4°/min. The N2
adsorption−desorption isotherm was measured on a Micrometrics
system. Surface areas of the Au/MnO2 catalysts were determined by
the Brunauer−Emmett−Teller (BET) gas adsorption method. The
size and morphology of the Au/MnO2 catalysts were observed using a
FEI Tecnai G2 transmission electron microscopy (TEM). Element
dispersion and Au loading were investigated by Scanning electron
microscope (SEM, Hitachi S-520) and energy dispersive spectrum
(EDS). The X-ray photoelectron spectra (XPS) were recorded on a
Thermo Scientific K-Alpha XPS spectrometer using Al Kα X-ray
source. Calibration of binding energy was carried out by setting
binding energy of C 1s peak to 284.8 eV. Electrical conductivity of
MnO2 nanowires and as-prepared Au/MnO2 catalysts were measured
by a standard four-point probe.

Electrochemical Measurements. 5 mg of Au/MnO2 catalyst
power was dispersed in 1 mL of 3:1 v/v water/isopropyl alcohol
solution mixed solvent with 16 μL of 5 wt % Nafion solution (5 wt %,
Sigma-Aldrich). Then, the mixture was ultrasonicated for about 30 min
to generate a homogeneous ink. After that, 20 μL of the ink was
transferred onto the carbon paper (CP). The catalyst loading area was
strictly controlled ∼1 cm2. Finally, the as-prepared catalyst film was
baked at 60 °C for 30 min and used as the working electrode.
Electrochemical measurements were performed on a potentiostat
(PARSTAT 4000, Ametek) at room temperature in a three electrode
configuration using a Pt plate and an Ag/AgCl (3 M KCl) electrode as
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the counter and reference electrodes, respectively. Linear scan
voltammograms (LSV) were measured with a scanning rate of 50
mV/s. The quasi-stationary polarization curves for Tafel measure-
ments were recorded with a scanning rate of 0.33 mV s−1 and the slope
of the capacitive current was determined by the Versa Studio software.
All potential values were calibrated to the reversible hydrogen
electrode (RHE) according to the equation E(V vs RHE) = E(V vs
Ag/AgCl)+1.01 V (details seen in Figure S1). The electrochemical
impedance spectroscopy (EIS) test were carried out in N2-saturated 1
M KOH solution under an anodic polarization potential of 0.6 V (vs
Ag/AgCl). The EIS spectrum was obtained in a frequency range of
0.1−105 Hz with an amplitude of 5 mV. The charge transfer resistance
(Rct) was determined by fitting the Nyquist plot to a Randles’
equivalent circuit.

■ RESULTS
Because MnO2 has diverse crystalline structures, we first
synthesized and compared four typical phases, including α-, β-,
γ- and δ-MnO2 (see in Figure S2 and Figure S3). The α-MnO2
nanowire prepared via conventional hydrothermal method
possesses the highest OER activity among four phases, in line
with recent literature reports.15,24,25 Figure S2 shows the TEM
images and XRD pattern of α-MnO2 nanowires. The averaged
diameter of the α-MnO2 nanowires was about 9.0 nm and the
measured BET surface area was 94.3 m2/g. Taking its relatively
high electrochemical activity and surface-to-volume ratio into
consideration, we chose the α-MnO2 nanowire for further
investigating the interactions between Au and MnO2.

PS-Au/MnO2. Sputtering is a physical process whereby Au
atoms are ejected from a solid target due to bombardment of
the target, and impact energetically on the substrate resulting in
the formation of Au nanoparticles or films.31 Figure 1a shows
the TEM image of PS-Au/MnO2. Extremely fine AuNPs were
highly dispersed on the one side (facing the Au target) of α-
MnO2 nanowires, and the size distribution ranges from 1.55 to
3.17 nm for PS-Au/MnO2, as depicted in inset of Figure 1a.
Accordingly, the mean gold particle sizes are estimated to be
2.34 nm for Au/MnO2 and the Au loading is about 12 wt %
confirmed by SEM-EDS. High-resolution TEM (HRTEM) was
employed to study the interface between AuNPs and α-MnO2

nanowires seen in Figure 1b. The HRTEM images clearly show
the lattice fringes of AuNPs and α-MnO2 nanowires, indicating
their nice crystallinity. The interlayer spacing of 0.23 nm agreed
with (330) planes of MnO2 and (111) planes of Au.32 We also
observed that there are lattice mismatches between Au and
MnO2. The XRD patterns shown in Figure 1c verify the TEM
results: the crystalline structure of α-MnO2 wires remained
unchanged after sputtering, the metallic Au diffraction peaks
were clearly evidenced.
Figure 1d shows the OER performances of conductive CP

substrate, and α-MnO2 nanowires before and after sputtering,
measured by the LSV in 1 M KOH solution. The CP
demonstrates weak OER activity. The current density of α-

Figure 1. (a) TEM image of PS-Au/MnO2 catalyst and the size distributions of Au nanoparticles (inset) obtained for PS-Au/MnO2; (b) HRTEM
image of PS-Au/MnO2 catalyst; (c) XRD patterns of MnO2 and PS-Au/MnO2; (d) LSVs of carbon paper (CP), as-prepared MnO2 and PS-Au/
MnO2.
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MnO2 nanowires at 2.51 V (vs RHE) increased by 34.5 mA/
cm2 after Au sputtering.
DPU-Au/MnO2. Au/MnO2 catalyst was prepared by DPU

by slightly optimizing the recipe reported in in literature.28

Reactions of the DPU method is as follows:

+ → + ++ −CO(NH ) 3H O CO 2NH 2OH2 2 2 2 4 (1-1)

+ → + = −− −
−

− −n n nAuCl OH [Au(OH) Cl ] Cl ( 1 3)n n4 4
(1-2)

+ − →

+ − = −
−

− −

−

n

n n

[Au(OH) Cl ] (3 )OH Au(OH)

(4 )Cl ( 1 3)
n n4 3

(1-3)

The pH value of the starting gold chloride solution is around
2. When the pH of the solution was raised to a value between 6
and 10, the partially hydrolyzed species [Au(OH)nCl4−n]

− (n =
1−3), then nucleate at the surface of MnO2 to form Au(OH)3.
AuNPs were eventually formed after calcination. The pH
change of the solution during DPU is shown in Figure S4. The
TEM images of Au/MnO2 formed by DPU and subsequent
calcination (DPU-Au/MnO2-C) are shown in Figure 2a,b.
Similar with sputtering, DPU method is also capable of
anchoring fine AuNPs uniformly on the α-MnO2 nanowires.
The size distribution ranges from 1.65 to 17.25 nm as shown in
inset of Figure 2a, and the mean size of AuNPs formed by DPU
is estimated to be 9.64 nm, much bigger than that by sputtering.
The Au loading was around 11 wt % measured by SEM-EDS.

Moreover, as shown in the HRTEM image in Figure 2b, we
observed continuous lattice fringes extended from α-MnO2 to
AuNPs, corresponding to the (330) and (111) lattice planes of
MnO2 and AuNPs with same d-spacing of 0.23 nm, which are
different from lattice mismatches observed at the interface
between Au and MnO2 in the PS sample. It suggests potential
epitaxial growth of AuNPs on α-MnO2, and such atomic
binding will probably benefit the OER activity of the Au/MnO2
composite. The XRD patterns (see in Figure 2c) confirm that
the presence of metallic Au and the crystalline structure of α-
MnO2 wires remained unchanged after chemical deposition.
Figure 2d shows the LSV of the as-prepared pure MnO2,

DPU-blank (without Au deposition), DPU-Au/MnO2 (without
calcination) and DPU-Au/MnO2-C samples. The OER
performance of DPU-black sample is same as that of original
α-MnO2 wires, indicating the solution process does not affect
the intrinsic electrochemical properties of α-MnO2 wires.
Interestingly, there is a degradation of the OER performance
for DPU-Au/MnO2, because Au is in the form of Au(OH)3.
This phenomenon indicates the metallic state of Au is crucial
for improving the OER activity of MnO2. After calcination, we
find that the enhancement of the OER performance is
significant. The current density of DPU-Au/MnO2-C increased
by more than 60.0 mA/cm2. In contrast, further calcination on
the PS-Au/MnO2 leads to degradation of the OER perform-
ance (see Figure S5), suggesting that heat treatment in the air
would not benefit the Au/MnO2 samples with Au already
existing as the metallic phase.

Figure 2. (a) TEM image of DPU-Au/MnO2-C catalyst and the size distributions of Au nanoparticles (inset) obtained for DPU-Au/MnO2-C; (b)
HRTEM image of DPU-Au/MnO2-C catalyst; (c) XRD patterns of DPU-Au/MnO2, DPU-blank, DPU-Au/MnO2 and DPU-Au/MnO2-C; (d) LSVs
of MnO2, DPU-blank, DPU-Au/MnO2 and DPU-Au/MnO2-C.
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DPN-Au/MnO2. DPN method uses NaOH instead of urea
as the precipitant.29 The pH value of the solution is relatively
high and keeps almost constant around 8 during reaction. The
high pH value leads to fast precipitation of Au(OH)3, and the
formed Au(OH)3 afterward is thermally decomposed to Au
within the same reaction time. Reactions of the DPU method is
as follows:

+ → +− − −AuCl 3OH Au(OH) 4Cl4 3 (2-1)

→ + −Au(OH) Au 3OH3 (2-2)

Highly monodispersed AuNPs with mean AuNP size of 7.22
nm are loaded on α-MnO2 wires (see Figure 3a,b). Similar as
the DPU sample, the crystal lattice well extended from AuNPs
to MnO2 nanowires, suggesting the potential epitaxial growth
of AuNPs on MnO2. The metallic phase of Au was also
confirmed via XRD (see Figure 3c).33 The Au loading was 9 wt
% measured by SEM-EDS. Figure 3d shows the OER
performance of DPN-Au/MnO2. The current density of
DPN-Au/MnO2 at 2.51 V (vs RHE) reached 272.3 mA/cm2,
which is ∼30 mA/cm2 higher than that for the original MnO2
nanowires.
DR-Au/MnO2. DR with PVP as surfactant is a commonly

used method to prepare Au nanoparticles and colloids.26 The
reaction is as follows:

+ + → + +

+ + ↑

− − − −

+

2AuCl 2BH 4H O 2Au 2BO 8Cl

6H 5H
4 4 2 2

2 (3-1)

Figure 4a,b shows the TEM images of the obtained DR-Au/
MnO2 under the optimal condition as previous literatures
reported. AuNPs are weakly attached to the α-MnO2 wires and
there is no evidence of close binding between both AuNPs and
nanowires. The mean gold particle sizes are estimated to be
14.33 nm, much larger than all above-mentioned samples.
Moreover, Au loading is only 3 wt % as confirmed by SEM-
EDS. The XRD patterns shown in Figure 4c reveals the metallic
phase of Au. The existence of the protecting surfactant PVP on
the surface of AuNPs is possibly the major reason for the weak
binding and low Au loading. Figure 4d shows the OER
performance. In comparison with the original α-MnO2 wires,
the current density of DPN-Au/MnO2 at 2.51 V (vs RHE) only
increased by ∼10 mA/cm2.

■ DISCUSSION
All above results clearly suggest that Au can greatly promote
the OER activity of MnO2, and the preparation methods indeed
have major impacts on the final performance. Table 1 lists the
surface area, current density (at 2.51 V (vs RHE)), TOF
(calculated based on the surface area and current density,
details seen in Supporting Information), and Au loading of all
samples. The current density, TOF value and Tafel slope clearly

Figure 3. (a) TEM image of DPN-Au/MnO2 catalyst and the size distributions of Au nanoparticles (inset) obtained for DPN-Au/MnO2; (b)
HRTEM image of DPN-Au/MnO2 catalyst; (c) representative powder of XRD patterns of various catalysts; (d) LSVs of MnO2, DPN-Au/MnO2
and DPN-Au/MnO2-C.
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confirm that the intrinsic electrochemical activity of different
samples follows the order of DPU-Au/MnO2-C > DPN-Au/
MnO2 ≈ PS-Au/MnO2 > DR-Au/MnO2 > MnO2 (see in
Figure S6a−c).33 It is worth noting that the mean size of
AuNPs for DPU-Au/MnO2-C and DPN-Au/MnO2 is even
bigger than those for PS-Au/MnO2, whereas the Au loadings
for these three samples are comparable. This phenomenon
implies that the AuNPs size is not a key factor influencing the
OER. Therefore, we considered that different levels of
interactions between Au and MnO2 play a major role in
determining the final OER performance.
In support of this interpretation, we first conducted resistivity

measurements (see in Figure S6d), because the intrinsic
conductivity of nanomaterials is a critical parameter influencing
the OER performance. As listed in Table 1, MnO2 nanowires
undergoes two magnitudes reduction of resistivity after AuNP
deposition. The resistivity also varies depending on preparation

methods. Because MnO2 is a semiconductor material, Schottky
junctions are formed after anchoring AuNPs.34,35 Because of
equilibration of the Fermi levels of AuNPs and α-MnO2, charge
carriers would transfer from metal NPs to semiconducting
MnO2, resulting in the conductivity improvement of MnO2.
Such phenomenon has been discovered and verified in several
semiconducting nanomaterials such as Si and VO2, commonly
named as “surface doping effect”.36,37 This effect is negligible
for bulk semiconducting materials, however it is significant for
nanomaterials owing to their high surface-to-volume ratio.
Here, the resistivity of DPU-Au/MnO2-C is slightly lower than
that of DPN-Au/MnO2, and 17.8 times lower than that of DR-
Au/MnO2. We ascribed the enhanced conductivity to the
higher quality binding in the atomic scale and stronger
interactions between Au and MnO2 nanowires in DPU-Au/
MnO2-C in comparison with other samples. Stronger
interaction would provide more charge carriers to MnO2

Figure 4. (a) TEM image of DR-Au/MnO2 catalyst and the size distributions of Au nanoparticles (inset) obtained for DR-Au/MnO2; (b) TRTEM
image of DR-Au/MnO2 catalyst; (c) XRD patterns of MnO2, DR-blank and DR-Au/MnO2; (d) LSVs of MnO2, DR-blank and DR-Au/MnO2.

Table 1. Comparison of Different Parameters of Five Samples Including Original MnO2, PS-MnO2, DPU-Au/MnO2-C, DPN-
Au/MnO2 and DR-Au/MnO2

sample name surface area(m2/g) Au loadinga (wt %) resistivityb (Ω) Rct
b (Ω) currentc (mA/cm2) TOFd (s−1) Tafel slope (mV/decade)

MnO2 94.3 0 2E5 360.1 236.3 0.53 72
PS-Au/MnO2 N/A 12 N/A 141.8 270.8 0.61 62
DPU-Au/MnO2-C 68.1 11 280 23.6 299.5 0.67 51
DPN-Au/MnO2 79.1 9 300 65.2 272.3 0.61 57
DR-Au/MnO2 66.4 3 5E3 191.8 254.3 0.57 68

aThe theoretical Au loading was 12.5 wt % and the actual Au loading was confirmed by SEM-EDS. bResistivity is the resistance of the Au/MnO2
catalyst and measured by four point probe. Rct is the charge transfer resistance and obtained by fitting the EIS data. cThe current density was
measured at 2.51 V (vs RHE). dThe turnover frequency (TOF) was calculated by the model as described in the Supporting Information.
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nanowires leading to conductivity enhancement. EIS tests offer
more insight of the resistivity influence on the reaction
kinetics.38 Through fitting the Nyquist plot into a Randles’
equivalent circuit (see Figure S7), the Rct values were obtained
(listed in Table 1) and follow the order: DPU-Au/MnO2-C <
DPN-Au/MnO2 < PS-Au/MnO2 < DR-Au/MnO2 < MnO2.
Such order well matches the trend of the measured sample
resistivity, clearly illustrating that the electron transfer process
during the OER is strongly influenced by the sample
conductivity.
To support further our interpretation, X-ray photoelectron

spectroscopy (XPS) measurements were carried out to examine
delicate surface chemistry changes of MnO2 after depositing
AuNPs via different methods, because different levels of
interactions would also lead to varying degrees of chemical
valence change. The Mn 2p3/2 peaks of all samples all exhibit
highly asymmetry (see Figure 5a), suggesting the presence of
multiple Mn oxidation state.33 We also observed that the Mn
2p peak of DPU and DPN samples with enhanced interaction
shifted to the lower energetic binding energies (BEs), indicating
the decrease of Mn valence.39 However, it is hard to accurately
determine the oxidation state of Mn purely by the Mn 2p peak,
because the splitting between Mn3+ and Mn4+ is less than 1

eV.40 The extent of Mn 3s doublet splitting can give more
precise information than Mn 2p does. Unfortunately, the Au 4f
doublet overlaps with the Mn 3s multiplet splitting peaks from
the support.32 Through assuming the same Mn 3s/Mn 2p
intensity ratio for all Au attached samples and constraining the
relative position and intensity of the two Au 4f7/2 and Au 4f5/2
components to the respective expected BE of 3.6 eV and 1.33,
the peak position and area of the Au 4f and Mn 3s doublet can
be successfully obtained via curve fitting procedure (see Figure
5b−d).41 According to the previous literature,19 the BE
separation between the two peaks of the Mn 3s doublet (ΔE
3s) shows an inverse linear relationship with the averaged Mn
valence (υMn).
Table 2 lists the calculated υMn values of all samples, and

indeed υMn shows strong dependence on the preparation
method.42 According to recent reports, Mn3+ in the MnO2 can
greatly promote the OER activity, because the electronic
configuration of Mn3+ in the MnO2 provides t2g

3eg
1

configuration, leading to the degenerated eg orbitals asym-
metrically filled in the high-spin state.44,45 The high spin state
with eg

1 in the Mn can be oriented toward the OH− group
thereby improving the OER activity. The fraction of Mn3+ in all
samples follow the order: DPU-Au/MnO2-C > DR-Au/MnO2

Figure 5. XPS spectra of Au 4f and Mn 3s for different Au/MnO2. (a) Mn 2p of Au/MnO2. (b) DPU-Au/MnO2-C, (c) DPN-Au/MnO2, (d) DR-
Au/MnO2. The yellow area indicated the Au 4f7/2 (high) and Au 4f5/2 (low) spectra, the sky blue area indicates the Mn 3s spectra.

Table 2. XPS Peak Analyses of Au/MnO2 Catalysts Prepared by Various Methods

Au 4f (eV) Mn 3s (eV)

sample 4f7/2 4f5/2 3s3/2 3s1/2 ΔE average valencea

MnO2 84.65 89.20 4.55 3.92
PS-Au/MnO2 84.29 87.99 85.54 90.18 4.64 3.81
DPU-Au/MnO2-C 84.35 87.95 84.60 89.71 5.11 3.26
DPN-Au/MnO2 84.22 87.82 84.43 89.11 4.68 3.76
DR-Au/MnO2 84.48 88.08 84.81 89.61 4.80 3.62

aThe average valence of Mn was calculated by the equation described below:

Δ ≈ −E n7.88 0.85

where ΔE is the Mn 3s multiplet splitting energies and n (2 ≤ n ≤ 4) is the average oxidation state of the Mn atoms.43
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> DPN-Au/MnO2 > PS-Au/MnO2 > MnO2. This order mainly
agrees with the order of the OER activity with the exceptional
case of DR-Au/MnO2, because of the very weak binding
between Au and MnO2 in the DR sample. Nevertheless, such
results provide the evidence that the interaction between Au
and MnO2 strongly depends on the preparation methods.
Enhanced interactions leads to the better conductivity and
increased fraction of Mn3+, thereby greatly promoting the
corresponding electrochemical activity of Au/MnO2.
Because the DPU method is proven as the best among

physical and other chemical methods, we tried to understand
the uniqueness of this method. We measured the pH value
change during precipitation. The pH of the DPU solution grew
slowly from 2 to 7 because the release of OH− for urea is a
relatively slow process, while the pH value of DPN was almost
keeping constant around 8. The slow growth of AuNPs may
benefit the atomic binding between Au and MnO2, resulting in
stronger interaction than other chemical and physical methods.

■ CONCLUSION
In this report, we have successfully anchored AuNPs on α-
MnO2 nanowires via different physical and chemical methods,
including PS, DPU, DPN and DR. DPU and DPN methods can
not only deposit monodispered AuNPs on MnO2 but also
achieve higher quality binding between Au and MnO2 in the
atomic scale than the PS method. Through systematical
comparing of the OER performance, we found that the
preparation methods exert strong influence on the interaction
between Au and MnO2. The extent of such interaction directly
determines two crucial factors for the OER including
conductivity and chemical valence of Mn (fraction of Mn3+).
The interaction strength and the OER activity follow the order:
DPU-Au/MnO2-C > DPN-Au/MnO2 ≈ PS-Au/MnO2 > DR-
Au/MnO2. Our approaches not only provide in-depth scientific
understanding of Au/MnO2 composite electrocatalysts through
quantifying the physiochemical changes of MnO2 caused by the
unique interaction between Au and MnO2 but also pave the
technological way of preparing better Au/MnO2 electro-
catalysts in a cost-effective wet chemical way rather than
complex physical methods.
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