.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Improvement of O, adsorption for a-MnO, as an

i") Check for updates‘
oxygen reduction catalyst by Zr** doping

Cite this: RSC Adv., 2018, 8, 2963

Yicheng Wang, ©? Yaozong Li? Zhenghang Lu® and Wei Wang*®

Zrtt doped a-MnO, nanowires were successfully synthesized by a hydrothermal method. XRD, SEM, TEM
and XPS analyses indicated that Mn®* ions, Mn** ions, Mn**® ions and Zr** ions co-existed in the crystal
structure of synthesized Zr** doped a-MnO, nanowires. Zr** ions occupied the positions originally
belonging to elemental manganese in the crystal structure and resulted in a mutual action between Zr**
ions and Mn®* ions. The mutual action made Mn>* ions tend to lose their electrons and Zr** ions tend to
get electrons. Cathodic polarization analyses showed that the electrocatalytic activity of a-MnO, for
oxygen reduction reaction (ORR) was remarkably improved by Zr** doping and the Zr/Mn molar ratio
notably affected the ORR performance of the air electrodes prepared by Zr** doped a-MnO, nanowires.
The highest ORR current density of the air electrodes prepared by Zr** doped a-MnO, nanowires in

alkaline solution appeared at Zr/Mn molar ratio of 1: 110, which was 23% higher than those prepared by

Received 10th September 2017 . — .
Accepted 23rd December 2017 a-MnO, nanowires. EIS analyses indicated that the adsorption process of O, molecules on the surface of
the air electrodes prepared by Zr** doped «-MnO, nanowires was the rate-controlling step for ORR. The

DOI: 10.1035/c7ra10079e DFT calculations revealed that the mutual action between Zr** and Mn®** in Zr** doped a-MnO,
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1. Introduction

Oxygen reduction reaction (ORR), as the main kinetically
limiting cathode reaction in clean energy related technologies,
is the primary cause of voltage loss in fuel cells and metal-air
batteries."” Developing catalysts for ORR is of significant
importance. At present, the most extensively used ORR catalysts
are still Pt-based materials due to their relatively high activity
and stability.>* However, the low abundance of Pt in the earth's
crust together with its high price limits its wide and practical
applications in fuel cells. In recent years, various efforts have
been made to explore non-Pt-based catalysts for ORR, such as
Ag-based catalysts,*® Pd-based materials,”® N-doped carbon,’™*
M-N,-macrocycles,> Fe-N-C hybrids**** as well as some tran-
sition metal oxides.’*™ Nevertheless, exploiting inexpensive
and highly active electrocatalysts for ORR remains a great
challenge.”**

Manganese dioxide (MnO,) has been utilized as an electro-
catalyst in metal-air batteries owing to its unique electro-
chemical performance, low cost and environmentally friendly
properties.”*?® MnO, is a polymorphic material with three
different crystal phases including a, B, and y phases.” The
catalytic activity of MnO, depends strongly on the
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nanowires enhanced the adsorption process of O, molecules.

crystallographic structure, following an order of o > B > y as
reported in the literature.*® The structural variations of manga-
nese dioxides result from the different bonding ways of the basic
[MnOg] octahedral units. Among them, o-MnO, possesses both
(2 x 2) and (1 x 1) tunnels surrounded by double binding
octahedral chains, p-MnO, consists of only (1 x 1) tunnels
separated by single chains, and y-MnO, displays (1 x 1) and
(1 x 2) tunnels enveloped in double chains.> To the best of our
knowledge, morphology is another important influential factor
for the electrochemical properties. It was reported that o-MnO,
nanowires possess enhanced electrocatalytic activity compared
to the other two shapes namely nanotubes and nanoparticles
despite the nanotubes showing a much higher specific surface
area.*

Previous research on manganese dioxide as the catalysts
toward the ORR mainly focused on the effect of the morphology,
crystallographic structure and chemical composition on the
catalytic activity.>** Recently, most research has been concen-
trated on further improving the ORR activity by hybridizing or
doping manganese oxides with other transition metals, such as
Ag,*% Pd® and Ni.*** Zr*" doped cathode materials for metal-
ion batteries could improve electronic structure and electro-
chemical performance.**> Up to now, related studies on Zr**
doped a-MnO, have not been reported yet.

In the present work, Zr** doped a-MnO, nanowires were
prepared via an in situ hydrothermal method. The structures
and properties were characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron
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microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).
The electrocatalytic activity of Zr** doped o-MnO, nanowires for
ORR was evaluated by cathodic polarization curve (CPC) and
electrochemical impedance spectroscopy (EIS) measurements.
The enhancement mechanism of Zr** doping was further
explored by density functional theory (DFT) calculations.

2. Experimental

2.1. Catalyst synthesis

Manganese dioxide (¢-MnO,) nanowires were synthesized via
a hydrothermal method as reported in the literatures.****
Typically, 30 mL of 0.1 M KMnO, aqueous solution was dropped
into 30 mL of the MnSO, solution (0.1 M) at room temperature
with vigorous stirring for 30 min. Then the mixture was trans-
ferred into a 100 mL Teflon-lined autoclave reactor to perform
a hydrothermal reaction at 140 °C for 24 h in a hot air oven.
After that, the reactor was cooled naturally to room tempera-
ture. The obtained precipitate was washed several times with
distilled water and ethanol. Finally, the product was dried
overnight in an oven at 60 °C and used for further
characterization.

For the synthesis of Zr** doped a-MnO, nanowire catalysts,
a certain amount of Zr(NO3),-5H,0 was added into 30 mL of
0.1 M MnSO, solution under vigorous stirring until the forma-
tion of a homogeneous solution. The dosage of Zr(NO3),-5H,0
changed depending on the Zr/Mn molar ratio desired 1 : 70,
1:90, 1:110, 1:140 and 1:150. The other preparation
processes were exactly the same with the preparation of a-MnO,
nanowires.

2.2. Physical characterization

The X-ray diffraction (XRD) patterns of the prepared o-MnO,
and Zr** doped a-MnO, catalysts were recorded with a Rigaku
MiniFlex II X-ray diffractometer using Cu Ko radiation with a Ni
filter. The tube current was 30 mA with a tube voltage of 40 kv.
The 26 angular regions between 20° and 75° were explored at
a scan rate of 4° min~*. The morphologies and surfaces of the
prepared catalysts were investigated using a Nanosem 430 field-
emission scanning electron microscope (FE-SEM, FEI
Company) with an acceleration voltage range of 10-30 kV and
a Philips Tecnai G2 F20 field-emission transmission electron
microscope (TEM, FEI Company) operated at 200 kV. The
binding energy of the elements in the catalysts was analyzed by
X-ray photoelectron spectroscopy (XPS, PHI1600 ESCA System,
PERKIN ELMER, USA) with Al Ko radiation (hv = 1486.6 eV).

2.3. Preparation of the air electrode

Briefly, the air electrode was prepared by dispensing 2.2 g of the
synthesized catalyst, 1.1 g of acetylene black and 2.1 g of poly-
tetrafluoroethylene (PTFE, 60 wt%) into 20 mL of ethanol. The
mixture was stirred at room temperature for 1 hour and then
stirred continually at 60 °C for 15 minutes until the mixture
getting together. Afterwards, the mixture was rolled to form
a film with thickness 0.6 mm. Finally, the film was coated onto
a stainless steel net with area 2 cm x 2 cm.
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2.4. Electrochemical measurements

The electrochemical measurements were carried out in a three-
electrode and two-circuit electrochemical cell. One side of the
working electrode was immersed in a 3 M KOH solution and the
other side was exposed to the air. A ruthenium-titanium mesh
was used as a counter electrode. An Hg/HgO (3 M KOH) refer-
ence electrode was used through a salt bridge, and all the
potentials in this work were referred to Hg/HgO (3 M KOH)
reference electrode. The cathodic polarization curves were
recorded from the open circuit potentials and the scan rate of
the potential was 0.5 mV s~ '. Electrochemical impedance spec-
troscopy (EIS) measurements were performed with an applied
potential amplitude + 5 mV in a frequency range from 10 kHz to
10 mHz. All the electrochemical measurements were conducted
in 3 M KOH aqueous solution at 25 &+ 0.1 °C. Distilled water and
analytical grade reagents were used to prepare the solutions.

The electrochemical tests for charge transfer and durability
analyses were carried out on a CHI660D electrochemical work-
station (CH Instruments, China) with a rotation disk electrode
(Pine instrument), using a conventional three-electrode electro-
chemical cell at 25 + 0.1 °C. A glassy carbon electrode (GCE) with
an area of 0.196 cm” was used as the substrate for the working
electrode, a ruthenium-titanium mesh and Hg/HgO (1 M KOH)
were employed as the counter and reference electrodes, respec-
tively. The catalyst ink was fabricated as follows: 2.67 mg as-
prepared Zr*" doped ¢-MnO, and 1.33 mg acetylene black was
ultrasonically dispersed in a 1.0 mL solution (0.9 mL of ethanol
and 0.1 mL of 5 wt% Nafion solution) for 30 min. Then 10 uL of
the ink was pipetted onto the GCE surface, dried in air naturally.
Linear sweep voltammetry (LSV) curves were obtained in O,-
saturated 0.1 M KOH solution at different electrode rotated
speeds with a potential scan rate of 5 mV s~ . The current-time
durability measurement at —0.4 V (vs. Hg/HgO) was conducted
by a rotating disk electrode (RDE) in O,-saturated 0.1 M KOH
solution with a rotation rate of 1600 rpm. Koutecky-Levich plots
(K-L plots) was fitted by a line and the slopes was used to analyse
the number of electrons transferred (n) during the ORR on the
basis of Koutecky-Levich equation (K-L equation)*

11 1 )
7= 5 Bon ®

B = 0.2nFD**y""0C,, (2)

where J is the measured current density, Ji the kinetic current
density, B the Levich constant,  the angular velocity of the
rotating electrode, F the Faraday constant (96 485 C mol '), D
the diffusion coefficient of oxygen (1.9 x 10™> ecm > s~ '), v the
kinetic viscosity of the electrolyte (0.01 cm > s~ '), Co, the bulk
concentration of oxygen in electrolyte (1.2 x 10~° mol em™?),
and n the number of electron exchanged during ORR process.
The constant is adopted to be 0.2 when w is expressed in rpm.**

2.5. Density functional theory(DFT) calculations

CASTEP**® based on the Density Functional Theory (DFT) was
used to investigate the O adsorption of «-MnO, and Zr** doped

n
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@-MnO, by solving the Kohn-Sham equation of a many-body
system with an iterative approach. The system was under the
periodic boundary condition and computation was done in
a reciprocal space. Plane-wave basis sets with a cutoff energy of
340 eV. The General Gradient Approximation (GGA)* of Perdew,
Burke and Ernzerhof (PBE)*** was used as the exchange-
correlational functional to describe the interactions among
electrons. The Brillouin zone integration was done on a grid of 3
x 2 x 1 with a Gaussian smearing parameter ¢ of 0.1 eV and
a Self-Consistence-Field (SCF) convergence criterion of 1 X
107> eV.® Initial structures were optimized by allowing the
atoms positions to be relaxed while the iterative algorithm was
updated by the conjugate gradient approach with convergence
criteria of 0.05 eV A", The crystal plane (211) of a-MnO, surface
was modeled using three-layer periodic slabs repeating in a (2 x
2) surface structure. Periodic boundary conditions were applied
in all three dimensions with a vacuum region of 12 A along the
z-axis. The atoms in the top two layers of the slab were relaxed,
whereas the atoms in the third layer were frozen at their bulk
positions. Oxygen was placed on one side of the slab. Excluding
these species and the top layer of the slab that were allowed to
relax in their positions to reach the most stable configuration,
all other atoms were frozen at their ideal bulk positions to
simulate the bulk and reduce the computational cost.

The adsorption energies (AE,qs) were defined relative to the
isolated substrate and the molecules in the gas phase, as shown
in eqn (3). A negative AE,4s value indicates favorable
(exothermic) adsorption.

AEads = E(adsorbzlte/caullyst) - Ecalzllyst - Eadsorbate (3)

3. Results and discussions

3.1. Characterization

Fig. 1 shows the XRD patterns of the synthesized «-MnO, and
Zr*" doped a-MnO, catalysts with different Zr/Mn molar ratios.
It can be seen from Fig. 1a that all the patterns can be indexed to
body-centered tetragonal «-MnO, (JCPDS NO. 44-0141, space
group 14/m, a = b = 9.784 A, ¢ = 2.863 A), indicating that the
crystal structures of the synthesized catalysts are the same with
a-MnO,. It can also be observed from Fig. 1b that the positions
of the two characteristic peaks at 20 = 289 and 37.6

@ (b)
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Fig.1 XRD patterns of Zr** doped a.-MnO, with different Zr/Mn molar
ratios.
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corresponding to crystal planes (310) and (211) remain the same
as that of a-MnO, when the Zr/Mn molar ratios in the catalysts
are 1:140 and 1:150. With increasing Zr/Mn molar ratio,
a shift in the positions of the two characteristic peaks in Fig. 1b
appears at Zr/Mn molar ratio 1 : 110 and the shift gets bigger at
Zr/Mn molar ratio 1 : 90 and 1 : 70. The shift in the peak posi-
tions means that a lattice distortion exists. The lattice param-
eters were calculated by the data in Fig. 1 and shown in Table 1.
The lattice parameters a, b and ¢ of Zr** doped ¢-MnO, become
smaller compared with that of «-MnO,. The changes in the
lattice parameters also show a distortion in the lattice cell. The
results above indicate that a-MnO, is successfully synthesized
and element zirconium is doped into the lattice structure of a-
MnO,.

Fig. 2 shows the FE-SEM morphologies of o-MnO, and Zr**
doped o-MnO, synthesized in this work. The two kinds of
synthesized products all possess a wire shape with diameter less
than 100 nm. It can also be found that the surface of «-MnO,
nanowires (Fig. 2a) is smoother than that of Zr*" doped a-MnO,
nanowires (Fig. 2b).

The high resolution TEM images of synthesized a-MnO, and
Zr** doped a-MnO, nanowires (Zr/Mn molar ratio of 1 : 110) are
shown in Fig. 3. The nanowires are straight in Fig. 3a and c,
indicating that the crystal growth is along a preferred orienta-
tion. The diameter of synthesized a-MnO, nanowires is in the
range of 10 to 50 nm and that of synthesized Zr** doped ¢-MnO,
nanowires is in the range of 30 to 80 nm. The surfaces of a-
MnO, nanowires are clean and smooth (Fig. 3a and b). As for
Zr** doped ¢-MnO, nanowires, some attachments exist on the
nanowires (Fig. 3c and d). The attachments possess an irregular
morphology and its crystal structure is different from the
nanowires. The different crystal structure between the attach-
ments and nanowires illustrates that the attachments and
nanowires are different materials. A semi-coherent interfacial
relationship can also been found between the nanowires and
the attachments as shown in Fig. 3d by the arrow, demon-
strating that the attachments grow from the surface of the
nanowires. The results above reveal that Zr*" doped o-MnO,
nanowires have been successfully synthesized and few attach-
ments differing from a-MnO, in structure are formed at high Zr/
Mn molar ratios.

XPS was used to probe the composition and chemical state of
the synthesized nanowires, and the results are shown in Fig. 4.
Compared with a-MnO, nanowires, a signal related to element
zirconium is detected in Zr"" doped o-MnO, nanowires as

Table 1 Lattice parameters calculated by the data in Fig. 1

Lattice parameter

Sample a(A) b (A) c (A)
o-MnO, 9.815 9.815 2.847
Zr/Mn1 : 150 9.7998 9.7998 2.845
Zr/Mn1 : 140 9.7976 9.7976 2.842
Zr/Mn1 : 110 9.7969 9.7969 2.845
Zr/Mn1 : 90 9.7960 9.7960 2.844
Zr/Mn1 : 70 9.7952 9.7952 2.845

RSC Adv., 2018, 8, 2963-2970 | 2965
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(a)
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Fig.2 FE-SEM images of (a) a-MnO, nanowires and (b) Zr** doped a-
MnO, nanowires with Zr/Mn molar ratio of 1 : 110.

V4 0.49am
v

Fig.3 TEM images of a-MnO, nanowires (a and b) and Zr** doped a.-
MnO, nanowires (c and d) with Zr/Mn molar ratio of 1 : 110.

shown in Fig. 4a. Fig. 4b is the XPS spectrums of O 1s for a-
MnO, nanowires and Zr** doped o-MnO, nanowires. Curve
simulations were conducted and the simulated curves are also
shown in Fig. 4b. The fitted curve is in accord with the
measured data, demonstrating the simulated results are
reasonable. The binding energy values at the peak positions
529.4 eV and 531.7 eV in the O 1s spectrum of «-MnO, nano-
wires correspond to the lattice oxygen and the adsorbed oxygen,
respectively.>** It can also be seen from Fig. 4b that the peak
position corresponding to lattice oxygen shifts to 529.2 eV while
the peak position corresponding to adsorbed oxygen keeps the
same after Zr** doping, which means that the chemical state of
lattice oxygen in Zr"* doped «-MnO, nanowires is altered
compared with that in 2-MnO, nanowires.

In order to obtain the detail information about the presence
of element manganese, the XPS spectra of Mn 2p for a-MnO,
nanowires were simulated with three groups of curves colored
by pink, dark yellow and dark blue, respectively (Fig. 4c). The
fitted curve is in accord with the measured data, demonstrating
the simulated results are reasonable. The three groups of curves

2966 | RSC Adv., 2018, 8, 2963-2970

View Article Online

Paper
(a) (b)
—u-MnO, Sg Of1s 529.4eV = Raw
" a5 —— Fitted
——2Zr"" -doped u-MnO, sS —— laltice O
P » 2 2 § «-MnO; ——adsorbed O
- b @ — 531.7eV
s &2 I 3
= 33 & I
= > '
@ = r
S 2 529.2eV '
E % Zr“—doped !
= [o-Mnoy .
o |
3 I
Nl '
) I
T T T L !
200 400 600 800 526 528 530 532 534
() Binding Energy(eV) (d) Binding energy (eV)
Mn2 a-MnO, —=—Raw
P Mn2ptr2 et :w Zr3d Fiod
——Fitted —z*
—_ 3+ [ o~ — 710,
- Mn2p3/2 mn>t | 20 332 z
S ©| 20, 3d52 18340V
s &
> S| te20ev
(%] |7
= c
2 2
€ 2| 2% 205 210, 3d312
| 181.2ev 184.2eV
@5 | eo se G0 6w s e 178 180 182 184 186 1

Binding energy(eV)

Binding Energy(eV)

Fig. 4 XPS spectrums of «-MnO, and Zrt doped a-MnO, with Zr/Mn
molar ratio of 1 : 110. (a) Full spectrums; (b) O 1s; (c) Mn 2p; (d) Zr 3d.

correspond well to the XPS spectra of Mn** (pink), Mn*" (dark
yellow) and Mn**® (dark blue) in o-MnO,,”** indicating that
there are three kinds of element manganese with different
valences in -MnO, nanowires. Comparing the XPS spectra of a-
MnO, nanowires and Zr** doped ¢-MnO, nanowires in Fig. 4c, it
can be found that the peak position corresponding to Mn**
shifts positively with 0.5 eV while the peak position corre-
sponding to Mn*" and Mn*" remains the same after Zr'"
doping. The positive shift of Mn** binding energies with a value
less than 1 eV means that the chemical state of Mn** ions in Zr**
doped o-MnO, has been changed and Mn®" ions tend to lose
their electrons by Zr** doping.

Fig. 4d is Zr3d XPS spectrum of Zr*" doped «-MnO, nano-
wires. The measured data were simulated with two group curves
colored with pink and green. The fitted curve is consistent with
the measured data, demonstrating the simulated results are
reasonable. The binding energy values of green peaks in Fig. 4d
are separately 182.0 eV and 184.2 eV, which is in consistent with
that of ZrO,.*® The result manifests the existence of ZrO,. The
binding energy values of pink peaks in Fig. 4d are separately
181.2 eV (Zr3d5/2) and 183.4 eV(Zr3d3/2), which are 0.8 eV
negative shifts compared with that of green peaks in Fig. 4d.
The negative shift in Zr3d binding energies with a value less
than 1 eV means that some zirconium ions in Zr*" doped o-
MnO, tend to get electrons. Comprehensively considering the
XPS results in Fig. 4, it can be concluded that Mn®" ions, Mn**
ions, Mn**® ions and Zr** ions co-existed in the crystal structure
of synthesized Zr*" doped ¢-MnO, nanowires. Zr*" ions occu-
pied the positions originally belonging to element manganese
in the crystal structure and resulted in a mutual action between
Zr*" ions and Mn®* ions. The mutual action made Mn*" ions
tend to lose their electrons and Zr** ions tend to get electrons.
The existence of Zr*" ions in the crystal structure also changed
the chemical state of the lattice oxygen. XPS analyses in Fig. 4d
also indicate that there are some ZrO, in Zr*" doped a-MnO,,

This journal is © The Royal Society of Chemistry 2018
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which can be considered to be the attachments shown in
Fig. 3d.

3.2. Electrochemical activity of synthesized catalysts of ORR

The cathodic polarization curves of the air electrodes prepared
by ¢-MnO, nanowires and Zr** doped a-MnO, nanowires with
different Zr/Mn molar ratios were measured and the results are
shown in Fig. 5a. As the potential moves negatively, the current
density of the electrodes increases slowly in the potential range
from 0.3 V to 0.1 V. Then the current density begins to rise
rapidly with the potential shifting more negative than 0.1 V.
According to the linear sweep voltammetry curves in Fig. 5a, the
onset potentials of the electrodes were plotted in Fig. 5b. The
onset potential of the electrodes prepared by pure a-MnO, is
0.02 V (vs. Hg/HgO) while that of the electrodes prepared by Zr**
doped a-MnO, catalyst with molar ratio Zr : Mn = 1 : 90 shows
the highest onset potential (0.082 V). It can be observed that the
onset potential increases with the rise of Zr : Mn ratio and drops
after reaching the peak value. To clearly show the effect of Zr/
Mn molar ratios in the catalysts on the current density, the
current densities at potential —0.2 V in Fig. 5a were plotted
against Zr/Mn molar ratios and the curve is shown in Fig. 5c.
The current density in Fig. 5c alters in a volcano shape with Zr/
Mn molar ratio increasing. The largest current density (60 mA
cm ™ ?) emerges at Zr/Mn molar ratio of 1 : 110, which is 23%
larger than that of the electrode prepared with a-MnO, nano-
wires (49 mA cm™?). The current during the cathodic polariza-
tion process is caused by ORR on the surface of the electrodes.
The larger the current density during the cathodic polarization
process is, the more efficiently the catalyst promotes ORR. The
results indicate that the electrocatalytic activity of a-MnO, on
ORR can be remarkably improved by Zr*" doping. After Zr/Mn
molar ratios exceeding 1:110, excessive zirconium forms
ZrO, crystals attached on the surfaces of Zr'" doped o-MnO,
nanowires as shown in Fig. 3d (the attachments). The existence
of ZrO, attachments reduces the catalytical area of Zr** doped o-
MnO, nanowires, resulting in the decrease of the current
density as shown in Fig. 5b.

The electrochemical impedance spectroscopies (EIS) of the
air electrodes prepared by a-MnO, nanowires and Zr** doped a-
MnO, nanowires with different Zr/Mn molar ratios as catalysts
were measured and shown in Fig. 6. All the EIS plots in Fig. 6a

() (b (c)
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Fig. 5 (a) Cathodic polarization curves of the air electrodes prepared
with o-MnO, nanowires and Zr** doped a-MnO, nanowires with
different Zr/Mn molar ratios as catalysts. (b) The onset potentials of the
electrodes prepared by Zr** doped a-MnO, catalyst with different Zr/
Mn ratios (c) the relations between Zr/Mn molar ratios and the current
densities at potential —0.2 V.
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Fig. 6 (a) EIS of the air electrodes prepared by o.-MnO; nanowires and
Zr** doped a-MnQ, nanowires with different Zr/Mn molar ratios as
catalysts. Upper inset is the equivalent circuit. (b) The amplified part of
the EIS. Dot: measured data; solid line: simulated results.

exhibit the same shape, which are composed of a large arc in the
high frequency range in the fourth quadrant linked with a very
small semi-circle in the middle frequency range in the first
quadrant followed by a long straight line in the low frequency
range in the first quadrant.

The reduction of oxygen molecules on the surface of the air
electrodes can be considered to proceed by following two
steps.” In the first step, oxygen molecules from the air diffuse
through the air electrode and absorb on the surface of the air
electrode near the solution side, which can be described in eqn
(4). In the second step, absorbed oxygen molecules are elec-
trochemically reduced and forms OH ™, which can be described
in eqn (5).

0O, — O, adsorbed (4)
O, adsorbed + 4¢~ + 2H,O — 40H~ (5)

The very small semi-circle in the EIS (Fig. 6) means that the
electrochemical reduction of absorbed oxygen molecules
described in eqn (5) is easy to proceed. The large arc in the EIS
(Fig. 6) indicates that the adsorption of oxygen molecules
described in eqn (4) is difficult to proceed. This suggests that
the adsorption of oxygen molecules on the surface of the air
electrodes is the rate-controlling step for ORR.

The EIS data were simulated using an equivalent circuit
shown in Fig. 6b, and the simulated results are also shown in
Fig. 6a in solid lines. Therein, R represents the solution resis-
tance, R the charge transfer resistance incurred during the
electrochemical reactions taking place on the electrodes, Q the
constant phase element modeling the non-faradaic processes, Zy
the Warburg element representing the diffusion control process,
L the inductance element representing the adsorption of oxygen
molecules on the electrode, R;, the adsorption resistance. The
solid lines in Fig. 6a fit well with the measured data, demon-
strating the proposed equivalent circuit are reasonable. Some of
the parameters in the equivalent circuit are listed in Table 2. It is
well known that the reaction rate of the electrochemical reaction
step is inversely proportional to R...* All the values of R, in Table
2 are small, illustrating that the reaction described in eqn (5) is
easy to proceed. The electrode prepared with Zr** doped a-MnO,
nanowires with Zr/Mn molar ratio of 1 : 110 shows the smallest
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Table 2 Equivalent circuit elements and their values

Sample L (H) Ry (Q) R, (Q) Zw (Q) R (Q)
o-MnO, 1.422 4.685 1.804 1.57 29.81
1:70 1.367 3.221 1.565 1.84 27.34
1:90 1.336 3.195 1.524 2.68 24.42
1:110 1.391 3.141 1.308 2.46 20.64
1:140 1.886 3.721 1.679 1.67 29.34
1:150 1.53 4.849 1.9745 1.34 37.88

value of Ry. The smaller Ry, value is, the more easily the adsorp-
tion process described in eqn (4) proceeds. Considering the
adsorption of oxygen molecules is the rate-controlling step of
ORR on the air electrode, the lowest R;, value reasonably explains
why the catalyst with Zr/Mn molar ratio 1:110 exhibits the
highest electrocatalytical activity as shown in Fig. 6.

To further elucidate the pathway and kinetics of ORR, LSV
curve of the electrode prepared by Zr*" doped a-MnO, on RDE
were recorded at different rotation rates (400-1600 rpm) in O,-
saturated 0.1 M KOH solution and the result is shown in Fig. 7a.
The derived K-L plot of J~* vs. w™*? at a potential of —0.4 V is
shown in Fig. 7b. It can be found that a good linear relationship
between J ! vs. w 2. The electron transfer number n was
calculated by eqn (2) based on the slope (1/B) of the K-L plot.
The electron transfer number for Zr**doped o-MnO, is 3.8,
which clearly indicate that the electrode prepared by Zr** doped
a-MnO, follows a desirable four-electron pathway for ORR.

The stability of catalysts is very important issue for their
practical application in various energy technologies. Stability
was examined during the ORR process. The durability of the
electrode prepared by Zr** doped o-MnO, and Pt/C as the
catalyst for ORR was evaluated by chronoamperometric tech-
nique at potential —0.4 V for 7200 s. It can be seen from Fig. 7c
that the ORR current density of the Zr*" doped a-MnO, elec-
trode decreased by only 16.3%, but the Pt/C electrode exhibited
a 30.1% decrease in current density under the same conditions.
The result reveals that the performance of Zr** doped o-MnO,
catalyst is more stable than that of the commercial Pt/C catalyst.

3.3. Optimized configuration and O, adsorption

To understand the influence of Zr** doping on the adsorption of
oxygen molecules, the DFT calculations were carried out aiming

a)
2% doped « M00p g3 73,

@
n=38 .
P gon
" 69.9%
& .
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S
o

0 o a6 13
05 05
o pm®y

o 0w e e m wn

Timels)

potential’V vs HyHgO

Fig. 7 (a) LSV curves of the electrodes prepared by Zr** doped o-
MnO, catalyst at different rotation speed (400-1600 rpm) in oxygen-
saturated 0.1 M KOH solution. (b) Koutecky—Levich (K-L) plots. (c)
Chronoamperometric curves of the electrode prepared by Zr** doped
o-MnO, and Pt/C measured in oxygen-saturated 0.1 M KOH solution
at a rotating rate 1600 rpm.
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(a) (b) (9

a-Mn02(211)

Fig. 8 Optimized adsorption structures. (a) Side view of the optimized
a-MnO; (211) surface; (b) O, top adsorption on a-MnO; (211) surface;
(c) O, bridge adsorption on a-MnO, (211) surface; (d) side view of the
optimized Zr** doped a-MnO, (211) surface; (e) O, top adsorption on
Zr** doped a-MnO, (211); (f) O, bridge adsorption on Zr** doped a-
MnOz.

at the surface of crystal plane (211) of -MnO, (Fig. 8a and d).
Different adsorption configurations of O, molecules were opti-
mized by the computation methods mentioned in 2.4. The
optimized adsorption structures on the surfaces are shown in
Fig. 8b, c, e and f. The direct adsorption of O, molecules on the
surfaces includes the following two modes: top adsorption
(Fig. 7b and e) and bridge adsorption (Fig. 7c and f). The
adsorption energy of O, molecules was calculated by eqn (3) and
the results were listed in Table 3.

As shown in Table 3, the bridge adsorption energy is more
negative than top adsorption energy, indicating that bridge
adsorption is more favorable for O, molecules. Comparing with
0-MnO,, the bridge absorption energy of O, molecules on Zr**
doped «-MnO, decreases by 0.26 eV. The more negative
adsorption energy indicates an easier adsorption process and
a more stable adsorption structure.®~*> The results in Table 3
reveal that the mutual action between Zr** and Mn** in Zr**
doped a-MnO, nanowires enhances the adsorption process of
0O, molecules. The bridge adsorption configuration is supposed
to be the preferential adsorbing manner for O, molecules on the
surface of Zr*" doped o-MnO,. According to EIS analyses, the
adsorption process of O, molecules is the rate-controlling step
for ORR. The results in Table 3 provide a reasonable explanation
about the improvement in the performance of ORR by Zr**
doping.

Table 3 Adsorption energy of O, molecules with different

configurations

Surface Top adsorption/eV Bridge adsorption/eV
Crystal plane (211) —1.2242 —2.8777

of a-MnO,

Crystal plane (211) —1.3313 —3.1317

of Zr doped a-MnO,

This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

Zr*" doped o-MnO, nanowires were successfully synthesized by
a hydrothermal method. XRD, SEM, TEM and XPS analyses
indicated that Mn®" jons, Mn*" ions, Mn*"® jons and Zr*" ions
co-existed in the crystal structure of synthesized Zr** doped -
MnO, nanowires. Zr** ions occupied the positions originally
belonging to element manganese in the crystal structure and
resulted in a mutual action between Zr** ions and Mn** ions.
The mutual action made Mn** ions tend to lose their electrons
and Zr** ions tend to get electrons. The existence of Zr*" ions in
the crystal structure also changed the chemical state of the
lattice oxygen. Cathodic polarization analyses showed that Zr/
Mn molar ratio notably affects the ORR performance of the
air electrodes prepared by Zr** doped o-MnO, nanowires. The
highest ORR current density of the air electrodes prepared by
Zr** doped a-MnO, nanowires in alkaline solution appeared at
Zr/Mn molar ratio of 1 : 110, which was 23% higher than that
prepared by a-MnO, nanowires. The results indicated that the
electrocatalytic activity of «-MnO, for ORR remarkably
improved by Zr*" doping. EIS analyses indicated that the
adsorption process of O, molecules on the surface of the air
electrodes prepared by Zr*" doped a-MnO, nanowires was the
rate-controlling step for ORR. The calculation results based on
density functional theory (DFT) revealed that the mutual action
between Zr** and Mn*' in Zr*" doped @-MnO, nanowires
enhanced the adsorption process of O, molecules.
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