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ABSTRACT

The main limitations of manganese oxides as supercapacitor electrodes in negative potential (-0.5~0.5 vs
saturated calomel electrode (SCE)/V) are irreversible redox reaction, phase transformation and low con-
ductivity. Phase transformation to birnessite induced by irreversible Na* intercalation was found in hy-
drohausmannite (abbreviated as MO) electrode, accompanied by Mn?* dissolution and structural collapse.
Polypyrrole (PPy) film was synthesized on the surface of MO by a simple and timesaving in-situ polymer-
ization method with the assistance of H* and Mn*t. The PPy/MO electrode shows a promoted specific
capacitance (183 F g~ at 0.5 A g~!), enhanced rate capability (91 F g-! at 10 A g~!, about 10 times of
MO), and excellent cycling stability (93.7% capacitance retention after 1000 cycles at 10 A g~!). The per-
formance enhancement mechanism after coated by PPy film is investigated. Firstly, PPy films with appro-
priate polymerization time (or thickness) can allow H* to pass and block Na*, so the irreversible phase
transformation of MO is hindered and the structure and morphology of electrode is protected. Secondly,
PPy film can also prevent Mn?* from dissolving into electrolyte, so the disproportionation reaction is sup-
pressed and cycling stability is promoted. Thirdly, PPy film can improve the conductivity of the electrode,
which greatly accelerates the charge transfer process and enhances the rate capability. Fourthly, besides
cations (H* and Nat), anions (SO4%~ and P-toluene sulfonic (p-TS~)) also participate in energy storage
process after coated by PPy, so the specific capacitance is also promoted.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Supercapacitors, also called the electrochemical capacitors, at-
tracted a large number of researchers’ interests on account of
their high power density, promising long circle stabilities and
fast charging/ discharging rate [1-3]. According to the equation
E = 1/2CV2, the energy density (E) of supercapacitor was re-
lated to the specific capacitance (C) and the cell voltage (V) [4].
Therefore, to develop superior supercapacitors, electrode material
needed to provide higher specific capacitance and wider cell volt-
age. The common supercapacitor electrode material mainly in-
cludes: carbon materials (e.g., activated carbon, carbon nanotubes,
carbon nanofibers and graphene), conducting polymers (e.g., PPy,
polyaniline, polythiophene and their corresponding derivatives)
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and transition metal oxides (e.g., MnOx, RuO,, Co304, V505, SN0,
and IrO,) [5-12]. Among these electrode materials, manganese
oxides/oxyhydroxides (e.g., MnO,, Mn304, Mn,03, MNnOOH) have
been extensively researched because of their low cost, high theo-
retical capacity and environment friendliness [13-17]. Hydrohaus-
mannite, a mixed phase of y-Mn30,4 and B-MnOOH, is promising
electrode material for supercapacitors which has been previously
reported, but corresponding researches are rarely seen in literature.
Yan et al. fabricated hydrohausmannite plates as supercapacitors
electrode material by hydrothermal method, which showed a high
specific capacitance of 224.4 F g-! (potential window at 0~0.8 vs
SCE/V, 1 mol dm—3 NaSO, as the electrolyte) and good rate capa-
bility [18]. Liang et al. synthesized hydrohausmannite nanoplates
electrode by one-step solvothermal method and got a high specific
capacity of 215 F g~! (potential window at 0~0.8 vs SCE/V, 3 mol
dm—3 KOH as the electrolyte) [18,19].

As a typical conducting polymer, PPy possesses good electri-
cal conductivity due to its m-conjugation throughout the molec-
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ular chain [20]. And PPy is relatively ease to be synthesized by
chemical processes with low cost, and has low environmental toxi-
city [21]. However, the cycle stability of PPy was barely satisfactory
due to swelling and shrinking during charging and discharging pro-
cesses [22]. Fu et al. synthesize a high-performance PPy nanowire
network and Kumar et al. fabricate a PPy/carbon composite elec-
trode, but the capacitance was degraded over 10% after 1000 cycles
[23,24]. To get a higher performance PPy, researchers have made a
lot of studies on the effects of dopants and found that PPy doped
with P-toluene sulfonic acid (p-TSA) shows excellent electrochemi-
cal performance since p-TSA can notably raise its conductivity [25-
27].

In positive potential region, generally 0~1.0 vs SCE/V, the mech-
anism of performance fading is widely investigated and considered
to be low ion transfer rate, low rate capability and irreversible
phase transformation seriously [28]. However, for some manganese
oxides electrodes, the capacitance deterioration mainly occurred
in negative potential region, and the corresponding mechanism is
rarely investigated, especially for hydrohausmannite. Up to now,
the reasons of manganese oxides electrode performance deteriora-
tion in negative region are still controversial. Sopcic et al. believed
that the irreversible phase transformation from MnO, to Mn;03
caused the decrease of capacitance [29]. Ataherian et al. thought
that the reduction of Mn ions and dissolution mechanism of MnO,
at negative potentials along with the morphological reconstruction
lead to the issue [30]. Hsieh et al. ascribed this phenomenon to the
irreversible charge transfer process, which leading to the decrease
of available active sites during the energy storage process [31].

To enhance the performance of pure manganese oxides elec-
trodes, many researchers combined manganese oxides with con-
ductive materials, such as carbon nanosheet [32], carbon nan-
otubes [33], graphene [34]| and conducting polymers [35]. Yang
et al. have prepared self-supported polyaniline/MnO, nanowire
network sponge as a binder free electrode, which got a high spe-
cific capacitance of 344F g~! [36]. Pintu Sen et al. designed a
composite electrode by combining reduced graphene oxide, 3,4-
ethylene-dioxythiophene and MnO, and found high capacitance
value of 345F g1 [37]. Compared with other conducting poly-
mers, PPy is a better composite material for the pseudocapaci-
tive charge storage because of the feasibility of anions and cations
dual doping that occurs both positive and negative potentials [38].
Many researches have made MnO, /PPy composite electrodes ma-
terials and found that PPy can obviously raise the capacitance and
cycling stability. He et al. constructed hierarchically porous PPy
nanowires/MnO, core/shell nanostructure and got a high specific
capacitance of 276 F g~! at 2A g~! [39]. Sharma et al. synthe-
sized the MnO, embedded PPy nanocomposite thin film electrodes
which have a good cycling stability [39,40]. Besides, Zhu et al. and
Bi et al. demonstrated that the PPy film can provide the protec-
tion of electrode structures and selectively pass the cations from
electrolyte to the internal of electrode [41,42].

However, these improved performances of composite electrodes
involving conducting polymers were obtained in positive potential
region. The energy storage mechanism of MO and MO/PPy com-
posite electrodes under negative potentials still need to be further
explored.

In this study, to investigate the supercapacitive properties and
energy storage mechanism of MO electrode at negative potentials
(—=0.5~0.5 vs SCE/V), we prepared MO and MO/PPy electrodes by
electrodeposition and its combination with in-situ polymerization
method, respectively. The PPy/MO electrodes presented more sta-
ble capacitive behaviors compared with the pure MO electrode.
These electrodes are examined and characterized by scanning elec-
tron microscope (SEM), transmission electron microscope (TEM), X-
ray photoelectron spectrometer (XPS), X-ray diffraction (XRD), Ra-
man spectrum and a series of electrochemical measurement. The
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mechanism for deterioration of MO and the performance improve-
ment after coated by PPy film is discussed in detail. We expect
that this investigation could provide new sights into broadening
the working potential window of MO electrode and enhance the
understanding of energy storage mechanisms.

2. Experimental
2.1. Pretreatment of carbon cloth

Carbon cloth (CC) was prepared by a hydrophilic treatment to
remove the oxide layer on the surface. Specifically, a piece of CC
(1 x 1.5 cm?) was cleaned using acetone, ethanol, and ultrapure
water for 30 min in turn. The hydrophilic treatment was carried
out in three-electrode system in H,SO,4 solution with SCE as refer-
ence electrode and platinum plate as counter electrode. The elec-
trochemical process was performed on the electrochemical work-
station (CHI660E, CH Instruments Inc., Shanghai) under a con-
stant potential of 3 vs SCE/V for 600 s. The as-prepared CCs were
washed by ultrapure water for several times and dried at 60 °C for
10 h.

2.2. Synthesis of manganese oxide electrode

MO electrode was synthesized under a galvanostatic electrode-
position process. Briefly, a solution containing sodium sulfate
(0.1 mol dm—3) and manganese acetate (0.1 mol dm~3) was used
as the electrolyte. Then MO was electrodeposited on the pretreated
CC (1 x 1.5 cm?) via a constant current density of 0.5A cm~2 in
three-electrode system. Electrodes with the electrodeposition time
of 40 and 60 min were named as the MO electrode and MO-P elec-
trode, respectively. After the electrodeposition, the electrodes were
washed with ultrapure water and dried at 60 °C for 6 h. The mass
loading of MO on the electrodes were estimated to be 1.7 mg (MO
electrode) and 2.4 mg (MO-P) electrode.

2.3. Synthesis of PPy/MO electrode

The pyrrole (Py) monomer was distilled before use. In a typical
process, a solution of 0.2 mol dm~3 p-TSA containing 1% (V: V) Py
monomer was prepared. Then the MO-P electrode was immersed
into 30 ml above mixture solution. The polymerization of pyrrole
monomer was accelerated by the Mn*+, Mn3+ and H* catalysis. Fi-
nally, the PPy film was deposited on the surface of the manganese
oxide for 10 s (PPy/MO-10), 50 s (PPy/M0O-50), 100 s (PPy/MO-100),
200 s (PPy/M0-200), 300 s (PPy/MO-300) with the p-TSA dopant.
The prepared samples were washed with the ultrapure water and
dried at 60 °C for a night, and the mass loading of active mate-
rial was about 2.1 mg, 2.0 mg, 1.9 mg, 2.0 mg, 2.1 mg, respec-
tively. In order to further investigated the effect of p-TSA to MO
electrode, we prepared another acid treatment manganese oxide
(ATMO) electrode through the identical method using the same
solution without pyrrole monomer. And the mass loading of the
ATMO was about 2.3 mg after 100 s acid treatment.

2.4. Structure and morphology characterization

The morphologies and structures of MO, ATMO, PPy/MO were
characterized by field emission scanning electron microscopy (FE-
SEM, Hitachi S-4800) and transmission electron microscopic (TEM,
FEI Tecnai F30, operated at 300 kV). XRD was performed on
a SIEMENS D5000 X-ray diffractometer using Cu Ko irradiation
(A=0.15418 nm). Raman spectra was conducted on a micro-Raman
spectroscope (JY-HR800, y532 nm wavelength YAG laser). The XPS
was carried out on a multifunctional X-ray photoelectron spectro-
scope (XPS, PHI-5702, Mg Ka X-ray, 1253.6 eV).
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Fig. 1. (a) XRD pattern of MO electrode, SEM images for (b, c¢) MO and (d, e) PPy/MO-100 electrodes, TEM and HRTEM images for (f, g) MO and (h, i) PPy/MO-100.

2.5. Electrochemical property measurements

All the electrochemical tests for electrodes were carried out in
1 mol dm~3 Na,SO, electrolyte with SCE as reference electrode
and platinum plate as counter electrode. The three-electrode sys-
tem was used in Cyclic voltammetry (CV), galvanostatic charge/
discharge (GCD) and electrochemical impedance spectroscopy (EIS)
on electrochemical workstations (CHIG60E, CH Instruments Inc.
Shanghai and Autolab PGSTAT 302 N). CV measurements were
tested at the fixed potential range between —0.5-0.5 vs SCE/V with
the different scan rates from 10 mV s~! to 300 mV s~!. GCD mea-
surements were conducted at the potential range from —0.5 to
0.5 vs SCE/V under the various current density of 0.5 A g1 to 10 A
g~1. CV and GCD tests were both carried out under the room tem-
perature (about 23 °C). EIS measurements were performed with
amplitude of 5 mV in the frequency from 100 kHz to 0.01 Hz
at an open circuit potential. The long-term cycle was carried out
through LANHE battery test system (CT3001A). The specific capac-
itance was calculated from GCD curves according to the formula:
C = (IAt)/(mAV), where [ is the constant discharge current, At is

the discharge time, m is the net mass of the active material of the
electrode and AV is the working potential window.

3. Results and discussion

XRD pattern of the MO electrode shown in Fig. 1(a) can be well
indexed to hydrohausmannite (JCPDS No:12-0252) and 8-MnOOH
(JCPDS No:18-0804). The broad peak at 26 ° is attribute to the sub-
strate CC. MO shows a uniform flower-like morphology (Fig. 1(b)
and (c)). After in-situ polymerization for 100 s (Fig. 1(d) and (e)),
MO was evenly covered by PPy coating. PPy film are thicker and
denser with increasing polymerization time ((Fig. S1)). TEM image
of MO (Fig. 1(f)) well agrees with SEM results (Fig. 1(c)). The lat-
tice space of 0.463 and 0.265 nm (Fig. 1(g)) corresponds to the
(002) and (103) plane of B-MnOOH and hydrohausmannite, re-
spectively. TEM image of PPy/MO-100 (Fig. 1(h) and (i)) further
confirms that amorphous PPy film is deposited on MO. N and S el-
ement from p-TSA dopant in PPy uniformly distributed in PPy/MO-
100 (Fig. S2), indicating a uniform growth of PPy.

Mn dissolution occurred during PPy polymerization since O el-
ement decreases and Mn element is hardly seen in the superficial
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Fig. 2. (a) Raman spectra of CC, MO, PPy/MO-10 and PPy/MO-100 electrodes. (b) Mn

PPy/MO-100 electrode.

region (Fig. S2). Thus, the actual polymerization process is that dis-
proportionation reaction of Mn3* Eq. (1)) in MO took place first
under acid environment [42], then followed by polymerization of
PPy (Egs. (2)-((4)) [43] using Mn** as oxidant.

2Mn3+ + 2H,0 < MnO, + Mn?** + 4H* (1)
nPy — (Py%®+)n + 2nH* + 2.33ne- (2)
MnO, + 4H* + 2e- — Mn?* + 2H,0 (3)

7nMnO, + 16nH* 4+ 6nPy — 7Mn?* 4+ 14nH,0 + 6(Py%33+)  (4)

Typical bonds in Raman spectrum (Fig. 2(a)) around 1360 cm™!
(D band) and 1600 cm~! (G bond) of CC comes from the in-plane
bonds stretching motion of sp? C atom (E,g phonon) at the Bril-
louin zone center and breathing modes of rings or K-point phonons
of Aj; symmetry, respectively [44]. They are almost invisible in MO
sample due to the thick and dense MO layer. For MO sample, the
peaks observed at about 497 cm~!, 578 cm~!, 650 cm~! ascribe
to three typical vibrational bonds of manganese oxides, and the
sharp peak located at 650 cm~! is ascribe to the characterization
of spinel structure. The band at about 578 cm~! and 497 cm~! can
be assigned to two types of deformation modes of Mn-O-Mn chain
in the basal plane of MnOg octahedral lattice [45]. This also con-
firms the mixed phase nature of MO.

For PPy/MO-10, the peaks at 923, 967 and 1045 cm~! attribute
to the C-H out-of-plane deformation, ring deformation, and C-H
in-plane deformation, respectively [46]. This indicates that PPy has
been synthesized on MO. Besides the peaks, another peak at 1246
cm~! appeared in PPy/MO-100, which was assigned to the N-H in-
plane deformation. The sharp peak at 650 cm~! was invisible be-
cause PPy film has fully covered MO. Raman spectrum of PPy/MO
electrodes with different polymerization time (Fig. S3) shows that
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the PPy bonds at 1246 cm~! is the most obvious in PPy/MO-100.
This might be ascribed to that shorter and longer polymeriza-
tion time both result in lower polymerization degree due to lower
amount of PPy and oxidant concentration, respectively.

Fig. 2(b) shows the Mn 2p XPS spectrum of MO and a referen-
tial ATMO electrodes, and no Mn signal is detected for PPy/MO-
100 due to PPy film (Fig. S4). The six peaks at about 641.2 eV
(653.3 eV), 642.4 eV (654.3 eV) and 643.7 eV (655.5 eV) were
attributed to the Mn2?+, Mn3*+ and Mn*t, respectively [47]. Con-
centration of Mn?+, Mn3*+ and Mn** in MO were estimated to be
28%, 45% and 27%, while ATMO has almost the same concentra-
tion of Mn?+ (26%), but lower concentration of Mn3* (37%) and
higher concentration of Mn**+ (37%). This is because in ATMO Mn*+
and soluble Mn?+ are generated due to disproportionation reac-
tion of Mn3+ during polymerization in acid environment. O 1 s XPS
spectra of MO and ATMO are shown in Fig. 2(c). Typically, O1 at
529.8 eV is assigned to the metal-oxygen bonds, 02 at 531.4 eV
represents the oxygen in H-O groups, and O3 at 532.0 eV corre-
sponds to the high-binding energy peak from surface oxygen defect
species [48]. ATMO has higher proportion of 02 (20%) compared
with MO (14%), which demonstrates that the residual H* are ab-
sorbed on ATMO surface. The peaks at 399.8 eV and 401.1 eV in N
1 s spectrum of PPy/MO-100 (Fig. 2(d)) correspond to pyrrolic N
(-NH- bond) and graphitic N (C-N bond) [49,50], respectively. This
also confirms that PPy was successfully synthesized on MO, corre-
sponding to SEM result (Fig. 1(d)). Two peaks of S element in full
XPS spectra of PPy/MO-100 (Fig. S4) prove the successful doping
of PPy by p-TSA.

CV of MO (Fig. 3(a)) shows two peaks at —0.1 vs SCE/V and
—0.33 vs SCE/V corresponding to the insertion/extraction of Na¥,
and this process is highly irreversible as the peak area and posi-
tion are altering during CV cycling. ATMO electrode has the same
reaction at the same potential (Fig. S5), but the peaks are blunt be-
cause of more Mn*t and active sites resulting from the dispropor-
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Fig. 3. (a) The first five CV profiles for MO at 10 mV s~'; (b) The XRD pattern of MO electrode after 1000 cycles; (c) Full XPS spectrum of MO after 50 cycles; (d) SEM image

of MO after 1000 GCD cycles at 10 A g~ 1.

tionated reaction of Mn3* and dissolution of Mn2*. The reactions
of MO electrodes during charge/discharge process can be described
as [51-53]:

Mn3;04 — NagMnOy ¢ nH,0 (birnessite) (5)
MnO, + éNat + 8.~ < MnOONa (6)
MnOOH < MnO, + H™ + e~ (7)
MnOx(OH)y + dy* + 8~ <> MnO,.5(OH), 5 (8)

NasMnO, « nH,0 + yH' + zNa® + (y + z)e- < Nas ,MnOy
nH,0 9)

Where MnOx(OH)y, MnO,_s(OH),, 5 represent Mn3O, under the
higher and lower oxidation states, respectively. Egs. (5) - (8) are
the mainly energy storage processes.

Eq. (5) is a complicated and irreversible process corresponding
to the two redox peaks, and represents the phase transformation
to birnessite since the adsorption of solvated cations can result
in a lower energy state [53]. XRD pattern of MO after 1000 cy-
cles (Fig. 3(b)) confirms the phase transformation from MO to bir-
nessite, since the diagnose peak of birnessite (001) plane can be
clearly identified. Besides, full XPS spectra of MO after 50 cycles
(Fig. 3(c)) shows a distinct peak of Na element, indicating that Na*
participates in the energy storage process and part of Na ions were
stuck into the bulk of MO. Eq. (6) was a reversible redox transition
through the exchange of Na ions on the active sites of MO elec-
trode. The sharp peak of typical (002) plane (Fig. 3(b)) of MnOOH
were replaced by a hump, indicating that the MnOOH also took
part in the energy storage process, as depicted by Eq. (7). O1s spec-
trum (Fig. S6(a)) shows an increased proportion of 02 from 14% to
26%, indicating the increase of O-H bonds due to the H* insertion,

so H* also involves in the energy storage process as described by
Eq. (8). Eq. (9) corresponds to the charge transfer process after the
phase transformation from MO to birnessite. Therefore, the energy
storage mechanism of MO is a co-intercalation/adsorption mecha-
nism of Nat and H* accompanied by irreversible phase transfor-
mation from MO to birnessite in the early stage.

Moreover, Mn dissolution caused by disproportionation reaction
of Mn3*+ and structural collapse of MO are also confirmed dur-
ing energy storage process. Mn2p spectrum after 50 cycles (Fig.
S6(b)) reveals the fraction of Mn2*, Mn3+ and Mn**+ was estimated
to be 29%, 41% and 30%, respectively. The average valence of Mn
ions (3.01 calculated according to (Fig. S6(b)) after 50 cycles was
slightly higher than initial MO electrode (2.99), indicating the dis-
solution of Mn ions due to the intercalated Na*™ and H* ions and
electrical neutral requirement of the overall electrode. Therefore,
the energy storage process accompanied with the reduction of the
valence state for Mn ion. Part of Mn?* ions were dissolved in the
electrolyte, which caused the rapid deterioration of electrochemi-
cal performance. This result was quite similar to the energy storage
mechanism of MnO, electrode under negative potential reported
by Ataherian’s group [30]. Besides, SEM images of MO after 1000
cycles (Fig. 3(d)) show a dramatic morphology change (structural
collapse) of MO.

To enhance the electrochemical property at negative potentials,
PPy film is in-situ polymerized on MO surface in acid environment
with different polymerization time. CV curves of all PPy/MO elec-
trodes at 10 mV s~! (Fig. S7) reveals that PPy/MO-100 has the
largest CV area, indicated the highest specific capacitance. Compar-
ing CV of PPy/MO-10 (Fig. 4(a)), PPy/MO-50 (Fig. S8) and PPy/MO-
100 (Fig. 4(b)), the two redox peaks of MO become weaker be-
cause PPy film hinders more Na* from passing through. CV of
PPy/MO-100 (Fig. 4(c)) has a typical enlarged rectangular shape,
revealing the ideal capacitive performance and higher specific ca-
pacitance. No redox peak is detected because Na™ cannot pass
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Fig. 4. Electrochemical performance characterizations for MO and PPy/MO electrode materials: (a) The first five CV profiles for PPy/MO-1 electrode at 10 mV s~'; (b) The
first three CV profiles for PPy/MO-100 electrode at 10 mV s~; (c) CV curves at 10 mV s~ after 10 cycles; (d) GCD curves at a 1 A g~'; (e) Specific capacitance of MO and
PPy/MO-100 electrodes from 0.5 A g~! to 10 A g='; (f) Nyquist plots, inset of (f) shows the magnified high-frequency range.

through, demonstrating that the irreversible redox reaction and
phase transformation caused by Na* are sufficiently suppressed.
Thus, the charge storage mechanism is mainly attribute to the in-
tercalation/extraction of H* in MO (Eq. (8)) and doping/dedoping
of anions in PPy film [39].
[PPy*]D~ 4+ e~ < PPyY + D- (10)
where D represents the possible anions (SO42~ and p-TS™) in the
bulk of PPy and electrolyte. Therefore, anions are also involved in
the energy storage process when PPy is introduced.

GCD profile of PPy/MO-100 (Fig. 4(d)) shows a highly linear and
symmetrical curve with the longest discharge time, presenting the
better pseudocapacitive behaviors and highest specific capacitance
of 183F g1 at 0.5A g~! compared with other electrodes (Fig. S9).
The specific capacitance of PPy/MO-100 in our work was higher
than the hydrohausmannite electrode (37.5 F g~ at 0.5A g~! with
the potential range of 0~0.8 vs SCE/V) [19], ¥-Mn30,4 electrode
(147 F g1 at 0.1A g! with the potential range of —0.2~0.8 vs
SCE/V) [54] and MnOOH electrode (1319 F g~! at 0.5A g~! with
the potential range of 0~1.0 vs SCE/V) [55] in 1 mol dm~3 NaSO4
electrolyte. Shorter and longer polymerization time (than 100 s)
can both result in lower specific capacitance because of lower ionic
conductivity of MO and longer ion diffusion path in PPy, respec-
tively. High polymerization degree of PPy/MO-100 suggested by
Raman spectra (Fig. $3) may also contribute to the high specific
capacitance.

Rate capability of MO and PPy/MO-100 electrodes are shown
in Fig. 4(e). The specific capacitance of PPy/MO-100 is 91 F g~!
at 10 A g1, much larger than that of MO (10 F g=1). This suggests
the PPy coating on MO can dramatically increase its rate capability.
Fig. S10 shows the rate capability of various PPy/MO electrodes at
different current densities. PPy/MO-100 shows the most balanced
performance with the highest specific capacitance and excellent
rate capability. Nyquist plots of MO and PPy/MO-100 and equiva-
lent circuit are shown in Fig. 4(f), and the parameters of equivalent
circuit are summarized in Table S1. PPy/MO-100 electrode shows
almost vertical inclination in low frequency region, indicating an

ideal capacitive behavior, and it also has the lower equivalent se-
ries resistance (Res) of 3.43 Q with lower charge transfer resistance
(Ret) of 0.10 €2. This indicates that the presence of PPy significantly
increases the electrical conductivity and accelerates charge transfer
process, which greatly raises the rate capability.

Capacitance retention (Fig. S11) of PPy/MO-10, PPy/MO-50,
PPy/MO-100, PPy/MO-200, PPy/MO-300 is about 73%, 85.7%, 93.7%,
98.8% and 96.2% after 1000 GCD cycles at 10 A/g with almost 100%
coulombic efficiency, respectively. Cycling stability mainly increase
with polymerization time. Low cycling stability of PPy/MO-10 and
PPy/MO-50 could be ascribed to PPy volume expansion and inter-
facial structural failure. PPy film tent to attract anions from the
electrolyte during the charge process and release the anions back
to the electrolyte in the reverse discharge process, causing swell
and shrink, respectively [22]. SEM image of PPy/MO-100 after 1000
cycles (Fig. $12) shows an unchanged surface morphology without
visible damage. Good integrity of electrode surface demonstrated
that the PPy film can protect the initial MO from phase transfor-
mation and structural collapse. To further investigate the stability
of PPy film, full XPS spectra of PPy/MO-100 electrodes after 1000
cycles was shown in Fig. $13. The characteristic peaks of N and
S element were consistent with the original PPy film, indicating
superior physicochemical stable property. It should be noted that
the characteristic peaks of Mn ion were still invisible but a weak
peak of Na ion was appeared, confirming that part of Na ions was
trapped in the PPy film during the charge/discharge process and
the dissolution of Mn ions was suppressed. Long-terms cycling sta-
bility of PPy/MO-100 electrode was shown in Fig. S14. The spe-
cific capacitance still maintains 77.7% after 4500 GCD cycles, which
proves that the PPy film have excellent electrochemical stability.

Capacitive contribution to the overall specific capacitance of
PPy/MO-100 are much higher than that of MO at various scan rates
(Fig. S15), calculated according to previous reported method [47].
Capacitive contribution of PPy/MO-100 is about 50%, and only 27%
for MO at 100 mV s~!. On one hand, PPy film prevents irreversible
redox reaction and phase transformation by hindering Na* from
insertion/extraction in MO, which reduces specific capacitance to
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Fig. 5. Schematic illustration of energy storage mechanism of (a

some extent. On the other, PPy also provides capacitive capacitance
itself and involves anions (5042~ and p-TS~) in the energy storage
process, thus greatly increases specific capacitance.

The schematic illustration of energy storage mechanism is
shown in Fig. 5. In summary, better capacitive performance of
PPy/MO-100 mainly attributes to the following four aspects. Firstly,
PPy film with appropriate polymerization time (or thickness) can
allow only H* to pass through and hinder the irreversible phase
transformation caused by Na™ insertion, and thus can protect the
pristine MO structure and morphology. Secondly, since PPy film
isolates MO and electrolyte, it can also prevent Mn2* from dis-
solving into electrolyte, suppress disproportionation reaction, and
thus enhances the cycling stability. Zhu et al. has used the PPy film
as a barrier to restraint the dissolution of MnO, during the dis-
charge process [42], which is consistent with our results. Thirdly,
PPy film can notably raising the conductivity of composite elec-
trode and provide highly conductive pathways for rapid charge
transfer, which can greatly increase the rate capability. This result
was similar to the investigation of PPy film that reported by Bi's
group [41]. Finally, besides cations (H* and Na™), PPy film also in-
troduces anions (SO42~ and p-TS~) into the energy storage pro-
cess, which great promotes the overall specific capacitance. When
the polymerization time is too long, PPy film will hinder the pass
of H* and undermines the utilization of MO, resulting in a lower
specific capacitance.

4. Conclusions

Co-intercalation mechanism of H* and Na* are involved in the
charge storage process of hydrohausmannite under negative po-
tential (—0.5~0.5 vs SCE/V). Irreversible redox reaction and phase
transformation to birnessite caused by Na* can result in perfor-
mance fading and structure collapse. After in-situ polymerization of
PPy film on MO surface in acid environment for 100 s, the PPy/MO-
100 electrode shows a greatly promoted specific capacitance (183
Fg1at05Ag ), enhanced rate capability (91 Fg~ at 10 A g1,
about 10 times of MO), and excellent cycling stability (93.7% ca-
pacitance retention after 1000 cycles and 77.7% capacitance reten-

(b)
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Ion transfer

MO electrolyte

90

) MO and (b) PPy/MO-100 electrode.

tion after 4500 cycles at 10 A g~1). The promoted performance is
mainly ascribed to four aspects: Firstly, PPy films with appropriate
polymerization time (or thickness) can allow H* to pass and block
Na*, so that the irreversible phase transformation is hindered and
the structure and morphology of electrode is protected. Secondly,
PPy film can also prevent Mn?* from dissolving into electrolyte, so
the disproportionation reaction is suppressed and cycling stability
is greatly enhanced. Thirdly, PPy film can improve the conductivity
of the electrode, which notably accelerates the charge transfer pro-
cess and elevates the rate capability. Fourthly, besides cations (H™
and Na™), anions (SO42~ and p-TS™) also participate in energy stor-
age process after PPy coating, so the specific capacitance is greatly
promoted.
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