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The supercapacitive properties of manganese oxides (MnOy) are strongly affected by their crystal struc-
ture. Nevertheless, the relationship between the crystal structure and supercapacitive performance of
MnOy is elusive. Herein, a temperature-controlled fabrication method was developed to achieve MnO,,
Mn;04, MNO and Mn,03 microspheres with various crystal structure as electrode materials tunable
for supercapacitors. The detailed material and electrochemical characterizations revealed the structure-
activity relationship of MnOyx microspheres by systematically investigating the effect of valence state,
specific surface area, conductivity and morphology on supercapacitive performance. Among these MnOx
materials, nanoneedle-like MnO, delivered a relatively high specific capacitance of 274.1F/g at 1A/g due
to a high Mn valence state of +4, a large specific surface area of 113.4m?/g and a desirable electronic
conductivity of 1.73 x 10~> S/cm. Furthermore, MnO, presented a remarkable cycle stability with 115%
capacitance retention after 10,000 cycles owing to the enhancement of wettability. This work not only
provides a facile strategy to modulate MnOy crystal structure, but also offers a deep understanding of
structure-dependent supercapacitive performance of MnOy.
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Nowadays, the growing energy crisis and environmental prob-
lem have accelerated the development of energy storage tech-
nologies [1,2]. Supercapacitors (SCs) are one of representative en-
ergy storage devices with the advantages of rapid charge/discharge
rate, high specific power and long cycle life [3-6]. Manganese
oxides (MnOy) with multiple valence states have been consid-
ered as promising candidates of electrode materials for SCs due
to their large theoretical specific capacitance value, natural abun-
dance and environmental friendliness [7-9]. Generally, supercapac-
itive performance of MnOy is characterized by their specific ca-
pacitance Gy, and maximum power Pmax, Which are governed
by the Mn valence and conductivity according to [10,11]: Gypo, =
Fn(Osmax — OSmin)/AV and Pmax = AV2/4R, respectively, where F is
Faraday constant, n is the mole number of Mn per unit mass, OSmax
is the highest Mn oxidation state, Os,;, is the lowest Mn oxida-
tion state, AV is the potential range and R is the internal resis-
tance of MnOy. Except for Mn valence and conductivity, tunnel size
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also determines the supercapacitive performance of MnOx by af-
fecting the transportation and intercalation of electrolyte ions [12].
Since these aforementioned intrinsic material properties of MnOy
are highly dependent on their crystal structure [13,14], the modu-
lation of MnOy crystal structure is crucial to achieve ideal superca-
pacitive performance.

Numerous efforts have been carried out to investigate the effect
of MnOy crystal structure on their supercapacitive performance.
For example, Devaraj and Munichandraiah [15] fabricated nanos-
tructured «, B, ¥, 8, A-MnO, and compared their supercapacitive
performance. Among these MnO, materials, the wide tunnel size
and large surface area are key factors for ¢-MnO, to realize the
outstanding maximum specific capacitance of 297 F/g. Hu et al
[16] derived Mn304 with different crystal structures/morphologies
by adjusting the hydrothermal temperature and studied their elec-
trochemical properties. Compared with other Mn30,4 materials, or-
thorhombic Mn304 nanofibers showed a relatively high specific ca-
pacitance of 235 F/g at 1mV/s and excellent cycling performance
of 80% capacitance retention after 10,000 cycles. To date, various
crystal forms of MnOyx have been explored to some extent, the
influence of MnOy crystal structure on the supercapacitive per-
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formance remains elusive. Furthermore, although MnOx have dis-
played high specific capacitance values, their limited capacitance
retention (<90%) after long cycle times (>10,000 times) cannot
meet the requirement of practical utilization [17]. Therefore, it
is scientifically significant to optimize MnOy crystal structure to
achieve high specific capacitance and great cycling stability simul-
taneously.

Previously, our group have successfully synthesized MnO and
Mn,05; microspheres for efficient photo-Fenton removal of flu-
oroquinolone antibiotics through a facile hydrothermal method
[18]. Inspired by this work, we reported a temperature-controlled
methodology to obtain MnO,, Mn304, MnO and Mn,03; micro-
spheres with different crystal structure. The structure-activity re-
lationship of MnOx microspheres was revealed by systematically
investigating the effect of temperature on their valence state, spe-
cific surface area, conductivity and morphology, which are vital to
their supercapacitive performance. Among these MnOx materials,
MnO, synthesized at lowest temperature realized the best super-
capacitive performance with the following benefits: (1) The high
valence state of MnO, microspheres determines high theoretical
charge storage capacity of each Mn active site; (2) The microp-
orous/mesoporous structure with high specific surface area could
provide abundant active sites for energy storage; (3) The relatively
stable Mn-O bonds suppress Jahn-Teller effect to achieve desirable
electronic conductivity; (4) The enhanced wettability of MnO, mi-
crospheres during the cycling measurement results in an excellent
cyclability. This work provides a deep insight of excellent elec-
trochemical performance of temperature-dependent MnOx which
could be potentially expanded to other metal oxides in energy stor-
age applications.

Fig. S1 (Supporting information) clearly shows the temperature-
controlled synthesis route of MnOx microspheres. First of all, MnO,
microspheres were fabricated through a facile hydrothermal pro-
cess at 90°C. The formation process of MnO, was elucidated
as MnSO4 + (NHy4);S,05 +2H,0 — MnO; + (NH,4),S04 + 2H,S04
[19]. After that, as-prepared MnO, microspheres were calcined
at 280, 500 and 600°C under different atmospheres to obtain
Mn304, MnO and Mn,03; microspheres, respectively. Fabrication
and characterization details of MnOx are described in Supporting
information.

X-ray diffraction (XRD) patterns are presented in Fig. S2 (Sup-
porting information) to confirm the structure of as-prepared MnOy
materials. The characteristic peaks of MnO;, Mn304, MnO and
Mn,03 matched well with standard PDF cards #44-0142, #24-
0734, #07-0230 and #41-1442, respectively, implying the success-
ful preparation of MnOx materials. Based on the strongest peaks
from MnO, (210), Mn304 (211), MnO (200) and Mn,05 (222), the
corresponding average particle size was estimated as 17.2, 12.7,
23.9 and 31.3 nm using the Scherrer equation [20]. As summarized
in Fig. S3 (Supporting information), MnOx materials synthesized at
high temperature possessed large particle size. MnO, and Mn304
with the relatively small particle size and low crystallinity were
expected to exhibit large surface area [21], which would be veri-
fied in the following porosity analysis.

The surface Mn valence and porosity information of MnOx
materials were analyzed by X-ray photoelectron spectroscopy
(Fig. S4 in Supporting information) and N, adsorption-desorption
isotherms (Fig. S5 in Supporting information), respectively. As
shown in Fig. S4a, survey spectra indicated the existence of Mn
and O elements in MnOy materials except the reference C peak.
According to high resolution Mn 2p spectra (Fig. S4b), two dis-
tinct peaks of MnO, at 654.1eV and 642.1 eV were assigned to Mn
2pyj, and Mn 2ps)p, respectively, which are consistent with the re-
ported values [22]. By decreasing valence state of Mn, the peaks of
Mn 2p;, and Mn 2p;p, gradually shifted to low binding energy.
For MnO, the Mn 2p;j, peak at 653.5eV and Mn 2p;, peak at
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641.4eV revealed that the valence state of Mn was +2 [23]. Fig.
S5a displays N, adsorption-desorption isotherms of MnOy mate-
rials. The isotherms with the combination of type I and type IV
features demonstrated the presence of micropores and mesopores
[24], which were confirmed by the pore size distribution (Fig. S5b).
The pore size distribution of MnOyx materials was mainly centered
at around 1.0 and 3.6nm. Consequently, the Brunauer-Emmett-
Teller (BET) specific surface area of MnO,, Mn304, MnO and Mn,03
were calculated as 113.4, 83.5, 57.4 and 76.9 m?2/g, respectively.
The relatively high specific surface area of MnO, and Mn304 were
in good agreement with XRD results. As summarized in Table S1
(Supporting information), MnO, possessed the largest BET specific
surface area and total pore volume, which provide plenty of actives
sites for energy storage.

Electronic conductivity of MnOx materials were investigated by
four-point probe measurements. As displayed in Fig. 1a, the elec-
tronic conductivity values of MnO,, Mn304, MnO and Mn,03 were
calibrated as 1.73 x 1073, 415x 1077, 1.79 x 107 and 5.89 x 107
S/cm, respectively. It is reported that the electronic conductivity
of MnOx materials was affected by Jahn-Teller effect [25], which
was also determined by the Mn-O bond length in MnOg octahe-
dra [26]. According to the comparison of average Mn-O bonding
distance between MnOy materials (Fig. 1b), MnO, possessed the
shortest average Mn-O bond length, indicating that the disruptive
Jahn-Teller distortion is effectively suppressed in the crystal struc-
ture of MnO, [26]. Therefore, MnO, with high structural stability
achieved desirable electronic conductivity, which is beneficial for
electron transfer in energy storage processes.

Transmission electron microscopy (TEM) was used to study
morphologies and microstructure of MnOyx materials. All MnOy
materials showed spherical morphologies with an average diam-
eter of approximately 2 pum (Figs. 2a, d, g and j), indicating that
the calcination temperature has negligible effects on the size of
porous MnOx microspheres. The magnified TEM image in Figs.
2b illustrated that MnO, microspheres were assembled by slen-
der nanoneedles. The high-resolution transmission electron mi-
croscopy (HR-TEM) image (Fig. 2c) on these nanoneedles clearly
displayed well-defined lattice fringes with d-spacing of 0.24 nm,
which is attributed to the crystal plane of (210) from MnO,. By in-
creasing calcination temperature, orthorhombic MnO, were phase-
transformed to tetragonal Mn30,4, cubic MnO and cubic Mn;0s. Ac-
cordingly, the assembly unit of MnOyx microspheres was changed
from nanoneedles to nanowires (Fig. 2e), nanorods (Fig. 2h) and
large-size irregular nanorods (Fig. 2k). Furthermore, distinct lattice
fringes on these assembly units were observed from HR-TEM im-
ages (Figs. 2f, i and 1) to further confirm the formation of Mn3Qy,
MnO and Mn,03, respectively.

The supercapacitive performance of MnOx electrodes
were investigated by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), electrochemical impedance spectroscopy
(EIS) and cycling measurements. In Fig. 3a, CV curves of MnOyx
electrodes displayed distinct redox peaks, which originate from
the reaction between MnOx and OH™ in alkaline electrolyte [27]:

Mn}tMnt 04 + 0.450H < Mnj* 04,25 + 0.225H,0 + 0.55e™

and Mn3* 04225 + 60H™ < Mn} 0755 + 3H,0 + 6e ™.

With the increase of Mn valence state, the positions of anodic
peaks shifted to relatively high potential. Compared to other MnOy
electrodes, the CV curve of the MnO, electrode explicitly showed
two pairs of redox peaks with highest specific current values, in-
dicating the greatest charge storage ability. Afterwards, CV curves
of MnO, electrode from 5mV/s to 50 mV/s (Fig. 3b) showed an un-
changeable shape with negligible ohmic polarization, demonstrat-
ing an excellent electrochemical reversibility. Subsequently, the
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Fig. 1. (a) Conductivity values of MnOyx materials. (b) The comparison of average Mn-O bonding distances between MnOy materials.

Fig. 2. TEM images of (a, b) MnO,, (d, e) Mn30Qy4, (g, h) MnO and (j, k) Mn,0s.
HR-TEM images of (c) MnO,, (f) Mn30y, (i) MnO and (1) Mn,0s3.

electrochemical kinetics of MnOy electrodes were studied accord-
ing to the power-law relationship between the cathodic peak cur-
rent (i) and the scan rate (v): i = av® [28]. The b-value of 0.5 and
1.0 correspond to the Faradaic diffusion-controlled and capacitive
mechanism, respectively. By fitting in Fig. S6 (Supporting informa-
tion), the b-value were derived as approximately 0.6, denoting that
the charge storage mechanism of MnOx electrodes are mainly con-
trolled by diffusion-controlled process. Specifically, the contribu-
tion of diffusion-controlled and capacitive mechanism were sepa-
rated by applying the formula: i = kyv + kyv0> [28]. For the MnO,
electrode (Fig. 3c), the diffusion-controlled contribution was calcu-
lated as 77.6% at 5mV/s, which is in accordance with the b-value
analysis. With the increasing scan rate, the diffusion-controlled
contribution decreased to 52.7% at 50 mV/s due to the inherent na-
ture of battery-like redox reactions [29].

Fig. S7 (Supporting information) presents GCD curves of MnOx
electrodes at 2 A/g. The nonlinear shape of these GCD curves rep-
resented the faradaic processes in MnOy electrodes, which are in
good agreement with above CV curves. On the basis of GCD curves
at various specific currents (Fig. S8 in Supporting information), the
specific capacitance values of MnOy electrodes were summarized
in Fig. 3d. Among these MnOy electrodes, the MnO, electrode re-
alized the highest specific capacitance of 274.1 F/g, which is com-
parable or superior to relevant reported publications (Table S2 in
Supporting information). Furthermore, the comparison of Nyquist
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Fig. 3. (a) CV curves of MnOy electrodes at 50 mV/s. (b) CV curves of MnO, elec-
trode at scan rates of 5, 10, 20, 30 and 50 mV/s. (c) Contribution ratio of capacitive
and diffusion-controlled mechanism at different scan rates for the MnO, electrode.
(d) Specific capacitance values of MnOy electrodes at different specific currents. (e)
Cycle stability of MnO, electrode at 10A/g (inset: GCD curves before and after cy-
cling test).

plots of MnOy electrodes in Fig. S9 (Supporting information) was
consistent with previous electrochemical analyses. After fitting the
impedance data with an equivalent circuit (Table S3 in Support-
ing information), the MnO, electrode exhibited the relatively low
equivalent series resistance Rgsg (0.36 2) and charge transfer re-
sistance Rt (8.29 €2), which correspond to high electronic conduc-
tivity and rapid electrolyte diffusion into the micro/mesopores of
MnO, microspheres [30].

Based on above mentioned material and electrochemical char-
acterizations, the enhanced supercapacitive performance of MnO,
electrode can be attributed to following reasons: (1) The high
Mn valence state of MnO, microspheres enabled more hydroxide
ions to interact with each Mn active site; (2) MnO, microspheres
with the high specific surface area (113.4m?2/g) and unique micro-
porous/mesoporous structure provided abundant Mn active sites;
(3) MnO, with minimized Jahn-Teller distortion realized high elec-
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Fig. 4. (a) XRD patterns of MnO, electrode before and after cycling test. SEM im-
ages of MnO, electrode (b) before and (c) after cycling test. Contact angle mea-
surements with 6 mol/L KOH electrolyte of MnO, electrode (d) before and (e) after
cycling test at 0, 1 and 20 min.

tronic conductivity (1.73 x 10~> S/cm), which is conducive to the
fast electron transport for electrochemical kinetics.

The cycling performance of MnO, electrode at 10 A/g is illus-
trated in Fig. 3e. It is interesting that the capacitance retention
of MnO, electrode increased to 115% after 10,000 cycles. Electro-
chemical characterizations after cycling test were carried out to
elucidate the unpredictable enhancement. Fig. S10 (Supporting in-
formation) displays CV curves of MnO, electrode at initial and after
cycle states. Compared to the initial state, the CV curve of cycled
MnO, electrode showed a pair of redox peaks with greater specific
current at higher potential, illuminating that the charge storage
processes became more preferential to proceed between relatively
higher valence states of Mn. Meanwhile, GCD curves with higher
charge/discharge platform in Fig. S11 (Supporting information) pre-
sented the same tendency. Furthermore, according to the b-value
calculation from Figs. S12 and S13a (Supporting information), the
charge storage mechanism changes from diffusion-controlled pro-
cess to diffusion/capacitive-controlled processes during the cycling
measurement. Concretely, as depicted in Fig. S13b (Supporting in-
formation), the capacitive contribution of MnO, electrode was in-
creased by 14.0%, 15.2%, 16.8%, 17.1% and 16.6% after 10,000 cycles
at scan rates of 5, 10, 20, 30 and 50 mV/s, respectively. In other
words, fast Faradaic redox reactions were proceeded at MnO, elec-
trode after long-term GCD measurements. Consequently, the cy-
cled MnO, electrode possessed much higher rate capability (75.2%)
than the initial MnO, electrode (47.4%) and retained the maximum
specific capacitance, which were derived from Fig. S14 (Supporting
information).

Structural and morphological characterizations including XRD,
SEM and contact angle measurements were performed to ex-
plain the enhanced rate capability of MnO, electrode after cy-
cling test. From XRD results in Fig. 4a, the appearance of charac-
teristic peaks of Mn30,4 indicated the phase transformation from
MnO, to MnO,/Mn304 during the cycling test. Meanwhile, new
characteristic peaks at around 40° were observed and attributed
to MnO, (111) and (002), revealing the exposure of more Mn ac-
tive sites. Although the specific capacitance of Mn304 was lower
than that of MnO, at 1A/g, the competing effect of phase trans-
formation and increased active sites led to the invariant maximum
specific capacitance of MnO, electrode. Figs. 4b and ¢ show SEM
images of MnO, electrode at initial and after cycle states. After
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cycling test, the spherical morphology of MnO, materials was al-
most unchanged without any agglomeration. Afterwards, the wet-
tability of initial and cycled MnO, electrode was distinctly distin-
guished in Figs. 4d and e, respectively. In the 20 min measurement
period, the contact angle of initial MnO, electrode was kept con-
stant at 120° whereas the contact angle of cycled MnO, electrode
decreased from 80° to 40°. According to Young’'s equation, the
MnO, electrode was changed from hydrophobicity to hydrophilic-
ity with the electrolyte in cycling process. The enhanced wettabil-
ity improves the interaction between electrolyte ions and Mn ac-
tive sites, which enhances utilization of active sites of MnO, elec-
trode [31,32]. Moreover, another contrast experiment was designed
to further verify the high wettability of cycled MnO, electrode. Af-
ter soaking the cycled MnO, electrode in the electrolyte for 1 day,
MnO, spheres covered with shells were observed in Fig. S15 (Sup-
porting information). Compared to EDS elemental mappings of ini-
tial MnO,, electrode (Figs. S16 and S17 in Supporting information),
the shell was mainly composed of potassium ions, revealing that
MnO, spheres in the cycled electrode are more hydrophilic to the
electrolyte. Therefore, the enhanced specific capacitance of MnO,
electrode during cycling test is mainly attributed to the intimate
relationship between the electrode material and electrolyte.

In conclusion, we have successfully fabricated MnO,, Mn30y,
MnO and Mn,03 microspheres through a facile temperature-
controlled method. Compared with other MnOx microspheres,
MnO, realized a higher Mn valence state of +4, a larger specific
surface area of 113.4m?/g and a greater electronic conductivity of
1.73 x 107> S/cm, which are beneficial for enhancing the super-
capacitive performance. Accordingly, MnO, possessed a relatively
high specific capacitance of 274.1 F/g at 1 A/g and showed a re-
markable capacitance retention of 115% after 10,000 cycles. This
work provides an important guidance for understanding and opti-
mizing the supercapacitive performance of temperature-dependent
MnOy.
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