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High performance N-doped carbon nanosheet/
MnO, cathode derived from bacterial cellulose for
aqueous Zn-ion batteriesT
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Rechargeable aqueous Zn-ion batteries (ZIBs) have obtained extensive attention owing to their high safety,
low-cost, environmental friendliness and high energy density. Nevertheless, developing suitable cathode
materials remains challenging due to requirements for appropriate microstructure. We present a porous
N-doped carbon nanosheet/MnO, (NCS/MnQO,) derived from bacterial cellulose (BC) by a simple route.
BC chunks were soaked in urea solution and then carbonized under Ar flow at 900 °C. N-doped carbon
nanosheets were obtained and MnO, was added by reaction with NaMnO,. Benefiting from both the
conductivity and porosity of the NCS support, the NCS/MnO, composite delivers a high capacity and
long cycling stability (114 mA h g~ at 2 A g~ after 1800 cycles). The electrode reaction mechanism was
further investigated and the MnO, dissolution/deposition mechanism was confirmed, with a critical role

rsc.li/materials-a

Introduction

Due to the limited amount of fossil energy and the climate
problems, the demand to explore renewable energy systems
becomes more urgent. To favor their exploitation enormous
efforts have been devoted to developing suitable energy storage
systems. Li-ion batteries are considered as one of the most
convincing commercial options, however the safety problems
related to organic electrolyte and limited lithium abundance
restrict their development for large-scale application.' Recently,
rechargeable aqueous zinc-ion batteries (ZIBs) with nearly
neutral electrolytes have obtained enormous interest.>* Indeed,
metal zinc possesses a striking theoretical capacity
(820 mA h g"), low reduction potential (—0.76 vs. SHE), excel-
lent stability in water and large abundance.* Moreover, aqueous
electrolytes are safer and cheaper than organic electrolyte,® and
present much higher ionic conductivity.®

Despite aqueous ZIBs present important advantages, there
are still many challenges for developing satisfactory cathodes.
Various cathode materials (such as manganese-based oxides,
Prussian blue analogues, vanadium based oxides and organic
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of zinc sulfate hydroxide (ZSH) to assist the deposition of MnO5.

electrodes) have been explored for aqueous ZIBs.”® Among
them, MnO, has gained much interest, because of considerable
capacity, decent voltage, low-cost and rich abundance.”™*
However, MnO, exhibits poor electrical conductivity, seriously
undermining the electrochemical performance of ZIBs.”** To
handle this problem, conductive polymers and carbon mate-
rials (graphene, CNT, N-doped carbon) have been integrated
with MnO,."*""” However, conductive polymers tend to degrade
by swelling and shrink during cycling, which negatively affects
the lifetime.'®" Instead, CNT and graphene are relatively high-
cost, which restricts their commercial applications. N-doped
carbon has emerged as an effective candidate thanks to lower
cost, good electrical conductivity and good electrochemical
properties.”® In many reports, metal-organic frameworks
(MOFs) were utilized as the sources of N-doped carbon.'”*'">*
Nevertheless MOFs are often difficult to prepare at a large-scale,
and suffer poor chemical stability.>*® It is more appealing to
fabricate N-doped carbons from biomass, which is usually
facile, low-cost, ecofriendly and easy to scale up. Bacterial
cellulose (BC) as a novel biomass material, typically produced
from Acetobacter xylinum,””** owns outstanding characteristics
of purity, 3D porous structure and high water-absorbing
capacity,”* which make it employed in many fields such as
food packing, biomedical field, water treatment, electro-
chemical energy storage and conversion.*’** BC has been
exploited to develop N-doped carbons, by polymerization of
polypyrrole, polyaniline, polyacrylonitrile on BC*™” or high
temperature ammonia treatment® to introduce the nitrogen
source. These ways are time-consuming, complicated or risky,
thus their economic viability remains limited.

This journal is © The Royal Society of Chemistry 2023
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Here we report a simple, green and scalable fabrication of
porous N-doped carbon/MnO, derived from BC, which is used
as the cathode for ZIBs. In this process, BC was soaked in a urea
solution to obtain the nitrogen source and then after carbon-
ization porous N-doped carbon with an unexpected nanosheet
morphology (NCS) was obtained. The MnO, deposition was
achieved by a reaction between NCS and NaMnO,. The ability of
BC to acquire the nitrogen source by absorbing urea solution
avoids more complex or hazardous routes. Meanwhile, the
decomposition of absorbed urea on BC can create high porosity
for NCS during the process of pyrolysis. Due to the resulting
good conductive and high porosity NCS carbon, the resulting
NCS/MnO, composite derived from BC shows a large capacity
and long-term cyclability (114 mA h g~' at 2 A g~ after 1800
cycles). Furthermore, the electrochemical mechanism of NCS/
MnO, is further scrutinized by multiple analytical methods.
These results indicate that the mechanism of NCS/MnO,
involves MnO, dissolution/deposition.

Experimental section
Materials

Bacterial cellulose (BC, Q-Phil Products International), urea
(CH4N,0, Thermo Scientific), sodium permanganate solution
(NaMnO,, 40 wt% in H,O, Sigma-Aldrich), commercial
manganese dioxide (MnO,, Sigma-Aldrich), zinc sulfate hepta-
hydrate (ZnSO,-7H,0, Labkem), manganese sulfate mono-
hydrate (MnSO,-H,O, Labkem), 1-methyl-2-pyrrolidone
(CsHoNO, Sigma-Aldrich), polyvinylidene fluoride (PVDF,
Sigma-Aldrich), carbon black (Super P, Timcal), carbon paper
(Freudenberg, H2315, 210 pm thickness), Zn foil (Advent
Research Materials Ltd, 0.125 mm thickness), glass fibre filter
(PRAT DUMAS, 270 pm thickness).

Preparation of materials

Bacterial cellulose cubes (approx. size 15 x 15 x 15 mm?®) was
purified by washing in Milli-Q water as described previously.***
Then individual BC cubes were pressed by a ~150 g Teflon
cylinder for 10 minutes to remove most water. The pressed BC
was soaked in urea solution (0.1 ¢ mL™") with stirring for 2 h.
Then the soaked BC was extracted and dried in oven at 60 °C for
24 h. The dried BC was carbonized in a tubular furnace under
an Ar flow of 100 mL min " with a ramp of 10 °C min " to 900 ©
C and kept there for 1 h.

N-doped carbon/MnO,, preparation: 24 mg N-doped carbon
was added in 35 mL solution containing 0.28 g NaMnO, and
stirred for 4 h at room temperature. Then the product was washed
by Milli-Q water for several times and dried at 60 °C for 24 h. Note
that in spite of the large NaMnO, excess, according to thermog-
ravimetric analysis MnO, is ~42% of the composite mass (see
Results and discussion), which strongly suggests that in our
conditions the reaction between NaMnO, and NCS is self-limited.

Carbon-w was produced from simply carbonizing purified
BC in Ar atmosphere at 900 °C for 1 h, as in our previous
article.** C/MnO, is then obtained by reaction between carbon-w
and NaMnO,, as described for N-doped carbon/MnO,.

This journal is © The Royal Society of Chemistry 2023
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Characterization

FEI Quanta 200 FEG-ESEM equipment (15 kV voltage) was per-
formed to obtain Scanning Electron Microscopy (SEM) images.
JEOL JEM1210 TEM (voltage 120 kV) and JEM-2011 TEM
(voltage 200 kV) were carried out to obtain Transmission elec-
tron microscopy (TEM) images. Scanning transmission electron
microscopy was performed at a Tecnai G> F20 at 200 kV. Fourier
transform infrared (FTIR) spectra of samples were conducted by
a Jasco 4700 Spectrophotometer. Siemens D-5000 diffractom-
eter with Cu Ko radiation was used to collect X-ray diffraction
(XRD) patterns. Raman spectra of samples were recorded by
a Renishaw InVia Raman Microscope with 633 nm laser. Ther-
mogravimetric analysis (TGA) was done by a NETZSCH STA 449
F1 Jupiter equipment under air atmosphere with 10 °C min .
N, adsorption/desorption measurements were probed by
Micromeritics ASAP 2020 equipment. X-Ray Photoelectron
Spectroscopy (XPS) measurements were taken by a SPECS EA10P
hemispherical analyzer with a monochromatic Al Ka source.
The X-ray Absorption Spectroscopy (XAS) data were obtained at
the Mn and Zn K-edges at the CLAESS beamline of the ALBA
synchrotron light source.** The XAS spectra have been acquired
in transmission mode by means of ionization chambers. The Si
(111) double crystal monochromator was employed and the
higher harmonic were rejected by appropriately choosing the
incident angle and coating of the collimating and focusing
mirror. The beam size was around 1 x 1 mm?® with a total
incoming flux around 10" photons per s. The radiation damage
was suppressed by an approximately 90% attenuation of the
incoming beam using Al filters. In situ measurements were
performed using modified coin cells with a 6 mm diameter
Kapton windows and a 0.5 M ZnSO, with 0.05 M MnSO,
aqueous electrolyte.

Electrochemical performance

To prepare cathodes, MnO, based materials, Super P and PVDF
were mixed at a weight ratio of 7:2:1 in 1-methyl-2-
pyrrolidone. Then the slurry was coated on a carbon paper
and was dried in the oven (60 °C) for 24 h. The total loading on
the carbon paper is ca. 1.0 mg cm™>. The capacity is calculated
by the mass of MnO, based materials. The Zn ion battery elec-
trochemical performance of cathode materials were studied in
Swagelok cells. The cells were assembled with Zn foil as the
anode, glass fibre filter as the separator, 2 M ZnSO, with 0.2 M
MnSO, aqueous electrolyte, and MnO, based materials as the
cathode. The cyclic voltammetry measurements (CV) and elec-
trochemical impedance spectroscopy (EIS, frequency range
from 100 kHz to 100 mHz and an AC amplitude of 5 mV)
measurements were performed by a Bio-logic VMP3 multi-
channel potentiostat. Galvanostatic discharge/charge tests were
conducted by a battery cycling equipment (LANHE M340A).

Results and discussion

N-doped carbon was synthesized from the carbonization of
urea-soaked BC and carbon-w was prepared from the pyrolysis
of pure BC without urea. The morphologies and structure of
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prepared samples were compared by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). N-doped carbon displays nanosheet structure and high
porosity (Fig. 1a and d), and is labeled as NCS. In comparison,
carbon-w shows more compact structure (Fig. Sla and ct),
implying that urea works as a porogen for carbon. After NCS and
carbon-w reacted with NaMnO,, their morphologies barely
changed (Fig. 1la-c, Sla and bt). TEM images further reveal
some nanorods on NCS (Fig. 1d-f) and the corresponding
selected area electron diffraction (SAED) depicts rings corre-
sponding to interlayer distances of 0.24 and 0.21 nm (Fig. S2at),
corresponding to (006) and (—112) planes of MnO,.**** The
energy-dispersive spectroscopy (EDS) elemental line profiles of
NCS/MnO, confirm the existence of the elements of Mn and O
for the nanorod (Fig. S2bt). At larger scale, EDS mapping
images show that the elements C, N, Mn and O distribute
uniformly in NCS/MnO, (Fig. 1g). The morphology of
commercial MnO, instead is dominated by large irregular
particles of several tens of micrometers along with smaller
particles of less than one micrometer (Fig. S1a-f¥).

X-ray diffraction (XRD) measurement was carried out to
investigate the phase structures of NCS, carbon-w, C/MnO, and
NCS/MnO,. As shown Fig. 2a, carbon-w and NCS show a broad
peak at around 26°, referring to the plane (002) of graphite
carbon.**** Both C/MnO, and NCS/MnO, exhibit a weak and
broad peak at 36°, which can be indexed to the plane (006) of
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MnO,.** X-ray absorption spectroscopy (XAS) reveals that the
energy position of Mn peak for NCS/MnO, is close to reference
MnO,, further confirming the formation of MnO, on NCS
(Fig. S3at). Commercial MnO, was also investigated by XAS and
XRD (Fig. S31). Raman spectrum was used to quantify the
graphitization degrees of carbon-w and NCS. There are in both
samples two peaks located at 1350 cm ' (D band) and
1600 cm™ " (G band), representing disordered and graphitized
carbon (Fig. 2b).**® The intensity ratio G to D band (Ip/lg) is
used to evaluate the degree of graphitization. The value of Ip/Ig
for NCS is 1.12, which is lower than carbon-w (1.21). It implies
that a higher graphitization can be obtained in the presence of
urea, which is expected to infer better electron conduction.*
After reacting with NaMnO,, a new peak appearing at 640 cm ™"
can be associated with the Mn-O stretching vibration of MnOg
groups,” demonstrating the formation of MnO, both on
carbon-w and NCS. Compared with carbon-w and NCS, the
ratios of Ip/I; for NCS/MnO, (1.18) and C/MnO, (1.27) increase.
This indicates that the introduction of MnO, causes more
defects into carbon-w and NCS, leading to more defective
graphitic structures and lower degree of graphitization.**
The porous structure of NCS was inspected by N, adsorp-
tion-desorption measurement (Fig. S4a and Table S1f).
Although the surface area of NCS (431 m”> g~ ') is lower than that
of carbon-w (1009 m? g™ '), its pore volume is much larger (0.86
vs. 0.19 cm® g~ ). The pore size distribution curves show that the

Fig. 1 Electron microscopy of prepared materials: SEM images of (a) NCS; (b) NCS/MnO,. TEM images of (c) NCS; (d and e) NCS/MnO.. (f)
Scanning TEM of NCS/MnO.. (g) Element mapping images of NCS/MnO,.
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Fig. 2 Structural and surface characterization: (a) XRD patterns. (b) Raman spectra. (c) Pore size distribution. XPS spectra (d) C 1s, (e) N 1s, (f) Mn
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pore structure of NCS is predominately composed by mesopores
and macropores (Fig. S4bt), leading to a high surface external
area, while the pore structure of carbon-w mainly consists of
micropores.*® The high porosity of NCS can be attributed to the
released ammonia and carbon dioxide gas from urea during
cellulose carbonization.**** After MnO, deposition, the surface
area and pore volume of both carbons decrease (Table S17t). This
is probably because some parts of NCS and carbon-w were
consumed and the introduction of MnO, blocked pores to some
extent, resulting in decreased surface areas and pore volumes,
although after MnO, depositions trends are similar to those
found with carbon substrates. Despite NCS/MnO, does not have
a larger surface area (229 m> ¢ ') than C/MnO, (401 m”> g™ %),
NCS/MnO, exhibits a larger pore volume (0.42 cm® g~ ') than C/
MnO, (0.12 cm® g™ '). In addition, the porous structure of NCS/
MnO, mainly consists of mesopores and macropores, while the
pore structures of C/MnO, and commercial MnO, are domi-
nated by micropores (Fig. 2c). These results demonstrate that
NCS/MnO, possesses higher porosity than C/MnO, and
commercial MnO,. Electrodes of high porosity is more favorable
for fast ion transfer, which can shorten the diffusion path.>**®
This has effect also on the content of MnO, in NCS/MnO,,
revealed by thermogravimetric analysis (TGA), which is about
42% (Fig. S51), much higher than in C/MnO,, about 11%. The
high porosity of NCS/MnO, favors the diffusion of NaMnO, into
the bulk and the MnO, deposition can take place on the surface
and inside of NCS at the same time.*”® In contrast, the diffu-
sion path of NaMnO, into carbon-w with low porosity is difficult
and the reaction between carbon-w and NaMnO, mainly occurs
on the surface of carbon-w. As a consequence, the larger pore

This journal is © The Royal Society of Chemistry 2023

volume of NCS is better filled by MnO,, resulting in much
higher mass content of MnO, in NCS/MnO, than in C/MnO,.

To detect the surface chemical composition and chemical
state of these samples, X-ray photoelectron spectroscopy (XPS)
was performed. N 1s peak is observed in the full spectrum of
NCS (Fig. S61), indicating that N was successfully doped into
carbon. The nitrogen content of NCS is 4.8 at%. After NCS
reacted with NaMnO,, C 1s, N 1s, Mn 2p and O 1s peaks are
obvious in the full spectrum of NCS/MnO, (Fig. S61). The C 1s
spectrum of NCS/MnO, can be fitted into 4 peaks at 284.6,
285.2,285.9, 288.3 and 292.5 eV (Fig. 2d), corresponding to C-C/
C=(C, C-N, C-0, C=0 and O-C=0.>* The N 1s spectrum of
NCS/MnO, can be divided into three peaks (Fig. 2e), attributed
to pyridinic-N (398.6 eV), pyrrolic-N (399.7 eV) and graphitic-N
(400.9 eV).** It has been shown that pyridinic-N and pyrrolic-N
can enhance the electronic conductivity of carbon and hence
promote the battery performance.®** The binding energy of Mn
2p of C/MnO, and NCS/MnO, are similar to commercial MnO,
(Fig. 2f and S77), confirming the presence of Mn oxides in the
prepared composites. Mn 2p peaks were deconvoluted into two
multiplet components attributed to Mn®*" and Mn*" according
to the method proposed by Ilton et al.** The area of these peaks
indicates significant Mn®* fractions at the surface of these
samples (Table S2t), particularly in the case of C/MnO,. This
could be attributed to the reductive environment provided by
the carbon excess that supports the Mn oxides.

To evaluate the electrochemical performance of MnO, elec-
trodes, full batteries with Zn foil anodes were assembled in
Swagelok cells. As shown in Fig. 3a, cyclic voltammetry curve
(CV) of all three cathodes tested present two pairs of reduction/

J. Mater. Chem. A, 2023, 11, 17272-17281 | 17275
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oxidation peaks, suggesting that they have similar redox reac-
tions. But the currents of these peaks for NCS/MnO, are larger
than C/MnO, and commercial MnO,, demonstrating that NCS/
MnO, possesses higher electrochemical activity and fast reac-
tion kinetic.®® The rate capabilities of cathodes were measured
at different current densities (Fig. 3b). NCS/MnO, provides
226 mAhg 'at0.1 Ag "' (Fig. 3c). Even at high current densities
of 1 A ¢!, NCS/MnO, still can deliver 210 mA h g~ '. C/MnO,
and commercial MnO, were also measured as a comparison. C/
MnO, and commercial MnO, demonstrate much lower capac-
ities than NCS/MnO, at various current densities (Fig. 3b and
S8t). In particular, the capacities of commercial MnO, (from
187mAhg 'at01Ag 'to127mAhg 'at1Ag ') and C/
MnO, (from 77 mAhg 'at0.1Ag 'to53mAhg 'at1Ag™")
decrease greatly with the increment of the current density. The
capacity at 1 A g ' for commercial MnO, and C/MnO, are
respectively 68% and 69% of that at 0.1 A g ', considerably
lower than for NCS/MnO, (90%). The lower capacities compared
to NCS/MnO, can be explained with the lower MnO, content of
C/MnO, (as determined by TGA), and with the large number of
coarse particles in the commercial MnO, sample. These results
show that NCS/MnO, possesses an excellent rate performance.

To further evaluate the cycling stability, the electrodes were
cycled at 0.2 A ¢~ (Fig. 3d). The discharge capacities gradually
increase during the cycling, which can be associated with an
electrochemical activation process also reported by other
authors on ZIB systems.*® The capacity of NCS/MnO, increased
to a larger extent than C/MnO, and commercial MnO,, probably
because of the high porosity of NCS/MnO,, which can facilitate
the deposition of MnO, during charge.”” Among these elec-
trodes, NCS/MnO, shows a higher capacity (358 mA h g~ ') than

View Article Online
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commercial MnO, (177 mA h g ') and C/MnO, (74 mA h g )
after 60 cycles. The NCS/MnO, capacity is even larger above 100
cycles (over 400 mA h g™, see Fig. S97). The capacity of MnO,-
free NCS and carbon-w were also investigated (Fig. S101). The
capacities of NCS (60 mA h g ") and carbon-w (48 mA h g ) are
similar at 0.2 A g~ " after 60 cycles. To evaluate the role of Mn*"
in the electrolyte, the Swagelok cell with NCS/MnO, as cathode
was assembled without using MnSO, additive under the same
conditions (Fig. S11f). The capacity of NCS/MnO, declines
rapidly with cycle number. It is obvious that the addition of
MnSO, can enhance the electrochemical reversibility. This
confirms that the MnSO, additive can generate a proper equi-
librium between Mn*>" dissolution and the re-oxidation of the
Mn>", which improves the stability of the cathode.® In addition,
the test without MnO, in the electrode demonstrates that
capacity can even be provided by Mn*" in the electrolyte, which
precipitates as oxide during charge. However, the larger differ-
ence with the NCS sample shows the important contribution of
MnO, already present inside the pores of the electrodes, which
only the NCS texture allows to great extent.

The cycling stability of all electrodes were also investigated at
a high current density of 2 A g~ *. There is a noticeable decay in
capacity for NCS/MnO, (Fig. 3e) and the reason for attenuation
was investigated. As shown in Fig. S12,f the 2nd discharge
capacity (232 mA h g™ ) is lower than the 1st charge capacity
(252 mA h g7"). It demonstrates that less MnO, is dissolved on
the 2nd discharge than is deposited on the 1st charge.®® So there
is some residual MnO, on the electrode after the 2nd discharge.
This phenomenon continues during the early cycles. In other
words, the dissolution of MnO, does not catch up with the
deposition of MnO, during the early stage of cycling. So there is
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more residual MnO, on the electrode with cycling, decreasing
the conductivity of the electrode.” As a result, the capacity
fades. As seen in Fig. 3e, the capacity of for NCS/MnO, still can
be maintained at 114 mA h g ' after 1800 cycles. For
a comparison, low capacities are attained for C/MnO,
(22 mA h g ") and commercial MnO, (37 mA h g "). The
excellent performance of NCS/MnO, is also superior to most of
reported Mn-based cathodes (Table S37).

To further manifest the advantages of BC as carbon source,
filter paper (FP) and printer paper (PP) were also immersed in
urea solution following the same protocol as BC. The FTIR
spectra of dried urea/filter paper and dried urea/printer paper
are similar as their pristine ones and just display a few weak
peaks coming from urea (Fig. S137), implying that urea is also
absorbed on these papers, but the amount is very small.
Conversely, the FTIR spectra of dried urea/BC is completely
consistent with urea. The mass of urea absorbed by filter paper
and printer paper are respectively 0.004 and 0.005 g cm ™ > (Table
S4+t), which is negligible in comparison with the BC case (0.15 g
cm?). The mass ratio between absorbed urea and BC is 25,
much higher than urea/FP (0.4) and urea/PP (0.6). These results
clearly indicate the large BC water-absorbing capacity compared
to regular microfibrous paper, allowing to incorporate large
solute amounts that are retained and well distributed after
drying. Given the small amount of added urea, there is no
significant morphologic difference between MnO, derived from

This journal is © The Royal Society of Chemistry 2023

papers immersed or not immersed in urea, although a small
capacity enhancement is still observed in treated samples
(Fig. S14 and S15t).

Electrochemical impedance spectroscopy was conducted to
further analyze the reaction kinetics of NCS/MnO,, C/MnO, and
commercial MnO, (Fig. S161). The Nyquist plots is composed of
one semicircle in the high frequency region and one straight
line in the low frequency region. The semicircle is associated
with charge-transfer resistance and the line is related to ion
diffusion process.” NCS/MnO, shows a smaller semicircle than
other C/MnO, and commercial MnO,, revealing a smaller
charge transfer resistance for NCS/MnO,. The diffusion coeffi-
cient of these electrodes can be reflected by the Warburg coef-
ficient ¢, which is inversely proportional to the diffusion
coefficient.” The o values of these electrodes can be obtained by
fitting the linear relation between Z' and » /2. The ¢ values of
NCS/MnO,, C/MnO, and commercial MnO, are respectively 26,
50, and 77 Q s~ *. The ¢ value of C/MnO, and commercial MnO,
are nearly 2-3 times higher than NCS/MnO,, showing the fast
ion diffusion for NCS/MnO,. The fast charge transfer and the
ion diffusion of NCS/MnO, can be attributed to the optimal
architecture of NCS. N-doping can enhance the electronic
conductivity of carbon”™ and the high porosity can offer
numerous channels for transporting ions.”

To better comprehend the electrochemical reaction mecha-
nism of NCS/MnQO,, CV tests were conducted at different scan

J. Mater. Chem. A, 2023, 11, 17272-17281 | 17277
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rates ranging from 0.2 to 1.0 mV s~ (Fig. S17at). The peaks
slightly broaden without significant change of the CV. Accord-
ing to previous literature,” the charge storage kinetics can be
expressed by the following equation: i = a-»” (i: peak current; v:
scan rate; a, b: variable values). The b value can be calculated by
the slopes of the fitting curves of log i versus logv (Fig. S17b¥).
The b values of 1.0 and 0.5 respectively correspond to the
capacitive-like  behavior and the diffusion-controlled
process.”®”” The b value of these peaks are respectively 0.74,
0.79, 0.63 and 0.7 (Fig. S17ct), suggesting that the electro-
chemical reactions kinetics of NCS/MnO, contains both
capacitive and diffusion-controlled processes. As the scan rate
increases from 0.2 to 1.0 mV s~ ', the fraction of capacitive
contribution gradually increases from 46 to 58% (Fig. S187).
This small variation with a 5-fold increase in scan rate confirms
the good rate capability of our system.

Considering the capacity measured on the basis of the MnO,
content as determined by TGA (Fig. S51), we estimate up to 558
mA h (gwno,) ' at 0.2 A g~" after 1st discharge. This value is
considerably superior to the capacity expected for 1-electron
reduction of MnO, (308 mA h (gwno,) '), and approaching the
quantitative 2-electron reduction of MnO, to Mn>* according to

eqn (1):

MnO, + 4H* + 2¢ = Mn** + 2H,0 (1)

However, such simple dissolution/precipitation mechanism
is contradicted by the test reported above on the MnO,-free
carbons. The very small capacity they exhibited demonstrate
that only a small amount of MnO, forms on charge from Mn*"*
in solution, while samples with a substantial initial MnO,
loading have much larger capacity. According to recent litera-
ture,” a key role is played by formation and dissolution zinc
sulfate hydroxide hydrate (Zn,(OH)sSO,-5H,0, ZSH) in parallel
to MnO, dissolution and precipitation.

17278 | J. Mater. Chem. A, 2023, 11, 17272-1728]1

To confirm if this mechanism also applies to NCS/MnO,, its
structural evolution was followed during the process of
discharge and charge. Ex situ SEM, TEM, XRD, XPS and XAS
analyses were conducted during the initial 2 cycles of galvano-
static discharge/charge at 0.2 A g~ " (Fig. S197). After the first full
discharge, compared with the XRD pattern of pristine NCS/
MnO, electrode, there are new peaks located at 32.6° and 58.5°
(Fig. 4a and S20t), which are consistent with formation of
ZSH.”” SEM images show that large amounts of flakes emerge
on the electrode of NCS/MnO, (Fig. 4e and S21b¥) and these
flakes can be assigned to ZSH.** TEM shows that the MnO,
nanorods initially present in the NCS/MnO, cathode have van-
ished after the 1st full discharge (compare Fig. 4g and h).
Consistently, only traces of Mn are still present on the surface,
as indicated by XPS Mn 2p (Fig. 4b), demonstrating that MnO,
actually dissolves during the discharge.” The generation of ZSH
has been attributed to the dissolution reaction of MnO, into
Mn**, which locally increases the pH, triggering the ZSH
precipitation.®* Upon the first full charge, these large ZSH
flakes almost disappear (Fig. 4f and S21cf) and many new
nanosheets show up. The energy of Mn XPS and XAS peaks
almost return to that of the pristine state (Fig. 4b and c), further
suggesting that re-deposition of MnO, occurs. To address the
roles of ZSH and Mn>" on the charge process, two NCS/MnO,
cathodes (electrolyte: 2 M ZnSO, and 0.2 M MnSO,) at the 1st
full discharge were extracted from the cell. They were respec-
tively removed of Mn*>* by washing, and of ZSH by acetic acid
treatment (10 vol%). The Mn>*-free cathode was assembled with
2 M ZnSO, electrolyte. The ZSH-free cathode (Fig. S22%) was
assembled with the 2 M ZnSO, and 0.2 M MnSO, electrolyte.
Then both cathodes were fully charged. The charge capacities of
both electrodes are small and there are not obvious plateaus
(Fig. S231), suggesting that the occurrence of plateaus is indeed
related to the simultaneous presence of both ZSH and Mn>".
Images and XRD collected at the end of the second full

This journal is © The Royal Society of Chemistry 2023
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discharge and charge suggest that the overall reactions are
similar to those occurring during the 1st cycle (Fig. S24 and
251).

The dissolution-precipitation mechanism is definitely
confirmed by in situ Mn and Zn K-edge XAS spectra of NCS/
MnO, electrode, reported in Fig. 5. Normalized Mn K-edge
XANES spectra, exhibit a clear transfer from the component at
6561 eV that can be attributed to the Mn(wv) in the pristine MnO,
to the one at 6553 eV after discharge, indicating the formation
at its expense of reduced Mn>" species. After charge the Mn
environment is again very close to that found in the pristine
electrode demonstrating the reversible Mn redox activity during
the charge-discharge process. Unlike the Mn K-edge spectra,
the Zn K-edge XANES spectra exhibit only small changes in the
shape of the edge due to changes in the Zn local environment
but they do not show any shift on the edge energy at all states of
charge confirming that Zn ions are not redox active. Fig. 5¢ and
d show the corresponding Fourier transform of the k> weighted
Mn and Zn K-edge extended X-ray absorption fine structure
(EXAFS) spectra, respectively. The strong peak located around
1.5 A is attributed to the closest oxygen shell (Mn-O and Zn-O
bond), while the peak around 2.5 A is assigned to the metal-
metal shell, absent in the case of solvated cations. At the fully
discharged state the intensity of the Mn-Mn peak in sup-
pressed, while the Mn-O distance slightly shifts to higher
distances. This result confirms the formation of Mn>" and
reversible dissolution/precipitation of MnO, by discharging.
Conversely, the Zn EXAFS is consistent with the reversible
formation of a solid ZSH phase at the end of discharge without
any redox activity. In light of this possible mechanism, we relate
the long cycle life of the NCS/MnO, to its large area and high
conductivity favoring optimal distribution of interfacial
currents and dispersion of the precipitates.

Conclusions

In summary, we have reported the unexpected formation
porous N-doped carbon nanosheet from carbonization of urea-
impregnated BC. The optimal texture and electric properties of
NCS are demonstrated in aqueous ZIBs. NCS is employed as
a support for the growth of highly dispersed nanostructured
MnO,. The obtained NCS/MnO, processed as cathode provides
a superior performance (114 mA h g~ " at 2 A g~ after 1800
cycles) compared to commercial MnO, and many cathodes re-
ported in literature. With advantages of highly porous and
conductive carbon networks, NCS/MnO, exhibits remarkable
capacity, excellent rate capability and long cycle life. Besides,
the charge storage mechanism and the corresponding phase
transformation of NCS/MnO, were evaluated by multiple char-
acterization methods, supporting a MnO, 2-electron full
dissolution-deposition mechanism that appears highly revers-
ible thanks to the unique properties of this bacterial cellulose
derived composite. Considering the simple, green and scalable
fabrication, NCS/MnO, can be a promising cathode candidate
for high-performance ZIBs.

This journal is © The Royal Society of Chemistry 2023
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