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Porous graphene nanocages with wrinkled surfaces
enhancing electrocatalytic activity of lithium/
sulfuryl chloride batteries

Xlangyang Li,®® Hirbod Maleki Kheimeh Sari, (2 € Lanjie Niu,*® Gege He,? Yao Zhou,?

The lithium/sulfuryl chloride battery has been used as a primary power source because of its high energy/
power density and level of safety. However, disadvantages regarding the sluggish kinetics of the electrode
materials have limited its further energy related applications. Herein, we report an efficient approach to
prepare nitrogen-doped graphene nanocages with high surface roughness to overcome this issue. The
combination of a porous wrinkled surface and hollow structure can properly accommodate the volume-
change, promote charge transfer, and enhance structural stability. The designed composite electrode
can deliver an initial voltage as high as 3.58 V, an advanced discharge time of 840 s, and an outstanding
relative capacity (63.20 mA h) and rate capability (29.36%). This unique structure engineering strategy
also provides a potentially cost-effective way for synthesizing other carbon materials and their
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1. Introduction

The lithium/sulfuryl chloride (Li/SO,Cl,) battery, possessing
a high energy density and specific power, wide operating
temperature range, stable discharge voltage, and high level of
safety, have been considered as one of the most potential
reserve batteries for utilization in borehole operation, oil-gas
production and orientation navigation fields."* Nonetheless,
they have some drawbacks such as a large current discharge
ability, voltage delay, and corrosive anode material which could
greatly hinder their practical applications.>® To overcome these
obstacles, considerable strategies have been presented in recent
years. In this regard, employing the modified anode electrode
materials in Li/SO,Cl, batteries is suggested as the most cost-
effective approach, which could improve the discharge current
and capacity along with discharge voltage to a certain extent.
The design of anode material is primarily focused on the rate
capability and specific capacity, while is highly dependent on
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application in various electrochemical energy storage devices.

the capacitive materials with an available surface area or trig-
gering of fast redox reactions at the electrode/electrolyte inter-
face.”® Although further researches are still required about the
modified anode materials, many electrode materials, including
graphite, metal oxides, dichalcogenides, carbides, MXenes, and
MOFs have been widely investigated as high-performance elec-
trode materials.>*® Despite the significant advances achieved in
this regard, the energy and power densities are much lower than
expected,>'® and the obtained high energy density is usually at the
expense of sacrificing power density."”*® Furthermore, with
increasing power density, the energy density reveals a tendency to
dramatic decrease due to the kinetics imbalance between the
battery-type and capacitor-type electrodes.’ Moreover, most of
these electrode materials have other issues, such as complex
synthesis procedures, being environmentally hazardous, high cost,
and poor electrical conductivity and large volume-change during
the lithiation/delithiation process, which result in a deteriorated
rate capability and fast capacity decay, and impede their scale-up
deployment.”*?* Therefore, a compatible strategy needs to be
taken into effect to develop nanostructured composites with small
diffusion distance in a solid phase, and improve the performance
of Li/SO,Cl, batteries with superior rate capability and specific
capacity along with a fast charge-discharge capability.

Herein, we demonstrate an effective approach that creates
a porous wrinkled structure in N-doped graphene nanocages to
address the above issues, in which 3-hydroxytyramine hydrochlo-
ride with aid of a hard template from silica micro-sphere was used
as the carbon source. The as-prepared electrode material for Li/
SO,Cl, battery can effectively shorten the ion diffusion length,
improve electron conductivity and facilitate electrolyte diffusion.
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The thickness of the graphene shell layer of N-doped graphene
nanocages was calculated to be about 16 nm. The acquired gra-
phene nanocages endowed Li/SO,Cl, battery with a high initial
voltage of 3.58 V, a long discharge time of 840 s, an excellent relative
capacity of 63.20 mA h and a rate capability of 29.36%. This
research is a novel study on the application of N-doped graphene
nanocages in Li/SO,Cl, battery, which can draw further attention to
the development of the high performance energy storage devices.

2. Experimental section
2.1 Chemicals

Silica micro-sphere, cobaltous acetate, 3-hydroxytyramine
hydrochloride and methyl alcohol were obtained from Aladdin
Industrial Corporation. Hydrofluoric acid, sulfuric acid and
anhydrous ethanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Deionized water (18.25 MQ cm) was used in all
of the preparations. All chemicals were of analytical grade and
used as-received without further purification.

2.2 Synthesis of hollow and porous carbon nanostructure

The hollow and porous carbon nanostructure was synthesized
via a facile hydrothermal procedure. Typically, silica micro-sphere
(0.7 g) was dispersed in the methyl alcohol solution (20 mL) under
ultrasonic dispersion and vigorous magnetic stirring. Then,
Co(CH;3CO0),-4H,0 (0.5978 g) was rapidly injected into the
mixture solvent, and 0.5689 g of 3-hydroxytyramine hydrochloride
was also added into the mixture with strong stirring for 30 min.
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and Silica Solution microspheres
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The suspension was stirred at 65 °C in a water bath to emit methyl
alcohol. Afterwards, the collected mixture was calcined under
nitrogen flow at 600 °C for 1 h and 800 °C for 2 h, and the silica
template was etched by hydrofluoric acid and sulfuric acid.
Subsequently, the hollow and porous carbon nanostructure was
collected through centrifugation and washed with distilled water
and ethanol for several times and dried at 80 °C for 8 h.

2.3 Characterization of the samples

The morphology of the samples was investigated with a field
emission scanning electron microscope (FESEM, FEI Quanta 450)
at an accelerating voltage of 15 kV, and a high resolution trans-
mission electron microscope (TEM, JEOL JEM-2100) at an accel-
erating voltage of 200 kV. Powder X-ray diffraction (XRD) pattern
was recorded by a Bruker-AXS D8 Advance diffractometer operated
at 40 kV voltage and 30 mA current using Cu Ka radiation (A =
1.5418 A) in the range of 15-90°. Raman spectroscopy was
measured using a Renishaw inVia Qontor Raman spectrometer
with 532 nm excitation wavelength. X-ray photoelectron spectros-
copy (XPS) was performed by means of a Kratos Axis UL equipped
with monochromatic Al Ke. radiation (150 W, 5 KV at 1486.6 eV),
and the surface charge was corrected by referencing the spectra to
the C 1s peak for the C-C bond at a binding energy of 284.8 eV.

2.4 Electrochemical measurements of the samples

The electrochemical testing was conducted in the simulated Li/
SO,Cl, batteries, and was performed by CHI 660E under an
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Fig.1 Schematics of the synthesis process for N-CNCS, FESEM images of the silica (a) and N-CNCS (b), respectively, the scale bar in the inset of
(b) is 100 nm. (c) TEM and (d) HRTEM images of N-CNCS. Particle size distribution for silica (e) and N-CNCS (f).
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argon atmosphere at 23-25 °C. In a simulated cell, the cathode
(the diameter of 14 mm) was prepared by fully blending the
nitrogen-doped graphene nanocages, acetylene black, conduc-
tive agent, and Teflon emulsion, the mass ration of acetylene
black (the nitrogen-doped graphene nanocages as a certain
proportion): conductive agent: Teflon emulsion was 70 : 20 : 10.
Then, the homogeneous slurry was rolled and dried for 24 h at
150 °C. The lithium foil was used as the anode with the same
diameter as the cathode. In addition, polypropylene (the
diameter of 14 mm) and LiAlCl,~SO,Cl, solutions (1.47 mol L™,
1 mL) were employed as the separator and electrolyte, respec-
tively. A resistance of 40 Q was the constant load in the test. The
whole discharge process of a Li/SO,Cl, battery was displayed
visually through the discharge curves and finished until the
discharge voltage reaches to 2 V continuously. Electrochemical
impedance spectra were performed in the frequency range from
10° Hz to 10" Hz at an amplitude of 5 mV.

3. Results and discussion
3.1 Microstructures and characterization

Herein, the approach to synthesize the nitrogen-doped carbon
nanocages with high surface roughness (N-CNCS) via a simple
heating process is proposed (Fig. 1). FESEM and TEM were
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carried out for morphological and structural analysis of the
obtained silica micro-sphere and N-CNCS. The particles of silica
have a smooth surface and homogeneous spherical morphology
with a diameter of about 53.79 nm (Fig. 1a and e). When silica
micro-sphere was used as the hard template and reacted with 3-
hydroxytyramine hydrochloride in methanol solution, the first
synthesized step of the monodispersed N-CNCS was the poly-
merization of 3-hydroxytyramine hydrochloride in the presence
of cobaltous acetate. Then the product was calcined under the
N, gas flow and subsequently etched using hydrofluoric acid
and sulfuric acid, resulting in the formation of the targeted
hollow and porous carbon nanoshells that contain doped
nitrogen atoms (Fig. 1b, N-CNCS). The monodispersed N-CNCS
were further characterized by TEM and HRTEM, as shown in
Fig. 1c and d. It is noteworthy that the core of silica has been
etched with a strong acid solution, while the structure of the N-
CNCS with a homogenous and corrugated carbon shell is
evident, and the thickness of the wrinkled graphene on the
surface of the porous graphene nanoshells is statistically
measured to be 6.3 nm. Such combined architecture constructs
a buffering matrix and forms a micro-structured network for N-
CNCS nanoparticles."®* Further inspection by HRTEM
demonstrated a clear multi-shell graphene structure with a size
of ~10 nm and porous architecture, indicating that due to the
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(@) XRD pattern, (b) Raman spectra, (c) XPS full spectrum, (d) high-resolution N 1s XPS spectrum, (e) high-resolution Co 2p XPS spectrum,

(f) XPS valence band spectra, (g) TGA and (h, i) N, adsorption/desorption isotherm curves for N-CNCS.
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polymerization and high temperature carbonization (800 °C) of
3-hydroxytyramine hydrochloride, a high crystalline graphene
shell layer can form on the surface of the silica micro-sphere.
According to the diameter of N-CNCS nanoparticles, ie.,
~85.84 nm (Fig. 1f), the thickness of the graphene shell layer of
N-CNCS nanoparticles was calculated via TEM analysis to be
about 16 nm. Accordingly, this small size and ordered frame-
works can greatly shorten the lithium diffusion length and
facilitate the electrochemical reactions, thereby leading to
a potentially high electrochemical performance.?**”

The crystallinity and chemical composition of the as-
obtained N-CNCS nanomaterials were firstly evaluated by the
X-ray diffraction (XRD). The obtained pattern in Fig. 2a mani-
fests the typical diffraction peak of N-CNCS located at 44.39°,
indexed as (101) planes, which matches that of the crystallized
hexagonal system graphene (JCPDS #41-1487). The sharp
diffraction peaks suggest the high crystallinity of the graphene
shell layer in N-CNCS occurred as a result of high-temperature
(800 °C) calcination process. It is worth noting that no
discernible diffraction peaks arisen from the residual Co
nanoparticles are observed for N-NCS because of their low
amount of the composite. Raman spectra are also recorded for
N-CNCS and illustrated in Fig. 2b. Noticeably, two remarkable
peaks at 1354.47 cm™ " and 1594.61 cm ™" are attributed to the D
band related to disordered carbon, and G band associated with
a graphitic structure (sp> hybridized carbon), respectively. I/l
ratio values were found to be ~0.869, indicating the high degree
of graphitization, which would enhance the electrical conduc-
tivity of the nanocomposite.”® The surface chemical composi-
tions and valence states were further examined by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 2c-f, in
which the wide survey XPS profiles of N-CNCS demonstrates the
presence of C, N and O elements. The high-resolution spectrum
of N 1s in Fig. 2d shows two split peaks at 398.58 eV (pyridinic-
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N) and 401.76 eV (graphitic-N). The higher content of pyridinic-
N, ie., 85.16%, could further enhance the electronic conduc-
tivity of the carbon material.*® Indeed, no Co 2p peaks were
detected for N-CNCS, which is in agreement with the XRD
analysis that the Co metal was leached using a strong acid.
Besides, Fig. 2f displays the valence band of N-CNCS in 4.62 eV.
The thermogravimetric analysis (TGA) conducted in air
confirmed the mass fraction of N-CNCS in the composite to be
93.55% (Fig. 2g). The relatively high content of the carbon
matrix is expected to allow the nanocomposite to achieve stable
and fast-charge storage.’ The obtained nitrogen sorption
isotherms indicate that N-CNCS have a high Brunauer-Emmett—
Teller (BET) surface area of 145.67 m”> g~ * along with an average
pore size of 3.5 nm (Fig. 2h and i). The amount of the silica
microsphere has a great influence on its BET surface. When the
additive amount is 0.2 g and 1.2 g, the BET surface is 111.11 m*
¢ ', and 96.04 m> g, respectively. This high surface area of N-
CNCS combined with its unique macropores features could be
beneficial to the electrolyte penetration and fast ion diffusion.*
The N-CNCS material was synthesized by adding different
amounts of silica micro-spheres and resulted in three samples
of nitrogen-doped carbon nanocages. It should be noted that
the fine-tuning of the amount of utilized hard template in the
hydrothermal treatment plays a key role in the successful
synthesis of homodisperse N-CNCS. Fig. 3a shows that the
carbon nanocages have a rough and corrugated surface with
abundant lamellar structures with 0.2 g silica micro-spheres
(aggregated N-CNCS, denoted as A-N-CNCS). With increasing
the amount of silica micro-spheres from 0.2 g to 0.7 g (N-CNCS)
and then 1.2 g, compared with the corrugated carbon nanoc-
ages, a relatively smooth surface can be observed for the hollow
carbon spheres (smooth N-CNCS, denoted as S-N-CNCS for 1.2 g
silica micro-spheres), and the highly crumpled nitrogen-doped
carbon shells turn into the very thin carbon layers (Fig. 3b and
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Fig.3 Typical FESEM images of N-CNCS with adding (a) 0.2 g, (b) 0.7 g and (c) 1.2 g silica micro-spheres. (d) Raman spectra and (e, f) Particle size

distribution of A-N-CNCS and S-N-CNCS, respectively.
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c). Fig. 3d compares Raman spectra of the two samples, which
show a similar D-band and G-band peaks. Noticeably, the intensity
ratio of A-N-CNCS is weaker (Ip/Ig = 0.817), compared to that of N-
CNCS (Ip/Ig = 0.869) and S-N-CNCS (Ip/I = 0.883), indicating that
the increased amount of silica micro-spheres introduces more
defects and disorder structures into the carbon lattice under
a consistent calcination condition.” The equivalent average size of
A-N-CNCS is statistically measured to be ~94.22 nm, while that of
S-N-CNCS is ~83.92 nm (Fig. 3e and f).

3.2 Electrocatalytic performance

The discharge curves of Li/SO,Cl, catalyzed by the acetylene
carbon black mixed with N-CNCS in different proportions are
shown in Fig. 4a. According to the discharge graph of the pristine
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electrode using the acetylene carbon black, the initial voltage and
discharge time is 3.248 V, and 700 s, respectively. Noticeably, the
initial voltage and discharge time were improved when N-CNCS as
the electrochemical catalyst was added to the acetylene carbon
black electrode. Accordingly, the optimal performance, ie., the
initial voltage of 3.58 V with a discharge time of 840 s, was achieved
in a mixed amount of 2.0% with a wider discharge platform and
slower voltage drop. The relative capacity and rate capability can be
calculated using eqn (1) and (2) (ref. 31) as follow.

c= Jldt: J—dr Z—dz le Z Udt
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(a) The discharge curves, (b) capacity and (c) rate capability of Li/SO,Cl, batteries using different proportions of N-CNCS. (d) Electro-

chemical impedance spectra of acetylene black and N-CNCS (mixed ratio: 2.0%), the inset is the equivalent circuits. (e) Schematic diagram of the
mixed electrode (the grey part represents acetylene carbon black). (f) Schematic diagram of N-CNCS in the discharge process.
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where C stands for capacity of the battery, C, represents the
capacity in absence of N-CNCS, I and U are the discharge current
and the voltage, respectively, Re is the constant load in the test,
about 40 Q, and A¢ stands for the discharging time.

As a result of the electro-catalyzing effect of 2.0% mixed N-
CNCS, the relative capacity and rate capability of the Li/SO,Cl,
battery were increased to a certain extent (Fig. 4b and c),
compared to those of the pristine electrode. Hence, the proper
mass ratio between N-CNCS and acetylene carbon black is
crucial for the electrochemical properties of the Li/SO,Cl,
battery. The excessive amount of N-CNCS may aggravate,
leading to a rapid decline of the voltage and capacity.'®** The
impedance data of the cells with and without N-CNCS is also
given (Fig. 4d), it can be concluded that the diameters of the
semicircle (Ret) for the N-CNCS electrodes (1010 Q) is signifi-
cantly smaller than that of the pure acetylene carbon black
electrode (1254 Q), revealing that the additional N-CNCS is
beneficial for reducing the charge resistance by improving the
electronic conductivity at the electrode-electrolyte interface.
Therefore, the electrode with above-mentioned optimal
composition exhibits a superior capacity and discharge perfor-
mance compared to that with the pristine composition (Fig. 4e),
owing to better Li-ion intercalation/deintercalation and ion
adsorption/desorption properties come from N-CNCS nano-
composite powder as the active material in the porous and
conductive electrode.*>** N-CNCS with internal pores and
nitrogen-doped graphene shell are highly conductive and
stable. They can not only prevent the structural degradation, but
also provide ultrafast pathways for ion and electron transport to
overcome the slow kinetics of the acetylene black material.>*~*
At the same time, the resultant sediments like LiCl and S can form
a film and coat the carbon electrode surface, causing a voltage and
capacity decay. As schematically illustrated in Fig. 4f, when Li" is
intercalated into the lattice of the N-CNCS and while SO,Cl, is
adsorbed onto its surface, the caused volume expansion will fill up
all space in N-CNCS, and the inner pores can effectively stay
interconnected, which can facilitate a rapid ion diffusion through
the active materials, and may explain the outstanding electro-
chemical performance of the N-CNCS.

4. Conclusions

In summary, an electrode material for Li/SO,Cl, batteries made
of nitrogen-doped carbon nanocages with high surface rough-
ness was synthesized via a simple heating strategy. As revealed
by the detailed characterization techniques, such porous gra-
phene nanocages comprise more activated carbon pores,
providing shorter pathways and stable structure for fast and
safe ion and electron transport. Moreover, a full-cell was
assembled to investigate the performance of the N-CNCS,
demonstrating a high initial voltage of 3.58 V and a long
discharge time of 840 s. The capacity of 63.20 mA h was ach-
ieved in the sample with a mixed amount of 2.0% N-CNCS,
which is higher than that of the pristine electrode with only
acetylene carbon black by a rate of 29.36%. The superior elec-
trochemical performance is primarily attributed to the superior
interface properties due to the conductive and porous graphene
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shell layer along with the N-doping effect. Indeed, the combi-
nation of flexible graphene and wrinkled structure assures
a reversible change of the electrode thickness, resulting in large
adsorption ability of Li" and SO,Cl,, and excellent structural
stability. Moreover, the obtained results suggest that this
hydrothermal synthesis strategy may be applicable for further
researches about Li/SO,Cl, batteries, and promote the appli-
cation of other carbon material in porous hosts for energy
storage and conversion purposes.
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