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A simple synthesis method to produce hard carbon decorated with silicon nitride or silicon oxycarbide
nanoparticles was developed. Silicon tetrachloride is reacted with the hydroxide groups on cellulose
(cotton wool) before carbonisation to form hard carbon. Use of a nitrogen or argon carbonisation
atmosphere enables production of silicon nitride or oxycarbide coatings by carbothermal nitridation or
reduction. This is the first time that a silicon nitride has been used in sodium-ion batteries, and it has a
very high capacity. The incorporation of 7.9 wt% of silicon nitride produces an increase in the reversible
(desodiation) capacity from 284 mA h g~ for pure hard carbon to 351 mA h g~ for the silicon nitride —

hard carbon composite, at 50 mA g~*

in sodium half-cells. The associated silicon nitride capacity is
estimated as 848 mA h g~! when normalised by the mass of silicon nitride, ascribed to the good
dispersion of silicon nitride nanoparticles on the hard carbon, and facile electrochemical reactions in the
amorphous and non-stoichiometric silicon nitride. X-ray photoelectron spectroscopy (XPS) of the

electrodes before and after cycling is used to elucidate the mechanism of sodium storage, involving
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Introduction

The development of sodium ion batteries (SIBs) has attracted
much attention due to the advantage of the low cost of raw
materials, critical for applications such as large-scale grid
storage systems, and concerns about the long-term sustain-
ability of lithium supply."” Numerous anode materials such
as metal oxides, sulfides, phosphides and metal alloys have
been investigated.®® However, severe volume changes asso-
ciated with sodiation reactions in conversion materials severely
affect the achievable capacity and cycle life. On the other hand,
carbon based materials, and especially hard carbons, deliver
good reversible capacity by intercalation or adsorption of
sodium ions at different structural features.'®"* Hard carbons
obtained by pyrolysis of biomass are promising sustainable
options as anode materials.*>*¢ Cellulose-derived hard carbon
can deliver a good capacity of 339 mA h ¢! at 50 mA g * and
respectable capacity retention of 88% over 300 cycles."” However,
higher capacities are needed to increase the specific energy
of SIBs.

School of Chemistry, University of Southampton, Southampton, SO17 1B], UK.
E-mail: A.L.Hector@soton.ac.uk

i Electronic supplementary information (ESI) available: Includes further electro-
chemical, diffraction, TGA, Raman, BET, XPS and EIS data. See DOI: 10.1039/
d1ma00613d

7956 | Mater. Adv, 2021, 2, 7956-7966

formation of amorphous silicon, which then reacts with the electrolyte forming SiO, surface species.

Stoichiometric silicon nitride (SizN,) has low electrical con-
ductivity and was initially regarded as inactive in lithium ion
batteries (LIBs),’® albeit with some capacity (40 mA h g )
reported when reducing the particle size of SizN,.'® On the
other hand, non-stoichiometric silicon nitrides (SiNj g5,
SiNg.go>' and SiN, g;>*) show high capacities associated with
conversion reactions in LIBs. Suzuki et al. reported SiNj o, thin
films with a stable capacity of 1300 mA h g™ " after 100 cycles.”®
Yang et al. showed 1800 mA h g~ after 300 cycles in SiNj g3 thin
films.>* Ulvestad et al. described amorphous SiNygo>® and
SiNy 70> thin films with reversible capacities of 1200 mA h g~*
after 2400 cycles and 1500 mA h g™ after 2000 cycles, respec-
tively. In these works, silicon nitrides are assumed to be
converted to conductive silicon with formation of inactive
(although potentially ion conducting) nitride components such
as LizN and Li,SiN,. Ulvestad proposed that the conversion
product was the single phase Li,SiN,, which was consistent
with the experimental reversible capacity of amorphous SiN,
with different compositions.*” Guzman explained the electro-
chemical reaction of SiN, in SiN,/graphene composites as
conversion to Si and Li;N, followed by alloying reactions
between lithium and silicon.>® Composite electrodes made with
silicon-core and SizN,-shell nanoparticles have also demon-
strated very promising performance in LIBs.>>*” However, to
our best knowledge, silicon nitride has not been reported as an
anode material for SIBs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Silicon oxycarbides (SiOCs) have been reported as anode
materials in SIBs in recent years. SiOCs may contain free
carbon (Cg.e) as well as a SiOC phase (SiO,C,). In 2015,
Weinberger et al.?® first reported silicon oxycarbide spheres
for sodium ion batteries that delivered a reversible capacity of
200 mA h g~ ' at a current of 25 mA g~ ', with initial Coulombic
efficiency of 47%. Chandra et al?>® produced silicon oxy-
carbides by pyrolysis of silicone oil at different temperatures
in H,/Ar. The SiOC sample obtained at 900 °C contained a
large amount of amorphous free carbon species, displaying
a reversible capacity of 160 mA h g™ at 25 mA g~ ' after
200 cycles. To obtain an understanding of the sodium storage
mechanism in SiOCs, Dou et al.*° and Chandra et al.** applied
some ex situ characterization methods on electrodes cycled to
different potentials. The XPS and *°Si MAS NMR measure-
ments suggested the presence of reversible redox activity of Si
in the SiOC, associated with the reversible insertion/deinser-
tion of sodium into amorphous SiOCs during cycling.*® The
redox activity of the SiOC phase is also supported by the fact
that etching of the SiOC phase with HF only produced slight
improvements in performance.*” Chandra et al. ascribed the
sodium storage in SiOCs to three mechanisms at different
voltages.*" First, in the slope region of the voltage-charge plot
down to 0.4 V, sodium insertion mainly happens in C-rich
Si0,C, regions and micropores. Second, in the slope region
between 0.4-0.1 V, insertion of sodium is found in some
O-rich Si0,C, phases. Finally, in the low voltage plateau below
0.1 V, sodium continues to be inserted in the O-rich SiO,C,
phases and also reacts with amorphous Si to form Na-rich Si
compounds.

Here we report on a new synthesis of composite electrodes
made of hard carbon decorated with amorphous silicon nitride
or silicon oxycarbide nanoparticles, and their application as
anodes for sodium-ion batteries. The silicon nitride or silicon
oxycarbide composite materials have been investigated by XRD,
Raman and XPS measurements. While the silicon oxycarbide
coated hard carbon shows similar capacity to that of pure hard
carbon, the silicon nitride-hard carbon composites show a
reversible (desodiation) capacity of up to 351 mA h g~ ' at
50 mA g ', larger than the 284 mA h g obtained from the
pure hard carbon. These improvements in performance are
achieved with a very small content of silicon nitride in the
sample, of only 7.9 wt%. When the capacity improvement is
normalised to the mass of silicon nitride, rather than the total
mass of the composite, it is estimated that the reversible
(desodiation) reactions on the silicon nitride correspond to a
specific capacity of 848 mA h g™, much higher than previously
reported for silicon-based electrodes in sodium-ion batteries.
Recently, researchers reported amorphous silicon with capacity
of 176 mA h g~ " at 100 mA g~ " over 100 cycles based on Na-Si
binary compounds (theoretical capacity is 954 mA h g ").%*
In addition, an electrode formed from amorphous silicon
embedded in carbon fibres shows a reversible capacity of
438 mA h g' at 50 mA g '.** These efforts suggest that
amorphous silicon-based electrodes are a promising route to
enhance the energy delivered by sodium ion batteries.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Silicon nitride/oxycarbide - hard carbon composites were
produced by first reacting cellulose with SiCl,, and then carbo-
nising the dry mixture at high temperature. Hexane (200 mL,
Fisher Scientific, distilled from sodium/benzophenone ketyl
ether) was added to a flask containing cotton wool (5 g, Fisher
Scientific, dried overnight at 80 °C). SiCl, (volumes between 0
and 0.8 mL, Sigma-Aldrich) was added and the mixture was
heated to reflux (75 °C) overnight. The solvent and any remaining
precursor was removed in vacuo. The dried material was then
carbonised under nitrogen or argon at 1200 °C (ramp rate
4 °C min~" then maintained for 2 h).

Working electrodes were obtained from inks produced using
0.1 g of composite or pure hard carbon with a polyvinylidene
difluoride (PVDF, Solvay) binder at a weight ratio of 95: 5. These
materials were mixed with N-methyl-2-pyrrolidone (0.3 mL,
anhydrous, 99.5%, Sigma-Aldrich) to make a viscous ink, which
was mixed with an homogenizer at speeds of 10,000, 15000
then 20 000 rpm for 5, 3 and 2 min, then cast onto copper foil
(0.0175 mm thick, Goodfellow Ltd) using a 40 pm K-bar. The
electrode sheets were then dried at 80 °C. Disc electrodes of
11 mm diameter were cut using a precision punch (Hohsen
Corp.), and they were then further dried under vacuum over-
night. The typical mass loading of as-prepared electrodes was
around 1 mg cm ™2,

The electrochemical performance was tested in 1/2” Swagelok
cells assembled in an N,-filled glovebox (MBraun, H,0 <
0.1 ppm, O, < 0.1 ppm). The Swagelok cells contained a spring
to ensure reproducible stack pressure. Discs of sodium with
diameter of 11 mm (Sigma-Aldrich) were used as counter and
pseudo-reference electrodes. Two discs of dried Whatman GF/D
glass fibre (12 mm diameter, GE Healthcare Life Science) were
used as separators, soaked with 180 uL of 1 mol dm™> NaClO,
(Alfa Aesar, anhydrous, 99%) in 1:1 ethylene carbonate (EC,
Sigma-Aldrich, anhydrous, 99%) and diethyl carbonate (DEC,
Sigma-Aldrich, anhydrous, >99%) electrolyte. The cells were
transferred to a climatic chamber at 25 °C and left for 2 h at the
open circuit potential, before galvanostatic cycling with
potential limitation (5 mV to 2 V (vs. Na'/Na), GCPL) using a
Biologic BCS-805 battery cycler.

Scanning electron microscopy (SEM) used a Philips XL30
with 10 kV accelerating voltage. Energy-dispersive X-ray (EDX)
analysis used a Thermofisher Ultradry detector. Transmission
electron microscopy (TEM) was carried out with a FEI Tecnai
T12 at 80 kV. Powder X-ray diffraction (XRD) patterns were
collected in 0.6 mm silica capillaries with parallel Cu K, X-rays
using a Rigaku Smartlab. XRD data was analysed with the
Rigaku PDXL2 package. The interlayer distance (dyo,) of hard
carbon was calculated from the Bragg equation. Raman spectra
were collected with a Renishaw inVia Ramanscope operating at
785 nm. Raman analysis used the WiRE software. Curve-fitting
was carried out with a linear baseline and three peaks (G, D
and D3) using Lorentzian and Gaussian functions. Thermo-
gravimetric analysis (TGA) was measured with a Netzsch TG209
F1 Libra using a ramp rate of 10 °C min~" under a mixture of Ar
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(50 mL min~") and O, (20 mL min~"). The surface area was
calculated by the Brunauer-Emmett-Teller (BET) method from
nitrogen adsorption/desorption isotherms obtained on a Micro-
meritics Tristar II surface area analyser. X-ray photoelectron
spectroscopy (XPS) was carried out on a Thermo Nexsa with Al
K, X-rays. The XPS measurements were performed on the
silicon nitride/oxycarbide - hard carbon composite materials
in powder form and also on the composite electrodes after full
discharge in sodium half cells. For the latter, the electrodes
were assembled into sodium half cells, as described above, and
transferred to a climatic chamber set at 25 °C, where they were
left at the open circuit potential for 2 hours and then reduced
(sodiated) by galvanostatic discharge at 50 mA g " to 5 mV vs.
Na'/Na. For comparison, additional XPS measurements were
performed on electrodes assembled into sodium-half cells that
were transferred to the climatic chamber and then left at the
open circuit potential for the same overall period of time (12 h).
In both cases, for the XPS characterization of the electrodes, the
cells were disassembled inside the glovebox and transferred to
the XPS measurement chamber using a vacuum suitcase, thus
preventing air exposure. For the XPS depth profiling measure-
ments, Ar’ sputtering was carried out with an estimated etching
rate of 2 nm min~". The XPS data was analysed using the Casa
XPS software package with the XPS binding energy scale
calibrated to graphitic carbon at 284.6 eV. Core peaks were
fitted with a nonlinear Shirley-type background.*® Peak posi-
tions and areas were optimized by a weighted least-squares
fitting method using 70% Gaussian and 30% Lorentzian line
shapes, except for the C-C and Na,C bands in hard carbon,
which were fitted using an asymmetrical line shape.

Results and discussion

The synthesis of hard carbon decorated with a thin and homo-
geneous coating of titanium nitride or carbide nanoparticles
can be achieved by reacting titanium chloride with the hydroxide
groups from cellulose before the cellulose was carbonised at
1400 °C in nitrogen or argon.*® Herein a similar process was

HC-SiN,-0.4

HC-SiOC-0.4
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performed with SiCl,, producing hard carbon decorated with
silicon nitride or silicon oxycarbide. However, carbonisation
at 1400 °C induced crystallization of silicon nitride under
nitrogen or silicon carbide under argon (Fig. S1 and S2, ESIY),
resulting in low capacity. The carbonisation of precursors at
1200 °C resulted in composites with amorphous silicon nitride
or amorphous silicon oxycarbide, respectively. The temperature
reduction to produce the amorphous particles brings this
synthesis into the temperature range that can be achieved with
wire-wound furnaces, improving manufacturability. The pro-
ducts of pyrolysis with nitrogen were labelled as HC-SiN,-v
(0 < x < 1.33) and those from pyrolysis with argon were
labelled as HC-SiOC-v composites, respectively, where “v”
represents the volume (in mL) of SiCl, used in the synthesis
process. Possible reactions representing the formation of SiN,
and SiOC are given in the ESIT (eqn (S1)).

Fig. 1 shows the SEM and TEM images of the HC-SiN,-0.4
and HC-SiOC-0.4 composites. The TEM images show nano-
particles, with no obvious sign of crystallinity, dispersed on
the carbon surface. The SEM images show a fibre structure of
the hard carbon, reflecting the original morphology of the
cellulose, with EDX mapping indicating that the silicon and
nitrogen were uniformly distributed onto the hard carbon.
Some larger agglomerates were also visible on the surface of
the fibres, which appear smooth if hard carbon without the
silicon component is produced in this way.

Phase compositions were investigated by XRD. No peaks
were observed in the hard carbon and silicon nitride compo-
sites other than the usual two broad reflections from hard
carbon (Fig. 2a), indicating that the silicon-nitride component
is amorphous. Table 1 shows the graphitic interlayer distance
(doo2) of hard carbon in the composites. An expansion of the
interlayer spacing in the hard carbon could favour sodium ion
insertion,*” however here we find that the samples containing
silicon nitride/oxycarbide exhibit the same d, interlayer dis-
tance as hard carbon produced under the same conditions.
Fig. 2b shows the XRD patterns of hard carbon coated with
silicon oxycarbide. In this case, in addition to the two broad
peaks from hard carbon, a small peak corresponding to 3C

5um

Fig.1 TEM images (left), SEM images (centre) and EDX maps (right) of (a—c) HC-SiN,-0.4 and (d—f) HC-SiOC-0.4 composites. Purple and blue dots in
the EDX maps represent the locations where silicon and nitrogen were detected, respectively.
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Fig. 2 XRD patterns of composites with (a) silicon nitride or (b) silicon oxycarbide produced by reacting cellulose with different volumes of silicon

chloride (as labelled) and carbonisation under nitrogen or argon at 1200 °C.

Table 1 Structural parameters for hard carbon coated with silicon nitride
or silicon (oxy)carbide

SiN, or Si(O)C content BET surface

Samples from TGA (Wt%) area (em® g ") doox (A)  Ipllg
HC-N, — 75 4.040 (6) 2.2
HC-SiN,-0.1 5.0 £ 0.9 75 4.029 (9) 2.2
HC-SiN,-0.2 5.5 £+ 1.0 64 4.024 (7) 2.5
HC-SiN,-0.4 7.6 + 1.3 84 4.004 (9) 2.5
HC-SiN,-0.8 11.4 % 2.0 99 4.042 (7) 2.2
HC-Ar — 86 4.020 (7) 2.6
HC-Si0C-0.1 4.2 + 0.8 41 4.002 (8) 2.3
HC-SiOC-0.2 4.3 £ 0.9 43 4.004 (8) 2.3
HC-SiOC-0.4 4.8 £ 1.0 26 4.002 (7) 2.3
HC-Si0C-0.8 5.5 + 1.1 62 4.028 (8) 2.2

cubic silicon carbide®® appears around 35.7°. Only a small
fraction of the silicon carbide component is crystallised, as
can be seen by comparing the heights of silicon carbide
reflections in samples prepared at 1200 and 1400 °C (compare
Fig. 2 with Fig. S2, ESIT). The amorphous-crystalline transition
temperature of silicon nitride varies from 1200 to 1500 °C,
depending on synthesis method and the properties of the
amorphous material,*>*® while that of silicon carbide is typi-
cally around 900 °C.*' Hence it is unsurprising that the amor-
phous silicon oxycarbide partially crystallised to cubic silicon
carbide during pyrolysis at 1200 °C.

The amount of silicon-containing phase (SiN, or SiOC) in
the composites was evaluated by thermogravimetric analysis,
TGA. Details of the calculations are given in the ESIf and
examples of the raw experimental data are shown in Fig. S3
and Table S1 (ESIT). The mass loss between 400 and 650 °C can
be attributed to the burning of hard carbon. Silicon nitride
and silicon carbide have high oxidation resistance and their
oxidation to silicon oxide requires higher temperatures.*>*’
However, non-stoichiometric compositions of the nitride or
oxycarbide phases could partially oxidise at lower temperatures,
thus producing some uncertainty in the evaluation of the
content of SiN, or SiOC in the composites. Hence the range
of possible values for the loadings were calculated by assuming
that Si;N, or SiN and SiC or SiOC are present in the composite
and that they are either fully oxidised to silicon dioxide or left

© 2021 The Author(s). Published by the Royal Society of Chemistry

unoxidised. In this way the mass content range of SiN, in
HC-SiN,-0.4 is calculated as 7.6 + 1.3%, and the Si(O)C in
HC-Si0C-0.4 is 4.8 £+ 1.0%.

The Raman spectra of the hard carbon composites with
highest loading of silicon nitride or silicon oxycarbide (Fig. S4,
ESIt) contained small peaks related to silicon nitride (~440,
800 cm™1)**** or silicon carbide (~860 cm™").*® The presence
of humps below 600 cm ™" corresponds to the Si-O-Si*” bonds
or Si-C.*® Due to the better Raman efficiency of C-C bonds than
Si-C, Si-N and Si-O, with amorphous silicon nitride and mainly
amorphous silicon oxycarbides in the hard carbon composites,
the Si-N and Si-C Raman bands were almost unobservable.*®
Two broad peaks (Fig. S5, ESIT) with Raman shift of 1310 and
1610 cm™ " correspond to the D and G bands in hard carbon,
respectively. The G band involves the in-plane bond-stretching
motion of sp® carbon atoms while the D band is a breathing
mode of the six-carbon rings that becomes active in the
presence of disorder.”® The typical broad D- and G-peaks found
here, reveal a highly disordered structure of hard carbon,>
similar to other hard carbons used in sodium ion batteries.>"*>
Fitting of the Raman spectra (Fig. S6, ESIt) was done using
Lorentzian functions for the D and G bands, and a Gaussian
function for the G3, as done previously.>?

The nitrogen adsorption/desorption isotherms of hard
carbon composites with silicon nitride and oxycarbide (Fig. S7,
ESIT) show type IV behaviour and H4 type hysteresis. In these
hysteresis loops, complete closure points should appear at
nitrogen’s boiling point around P/P, = 0.42. However, for some
materials containing micropores, low pressure hysteresis can
be extended to the lowest attainable pressures as seen in these
isotherms.>*™>® The pore size distributions calculated from the
isotherms (Fig. S8, ESIt) show the presence of both micro and
mesopores. BET surface areas are shown in Table 1. As the
volume of silicon tetrachloride increases, the BET surface area
does not change significantly for the silicon nitride composites,
while the BET surface area of silicon oxycarbide composites
decreases dramatically to half the value exhibited by pure hard
carbon. The reason may be the different amorphous-crystalline
transition temperatures of silicon nitride and silicon carbide as
discussed above. Even though only a small fraction of the
silicon carbide had crystallised at this temperature to the extent

Mater. Adv,, 2021, 2, 7956-7966 | 7959
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Fig. 3
and (c) C 1s spectrum of HC-SiOC-0.4.

of showing diffraction features, some reorganisation and
decrease in the surface area may still have occurred through
annealing processes.

Fig. 3 shows exemplar Si 2p XPS spectra and curve-fitting for
the SiN, and SiOC composites. The Pauling electronegativity of
elements involved in our measurements increase in the order Si
(1.8) < C < (2.5) < N (3.0) < O (3.5).”” Thus the Si 2p binding
energy peak shifts to higher position with increasing electro-
negativity of the neighbouring atoms. For the SiN, composites,
the fitted Si 2p spectrum consists of two intense peaks around
103.6 and 102.1 eV corresponding to Si-O and Si-N,
respectively,*>*®%° and one weak peak around 102.8 eV, which
can be attributed to silicon oxynitride.**® The presence of SiN,
can be further confirmed by the N 1s spectrum in Fig. 3b. The
binding energy at 397.7 and 399.6 eV corresponds to the SiN,
and silicon oxynitride, respectively.>>®" For comparison, the
spectra for SiOC composites show an Si-O peak around
103.7 eV and two more peaks around 100.9 and 102.1 eV, which
agree well with Si-C and Si-O-C, respectively.®”"** No obvious
Si-C peak around 282.8 eV** can be found in the C 1s (Fig. 3c)
even though both components of Si and C are significant, which
is similar to other reports.®>®® In both systems, oxygen appears in
the spectra although no oxygen was deliberately introduced.
At least some of that oxygen concentration is surface contamina-
tion after exposure to air, as reported previously.*®®®

The composites were suspended into inks and made into elec-
trodes to investigate their electrochemical properties. The electrolyte

7960 | Mater. Adv, 2021, 2, 7956-7966
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(a) Si 2p XPS spectrum and curve fitting of HC-SiN,-0.4 (top) and HC-SiOC-0.4 (bottom) composite materials; (b) N 1s spectrum of HC-SiN,-0.4;

was 1 mol dm™ NaClO, in EC/DEC. Sodium half-cells were
assembled in the glove box and then multiple charge-discharge
cycles were performed under galvanostatic conditions. Fig. 4
shows the first cycle charge/discharge profiles of hard carbon
and silicon nitride/oxycarbide - hard carbon composite electro-
des at 50 mA g . The hard carbon produced under nitrogen
(HC-N,) delivered an oxidation capacity of 284 mA h g
As expected this capacity is lower than we have reported®® for
hard carbon produced by pyrolysis of cotton wool at 1400 °C
(302 mA h g~ "), mainly due to a lower capacity in the plateau
region (<0.1 V). The HC-SiN, electrodes showed oxidation
capacities of 303, 312, 351 and 326 mA h g, with increasing
silicon nitride content. The largest increase of 67 mA h g ' in
the oxidation (reversible) capacity was achieved in HC-SiN,-0.4,
with incorporation of 7.9 wt% silicon nitride on HC. This
increase in specific capacity (normalised by the mass of the
whole active material, silicon nitride and hard carbon) corre-
sponds to a very high specific capacity of 848 mA h ¢! when
normalised by the mass of silicon nitride in the HC-SiN,-0.4
composite. Although the specific capacity of silicon nitride is
lower than the theoretical capacity (2292 mA h g™ ") that can be
expected from a 4-electron conversion reaction, the capacity
obtained here (848 mA h g ') is still higher than can be
achieved in the carbon based materials or has been reported
for any other silicon-based system with sodium.?***

Fig. 4b shows the first charge/discharge profile of hard
carbon produced under argon (HC-Ar) and composite HC-SiOC

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 First cycle voltage—capacity plots for hard carbons (a and b) and hard carbon-silicon nitride (a) or hard carbon-silicon oxycarbide (b) composites
in sodium half-cells with 1 mol dm~> NaClO, in EC/DEC electrolyte using a current of 50 mA g%,

electrodes at 50 mA g '. The HC-Ar electrode exhibited a
reversible oxidation capacity of 283 mA h g~ ', while the
composites delivered only small increases in oxidation capa-
city, with values of up to 295 mA h g~ . The increase of capacity
is mainly in the plateau region below 0.1 V as seen previously in
SiOC materials,®" which is good for the energy density in the
full cell, but the improvements over hard carbon made at this
lower temperature are not as large as those that can be made by
increasing carbonisation temperature.

Fig. 5a shows the cycling performance of hard carbon and
composites with silicon nitride. The reversible capacity at
50 mA g~ ' after 50 cycles was up to 299 mA h g in HC-SiN,,
electrodes, which can be compared to the 243 mA h g™*
obtained for the hard carbon produced under nitrogen,
HC-N,. Therefore, the improvement in capacity obtained by
the incorporation of silicon nitride is maintained during
cycling. The capacity retention over 50 cycles was 85.6% in
HC-N, and 85.2% in HC-SiN,-0.4, suggesting that the capacity
of the silicon nitride component in the electrode remained
high when cycling the composite. The initial Coulombic effi-
ciency (ICE) is 66% for HC-N, and 69% for HC-SiN,-0.4. Both
Coulombic efficiencies reach 96% in the second cycle, 98% in
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the ninth cycle and retain similar values over the remaining
40 cycles.

Low ICE values are common in testing sodium negative
electrode materials and the values obtained here can be
ascribed to relatively high surface area (75 m* g '), in compar-
ison with some previous work (e.g. pyrolysis of cotton at
1300 °C,”° 38 m* g~ "). Improvements to ICE will need to be
investigated in the future, but it has been shown that the use of
PVDF binder has a detrimental effect on ICE values.”" The
combination of soft and hard carbons has been demonstrated
as a successful approach to improve ICE values.”” The use of
ether-based electrolytes is also a successful approach to
increase the ICE,”® which can be ascribed to the formation of
a thin SEL77* Pre-lithiation of hard carbon is also highly
effective, producing values of ICE > 92%, and it has been
shown to drastically improve the performance of full cells with
a NazV,(PO,); cathode, achieving nearly the full theoretical
capacity.”

The characterisation of the capacity retention with cycling in
sodium half-cells can be misleading, and an underestimation of
the true cycling stability of the material under study. Bommier
et al. showed that reaction of the sodium counter/reference
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Fig. 5 Cycling performance of hard carbon composites with (a) silicon nitride and (b) silicon oxycarbide in sodium half-cells with 1 mol dm™ NaClO, in

EC/DEC electrolyte using a current of 50 mA g%, with loadings as labelled.

capacity.
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electrode with the electrolyte forms an SEI whose resistance
increases with time.”* Consequently, cycling in two-electrode
sodium half cells, as in the present study, produces a decrease
in capacity with cycling because the voltage window progres-
sively becomes narrower as the SEI resistance of the sodium
counter/reference electrode increases with time. Similar effects
were observed in our previous study of hard carbon electrodes
modified with vanadium nitride coating.®®

Regarding the performance of the silicon oxycarbide com-
posite electrodes, Fig. 5b shows that after 50 cycles the rever-
sible capacity is around 260 mA h g, and the capacity
retention is 88.1% (Fig. 5b), while the hard carbon obtained in
an argon atmosphere, HC-Ar, showed a capacity of 245 mA h g™*
and capacity retention of 86.5%. Due to the decrease of BET
surface area after loading silicon oxycarbides on hard carbon, the
composites show a higher ICE (around 72%) than the pure hard
carbon (63%).

XPS measurements on electrodes that had been reduced
(sodiated) in sodium half-cells were carried out without air
exposure, by disassembling the cells inside the argon glove box
and then transferring the electrodes to the XPS measurement
chamber using a vacuum suitcase. For comparison, additional
measurements were done with electrodes that were housed in
the sodium-half cells but held at the open circuit potential for
the same amount of time as those electrodes that were reduced
(sodiated). The latter measurements are referred to as ‘before
reduction’, while those done with the electrodes that had
been reduced in sodium half-cells are called ‘after reduction’.

View Article Online

Paper

Ar-ion sputtering was carried out with an etching rate of
2 nm min ™. The Si 2p spectra of the electrodes after 5 minutes
of etching are shown in Fig. 6. The etched HC-SiN,-0.4 electrode
shows a Si-N peak at 102.2 eV, consistent with silicon nitride,
and very little oxide. The reduction in oxide concentration
compared with Fig. 3 supports the assignment of the silicon-
containing component of this composite as silicon nitride,
although this clearly undergoes surface oxidation when exposed
to air and hence in the cells studied that surface oxide will also
have been present. The etched HC-SiOC-0.4 electrode shows Si-O,
Si-O-C and Si-C peaks at 103.7, 102.0 and 100.9 eV, respectively,
but the SiC peak is stronger than in Fig. 3. Hence the oxycarbide
has also undergone some surface oxidation, but likely contains
oxide throughout.

Surprisingly, after reduction (sodiation) in sodium half-cells,
the intensity of the Si-N and Si-C environments became
smaller and significant concentrations of SiO, species (104.5-
106.7 €V)’® were observed, for both the silicon nitride and the
oxycarbide samples that had undergone electrochemical
reduction. The spectra in Fig. 6 were for samples etched under
the same conditions as the uncycled samples, and the samples
were handled in the glove box during the same session of
measurements. Samples that had not undergone etching had
even larger oxide concentrations (Fig. S10, ESIf). The etched
HC-SiN,-0.4 Si 2p data requires two silicon-nitrogen environ-
ments to achieve a good fit, a defective Si-N, (x < 1) at 101.2 eV
and a more typical Si-N at 102.2 eV, and this is consistent
with two environments in the N 1s spectrum (Fig. S11, ESI}).”?

Before
reduction

After
reduction

Before
reduction

After
reduction

106 104 102 100 98

Binding energy (eV)

108

Fig. 6 Si 2p XPS spectra for HC-SiN,-0.4 and HC-SiOC-0.4 composite electrodes before and after reduction in sodium half-cells with 1 mol dm™

T T T T T
108 106 104 102 100 98
Binding energy (eV)

3

NaClO, in EC/DEC electrolyte using a current of 50 mA g to the lower potential limit of 5 mV vs. Na*/Na. Each sample was Ar* etched for 5 min before

the measurements.
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The Si-O-N, Si-O, and O-Si-O peaks are at 102.8, 103.6 and
105.6 eV.”” The binding energies of the Si-C, Si-O-C and Si-O
peaks in the HC-SiOC-0.4 Si 2p signals were 103.7, 102.0 and
100.9 eV. The presence of similar O-Si-O peaks have been
observed in XPS studies of silicon electrodes in lithium cells,
where they were attributed to reactions of amorphous silicon
with the carbonate electrolytes during formation of a solid-
electrolyte interphase (SEI) layer.”®”® 1t is likely that some
fraction of our amorphous SiN, and SiOC particles were reduced
to amorphous silicon during electrochemical reduction, but that
the particle surfaces then reacted with the electrolyte to produce
SiO, species. The continuous high capacity during cycling sug-
gests that this is a surface effect that is deep enough for the
etching that was carried out to not remove it completely, but not a
major fraction of the active material.

The first cycle differential capacity plots of composites with
silicon nitride and silicon oxycarbide (Fig. S12 and S13, ESIt)
have sharp peaks around 0.1 V vs. Na'/Na related to the sodium
insertion/disinsertion from hard carbon.*"”® In addition, broad
peaks around 0.5 and 1.1 V vs. Na'/Na are only observed in the
first reduction and likely correspond to electrochemical
reduction of electrolyte species during SEI formation.*® The
comparison of the first cycle differential capacity plots as a
function of the cycle number (Fig. S14 and S15, ESIT) reveals
that the peak to peak separation of the peaks around 0.1 V vs.
Na‘/Na, associated with sodium insertion/deinsertion from
hard carbon, increases after 50 cycles. This is in line with the
observed increase in the impedance with cycling: Fig. S16 and
S17 (ESIT) show that the effective charge-transfer resistance

View Article Online

Materials Advances

(as identified as the width of the impedance depressed semi-
circle) increases after 50 cycles. However, it should be noted
that the quantitative analysis of impedance or differential
capacity plots from sodium half cells should be done with care,
since the results can be markedly affected by changes in the
properties of the passivation layer of the sodium counter-
reference electrode, thus possibly masking the changes in the
properties of the working hard-carbon composite electrode.””*%!

The C 1s spectra of HC-SiN,-0.4 samples before and after
reduction in sodium half cells are shown in Fig. 7. The
spectrum before reduction showed peaks at 290.8, 288.8,
286.2 and 284.6 eV corresponding to CH,-CF,, C—=0, C-O,
and C-C environments, respectively.’*®® The CH,-CF, is
ascribed to the PVDF binder used in the electrode. The
presence of C—O and C-O signals in the spectrum of the
electrode before reduction can be ascribed to the presence of
oxidic species due to surface contamination and/or defect
formation (carbonyl/carboxylic group) during ink preparation.
After reduction, a Na,C component (283.6 eV) appeared due to
the sodiation of hard-carbon.®>®* A growth in the C—O0 signal
(288.8 eV) could be ascribed to formation of Na,CO; and
ROCO,Na (R = alkyl groups of different chain length) products
from the degradation of EC and/or DEC,**®*”® but for the
conditions here employed, the reduction of the composite
electrodes did not produce a significant growth of the C=0O
environment. On the other hand, a marked increase in the
intensity of the C-O (286.2 eV) environment is observed, con-
sistent with the formation of RCH,ONa from EC and/or DEC
reduction.®***%° It has been suggested that RCH,ONa species

Before reduction

After reduction

T T T T T T T
296 294 292 290 288 286 284 282
Binding energy (eV)

T T T T T T T
280 206 294 292 290 288 286 284 282 280

c-C

Before reduction

After reduction

Binding energy (eV)

Fig. 7 C 1s spectra of (a) HC-SiN,-0.4 and (b)HC-SiOC-0.4 composite electrodes before and after reduction in sodium half-cells. All experimental

conditions as in Fig. 6.
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can facilitate sodium ion transport,’® thus facilitating the
sodiation reactions of hard carbon. The C 1s depth profile
(Fig. S18 and S19, ESIY) of a sample after the first reduction
showed an increasing intensity of C-C species with etching
depth, which is associated with contributions from the hard
carbon located underneath the SEI layer.*” The C 1s peaks
corresponding to O-containing species (i.e. Na,CO3z, ROCO,Na
and RCH,ONa, Fig. S13 and S14, ESI{) decrease with increasing
sputtering time, while the signal associated to the Na,C com-
ponent increases with increasing the sputtering time, consistent
with previous work.5>%

Conclusions

Hard carbon with a thin and homogenously distributed coating
of amorphous silicon nitride (SiN,) or silicon oxycarbide (SiOC)
nanoparticles has been produced, and the composite material
has been tested as anode for sodium-ion batteries. The silicon
oxycarbide-hard carbon composite with 4.9 wt% SiOC delivered a
reversible (desodiation) capacity of 261 mA h g~ at 50 mA g~ *. The
silicon nitride-hard carbon with 7.9%wt SiN, delivered a reversible
(desodiation) capacity of 351 mA h g~ " at 50 mA g, while the
hard carbon carbonised in nitrogen, without the silicon nitride
coating, delivered a capacity of 284 mA h g~ '. The increase in
capacity of 67 mA h g~* achieved with the silicon nitride-based
composite, compared to the pure hard carbon, corresponds to a
capacity of 848 mA h g~' when normalised by the mass of silicon
nitride in the composite. This high capacity value is superior to any
reported silicon-based material in sodium-ion cells, and it is also
remarkable that the improvement in capacity is preserved with
cycling (the difference in capacity remains 52 mA h g™ ' after
50 cycles). The Si 2p XPS measurements of the electrodes before
and after the electrochemical sodiation reaction shows that some
fraction of our amorphous SiN, and SiOC particles were reduced to
amorphous Si during electrochemical reduction, but that the
particle surfaces then reacted with the electrolyte to produce SiO,
species. The fact that the electrodes could sustain high capacity
with cycling indicates that the formation of the silicon oxide
species is confined to the near-surface region. These results
evidence that controlling the surface reactivity of amorphous SiN,,
amorphous Si and their interaction with the hard carbon surface is
crucial to design composite electrodes able to deliver high capacity.
The new synthesis approach developed here has thus demon-
strated the promise of amorphous silicon nitride coatings on hard
carbon to produce a significant capacity enhancement, but much
higher improvements in performance can be sought in further
work via the optimisation of the hard carbon material, electrode
formulation and electrolyte formulation, as well as the incorpora-
tion in full cells with a sodium-ion cathode in order to study the
true capacity retention with cycling.
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