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Abstract
In this work, we present a comprehensive and systematic study on the use of low-cost and highly abundant carbon precursors to
obtain SiO2/C anodes with superior electrochemical performance towards Li-ions. Different SiO2/C composites are prepared by
soaking silica nanoparticles in solutions containing 20 wt%, 40 wt%, or 60 wt% of glucose, sucrose, or cornstarch, followed by
thermal decomposition of the carbohydrates at 850 °C or 1200 °C. Structural, microstructural, and textural differences on the
composites derived from the different carbon coating treatments are related to the electrochemical performance of the anodes.
Composites containing final carbon contents close to 15 wt% show a complete coverage of the SiO2 particles with a nanometric
carbon layer and exhibit the best electrochemical results. The increase in the annealing temperature from 850 to 1200 °C reduces
the porosity of the carbon layer and increases its level of ordering, both having positive effects on the overall electrochemical
performance of the electrodes. SiO2/C composites coated with 40 wt% sucrose and heat treated at 1200 °C display the best
electrochemical performance, delivering a reversible specific capacity of 723 mAhg−1 at 50 mAg−1 after 100 cycles, which is
considerably higher than the reversible capacity of 233 mAhg−1 obtained with the uncoated material cycled under the same
conditions.
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Introduction

Li-ion batteries (LIBs) displaying high power and energy
densities are in great demand for a wide variety of energy
storage applications, ranging from portable electronics and
electric vehicles to grid-level energy storage. For the nega-
tive electrode, graphite is the active material of choice in
conventional LIBs since it presents a low and flat potential
plateau during discharge, together with high stability and
low price. Graphite is able to store lithium via intercalation

in its 2D host structure, displaying a maximum theoretical
capacity of 372 mAhg−1. However, due to its limited capac-
ity and the fact that it has been listed as a critical raw mate-
rial by the European Commission [1, 2], new anode candi-
dates need to be explored in order to meet the growing de-
mand of next-generation LIBs [3].

In this context, silicon has emerged as a very promising
material, exhibiting a maximum theoretical capacity of 4200
mAhg−1 together with low operating potentials [4–7].
However, the alloying reaction of Si with lithium to form
the fully lithiated Li22Si5 phase entails a volume expansion
of about 300% which, upon repeated alloying/dealloying cy-
cles, provokes stress accumulation, irreversible lattice defor-
mation, and particle cracking. These structural and micro-
structural changes in the electroactive material cause a contin-
uous fracture and re-formation of the SEI layer [8]. As a con-
sequence, particles form agglomerates and lose electrical con-
tact with the conductive additives and current collector, which
results in a drastic capacity and power fade [9–12]. To over-
come these shortcomings, several studies have focused on
controlling Si particle size [11, 12] and on developing differ-
ent coating approaches.

* Maria Valeria Blanco
maria.v.blanco@ntnu.no

1 Department of Materials Science and Engineering, Norwegian
University of Science and Technology,
NO-7491 Trondheim, Norway

2 Department of Chemistry-Ångström Laboratory, Uppsala
University, Box 538, SE-75121 Uppsala, Sweden

3 Department of Thermal Energy, SINTEF Energy Research,
NO-7034 Trondheim, Norway

Journal of Solid State Electrochemistry
https://doi.org/10.1007/s10008-021-04912-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-021-04912-2&domain=pdf
http://orcid.org/0000-0002-6736-7355
https://orcid.org/0000-0001-7572-2401
mailto:maria.v.blanco@ntnu.no


Alternatively, SiO2 is been tested as a potential anode can-
didate for next-generation LIBs [13–15]. Silica is able to react
with lithium at relatively low potentials and presents a theo-
retical capacity of 1965 mAhg−1. Besides, it is one of the most
abundant materials in the Earth’s crust, which is highly desir-
able from a large-scale application perspective. Theoretical
results of DFT calculations revealed that upon electrochemical
cycling, SiO2 undergoes a variety of reversible and irrevers-
ible reactions through which Si is generated as a co-product
[16]. The on-site produced Si would then reversibly react with
lithium, being the main contributor to the high storage capac-
ities displayed by SiO2 electrodes. In parallel, the electro-
chemically inactive products formed upon SiO2 lithiation
would serve as a buffer to accommodate the volume changes
derived from Si alloying/dealloying, therefore extending the
cycling lifetime of the anodes.

In addition to Si and SiO2, other potentially high-capacity
materials include a range of oxides as conversion or insertion-
type materials, such as MoO2, Fe2O3, TiO2, and SnO2.
However, one of the main drawbacks to overcome when in-
tegrating the above-mentioned materials to the battery tech-
nology is their intrinsic poor conductivity, which is detrimen-
tal for the electrochemical performance of the electrodes. Due
to this, particles are often coated with an electronically con-
ductive carbon layer. In addition to the conductive effect, car-
bon coating inhibits particle sintering, introduces pores and
voids that provide extra space to accommodate volume varia-
tions of the active material, and prevents direct contact with
the electrolyte, thereby improving the long-term cyclability
and rate capability of electrodes. In the case of SiOx and
SiO2 materials, several reports have shown the feasibility of
using simple carbon coating processes for improving the elec-
trochemical performance of the resulting electrodes [17–27].
To ensure a cost-effective, scalable, and sustainable coating
approach that can be easily integrated into current battery
production schemes, the use of affordable and naturally abun-
dant carbon precursors is highly important. In addition to this,
the selection of coating methods that avoid the handling of
organic solvents, the release of toxic compounds, or the use of
complex chemistry routes or equipment is considered
an important advantage.

Among carbonaceous materials, graphene and carbon
nanotubes have been widely studied as coating of negative
electrodes [28]. However, owing to their low cost and wide
availability, amorphous carbons easily obtained from sugars
and polymers are pinpointed as very convenient options [29].
Regarding coating procedures, the thermal reduction method
in which particles are impregnated or soaked into solutions
containing the dissolved carbon precursor, followed by its
thermal decomposition at the surface of the particles is a
well-established, scalable, and cost-effective option for pro-
ducing core-shell-structured carbon-coated materials [30, 31].
Indeed, the annealing of mixtures of metal oxides and carbon

sources has been successfully used for the fabrication of sev-
eral carbon-coated metal oxide composites, such as Fe3O4/C
[32, 33], Li4Ti5O12/C [34], MoO2/C [35], SnO2/C [36], and
ZnFe2O4/C [37]. Interestingly, the amount of carbon on the
composites necessary to ensure a high-rate performance can
be significantly reduced provided that the carbon structure is
optimized [38]. In this regard, the fine-tuned structure of the
carbon shell should present high electrical conductivity and
favor Li-ion movement [39, 40].

In view of the great benefits of thermally driven coatings
using low-cost carbon precursors for obtaining electrode ma-
terials with superior electrochemical performance, a compre-
hensive understanding of the extent to which variations in the
coating parameters influence the properties of the coating lay-
er, and how this relates to the electrochemical performance, is
of critical importance. SiO2 anodes are perfectly suited for this
kind of study since silica does not experience huge volume
variations upon cycling that can lead to rapid deterioration and
fracture of the coating layer [41]. Importantly, the results de-
rived from this kind of analysis can be also extended to metal
oxide systems.

In this work, we present a comprehensive and systematic
study of the carbon coating of silica anodes. Cheap carbohy-
drates of different carbon chain length are chosen as carbon
sources, and the carbon content on the composites is con-
trolled by changing the relative amount of the carbon precur-
sor. SiO2/C composites are obtained by mixing SiO2 nanopar-
ticles with 20 wt%, 40 wt%, or 60 wt% of glucose, sucrose, or
cornstarch and heat treating the resulting SiO2/carbon mix-
tures at 850 °C or 1200 °C. The annealing temperatures were
chosen based on preliminary results, so that significant differ-
ences on the coating layer are obtained. The structural, micro-
structural, textural, and electrochemical properties of the SiO2/
C composites are characterized in order to select the most
suitable carbon precursor and to determine the carbon content
and structure that yields the best electrochemical performance.
Since the capacity-climbing phenomenon exhibited by SiO2

anodes [23, 27, 42–44] might complicate the identification of
the composites delivering highest reversible capacity, we pro-
pose an electrochemical activation procedure that enables
reaching the maximum specific capacity after 3 cycles.

Results and discussion

Characterization of uncoated SiO2 particles

A SEM image of as-received silica particles is shown in Fig.
1a. The particles present a spherical shape and a size distribu-
tion ranging from 100 to 800 nm, with an average size of 340
nm, as it can be observed from the inset graph. The X-ray
diffraction pattern displayed in Fig. 1b shows a broad peak
at Q=1.7 Å−1, which is indicative of amorphous silica,
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together with various smaller reflections corresponding to SiC
impurity. The pair distribution function plot obtained from
total scattering measurements, depicted in Fig. 1c shows the
presence of peaks at bond distances typical of SiO2 local
structure [45]. The first peak at r=1.60 Å is associated to
first-order Si–O pairs, while peaks at r=2.62 Å and r=3.07 Å
correspond to first order O–O and Si–Si pairs, respectively.
The complete pair distribution function plot is presented in the
inset graph of the same figure and evidences the lack of mid-
and long-range ordering of the material. Elemental composi-
tion analysis performed by ICP-MS (oxygen not included)
revealed that 97.1% of the material is composed of Si, while
Fe, K, Fe, Ca, and Na are present in low amounts (less than
1%). The composition and chemical oxidation state at the
surface of silica particles were determined by XPS, in the
range from 0 to 1200 eV. The survey spectrum displayed in
Fig. 1d shows the presence of four main peaks at binding
energies of 532.5 eV, 285.1 eV, 154.2 eV, and 103.1 eV,
which correspond to O1S, C1S, Si2s, and Si2p, respectively.
Quantitative atomic composition analysis yielded the follow-
ing atomic percentages: 68.60% O, 15.95% Si, 15% C, and
0.45% Na. The significant amount of carbon found at the
surface of the particles is attributed to adventitious carbon
contamination. The high-resolution regional scans corre-
sponding to O1S and Si2p are depicted in Fig. 1e and f, re-
spectively, and show good correspondence with previous re-
sults obtained on SiO2 samples [27].

An initial assessment of the electrochemical properties of
uncoated SiO2 particles was performed in order to later

determine the effect of carbon coating. Prior to electrochemi-
cal testing, the electrodes were subjected to an electrochemical
activation procedure. The activation consisted in performing 3
lithiation-delithiation cycles between 0.002 (vs. Li+/Li) and
2 V (vs. Li+/Li) at a constant current of 10 mAg−1. After
completion of each half cycle, the low and high cut-off volt-
ages were held for 48 h. This procedure is a modification of
the time-limited potentiostatic discharge method proposed by
Lepoivre and co-workers [46] and allows to significantly di-
minish the capacity-climbing behavior upon prolonged cy-
cling, related to the conversion of SiO2 to Si, Li2O,
Li2Si2O5, and Li4SiO4.

A specific capacity of 459 mAhg−1 is achieved after the
first lithiation (Fig. 2a) and the differential capacity plot cor-
responding to this stage (Fig. 2b) shows the occurrence of two
small broad reduction peaks at 1.45 V and 1.25 V, and a more
pronounced and sharper peak at 0.83 V. The peaks at higher
potentials are associated to irreversible conversion reactions
between the electrode and the electrolyte, while the peak at
0.83 V can be attributed to electrolyte decomposition reac-
tions and formation of the SEI [14, 42]. The following
delithiation step displays a capacity of 209 mAhg−1, which
increases to 331mAhg−1 in the 3rd cycle. This is accompanied
with an increase in the coulombic efficiency from 45 to 95%
and a growth of anodic and cathodic peaks at 0.3 V and 0.44
V, and 0.03 V and 0.15 V, respectively, all of them character-
istic of silicon lithiation/delithiation reactions [47, 48]. Once
the activation step was concluded, the electrode was subjected
to galvanostatic cycling at 50 mAg−1. The voltage profile

Fig. 1 Characterization of SiO2 particles. (a) SEMmicrograph and inset graph showing the particle size distribution curve, (b) X-ray diffraction pattern,
(c) pair distribution function plot, (d) XPS survey spectrum, (e) XPS high-resolution spectrum of O1S, and (f) XPS high resolution spectrum of Si2p
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curves (Fig. 2c) evidence a continuous variation towards the
conformation of more defined quasi-plateaus at potentials be-
low 1 V over the first 50 cycles. Accordingly, the specific
capacity increases from 238 to 252 mAhg−1 (Fig. 2d). This
5% increment indicates that the activation step strongly re-
duced the capacity-climbing phenomena, since further cycling
did not lead to significant capacity gains.

In the following sections, the effect of carbon coating on
SiO2 particles with different amounts and types of carbon
precursors and annealing temperatures will be evaluated. For
clarity, the SiO2/C composites obtained as a result of the dif-
ferent carbon coating treatments will be referred to as present-
ed in Table 1.

Effect of carbon coating precursor

Gas adsorption analysis results of SiO2/C composites
annealed at 850 °C (Fig. 3a) show an increasing trend of
external surface and micropore area with increasing amounts
of carbon precursor. The pores are formed as a consequence of
the carbohydrate decomposition at the surface of the particles
during the annealing step, which causes the release of gases.

For composites coated with 60 wt% of carbon precursor, the
micropore area is in all cases significantly higher than the
external surface area. This reveals the highly porous nature
of the coating layer covering the particles. Interestingly, com-
posites coated with glucose and sucrose exhibit similar micro-
pore and external area values, whereas composites coatedwith
cornstarch display much lower values. N2 adsorption-
desorption isotherms depicted in Figure S1 of the Electronic
Supplementary Material (ESI) indicate that the type II iso-
therms displayed by the uncoated SiO2 particles, which are
characteristic of monolayer-multilayer adsorption on non-
porous materials, evolve to type IV curves with H2 hysteresis
loops after carbon coating. The latter is indicative of capillary
condensation in the mesopores. Also, the pore size distribu-
tion curves of coated composites, shown in the same figure,
display a marked growth of pores with a diameter size below
5 nm with increasing amounts of carbon precursor.

The actual carbon content of the composites shows an ex-
ponential dependence with the carbon precursor amount (Fig.
3b). Carbon retention is higher for SiO2/sucrose composites
and significantly lower for SiO2/cornstarch composites.
S20@850, S40@850, and S60@850 display actual carbon
contents of 6.5 wt%, 15.4 wt%, and 28.7 wt%, respectively,
while C20@850, C40@850, and C60@850 show a carbon
retention of 5.3 wt%, 12.7 wt%, and 23.3 wt%, respectively.
Interestingly, the observed results show good agreement with
the solubility degree of the carbon precursors in water.
Glucose and sucrose are polar molecules that easily dissolve
in water. However, the amount of polar hydroxyl groups that
can hydrogen-bond with water is higher for sucrose [8] than
for glucose [5], and therefore the solubility of sucrose in water
is significantly higher than the solubility of glucose (about
2000 gL−1 against 909 gL−1 , respectively, at 25 °C ). On
the other hand, cornstarch does not dissolve in water but forms
a dispersion. In view of this, it can be argued that when par-
ticles are soaked in solutions containing highly soluble carbo-
hydrates, a higher amount of carbon precursor will uniformly
cover their surfaces, therefore enhancing the carbon retention
after the annealing treatment. The potential agglomeration of
non-dissolved cornstarch particles at the SiO2 surface might

Fig. 2 (a, b) Voltage profile curves and differential capacity plots, respectively, of SiO2 electrodes during activation step at 10 mAg−1. (c, d) Voltage
profile curves and specific capacity vs cycle number plots, respectively, corresponding to galvanostatic cycling at 50 mAg−1

Table 1 Nomenclature of SiO2/C composites subjected to different
carbon coating treatments. G glucose, S sucrose, C cornstarch, C.P.
carbon precursor, A.T. annealing temperature

Nomenclature C.P. C.P. amount (wt%) A.T. (°C)

G40@850 glucose 40 850

S20@850 sucrose 20 850

S40@850 sucrose 40 850

S60@850 sucrose 60 850

C40@850 cornstarch 40 850

G40@1200 glucose 40 1200

S20@1200 sucrose 20 1200

S40@1200 sucrose 40 1200

S60@1200 sucrose 60 1200

C40@1200 cornstarch 40 1200

J Solid State Electrochem



lead to a non-uniform carbohydrate distribution, which might
explain the lower carbon retention and the differences in the
measured area of SiO2/cornstarch composites.

To gain insights in the nature of the carbon layer covering
the particles, Raman spectroscopy measurements were per-
formed. Raman spectra of composites coated with different
amounts of glucose, sucrose, and cornstarch annealed at 850
°C are depicted in Fig. 4a, b and c, respectively. All compos-
ites exhibit the D band (1350 cm−1), associated to the breath-
ing mode of the sp2 aromatic ring within a graphitic cluster,
and the G band (1580 cm−1), related to the in-plane sp2 bond
stretching shear vibration within the aromatic ring in a large,
graphene-like cluster [49, 50]. In Fig. 4d, the FWHM of the D
and G bands are plotted as a function of the carbon precursor.
It can be observed that the variation of the FWHM among

carbon precursors is negligible. The position of the bands is
very similar for sucrose and cornstarch, while there is a shift
towards low frequency values for glucose (Fig. 4e). The ab-
sence of major shifts in the Raman bands suggests that there
are no significant differences in the degree of order/disorder
among composites containing different carbon sources.
Finally, ID/IG ratio plots, indicative of carbon crystallization
degree (Fig. 4f) exhibit values close to 1, and variations are
minor for composites coated with glucose and sucrose, and
higher for composites coated with cornstarch. Additional
characterization by X-ray diffraction showed the retention of
the amorphous silica matrix after the heat treatment
(Figure S2) and element distribution maps obtained by
SEM/EDX evidenced a homogeneous carbon distribution on
the composites (Figure S3).

Fig. 3 (a) External surface and
micropore area and (b) actual
carbon content of SiO2/C com-
posites annealed at 850 °C

Fig. 4 Raman spectrum of SiO2/
C composites coated with
different percentages of glucose
(a), sucrose (b), and cornstarch (c)
at 850 °C. Full width at half
maximum corresponding to
deconvoluted D and G bands (d),
center position of D and G bands
(e), and ID/IG ratio (f) as a func-
tion of carbon precursor
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The electrochemical characterization results of the compos-
ites are summarized in Fig. 5. To compare the electrochemical
performance of composites coated with different amounts of
carbon precursor, Fig. 5a displays the lithiation-specific ca-
pacity and Coulombic efficiency as a function of cycle num-
ber of electrodes made of S20@850, S40@850, and
S60@850. The specific capacities after 100 cycles are as fol-
lows: 600 mAhg−1, 678 mAhg−1, and 644 mAhg−1, respec-
tively. In all cases, the Coulombic efficiencies are above
98.5%. Rate capability results (Fig. 5b) show the following
lithiation capacity values for S20@850, S40@850, and
S60@850: 400 mAhg−1, 483 mAhg−1, and 446 mAhg−1, re-
spectively (at 0.5 Ag−1), and 260 mAhg−1, 319 mAhg−1, and
300 mAhg−1, respectively (at 2 Ag−1). As can be noticed,
composites coated with 20 wt% sucrose display the poorest
electrochemical performance. This was also observed for
composites coatedwith glucose and cornstarch, where the best
results are achieved by coating treatments in which 40 wt% of
carbon precursor is utilized.

Since composites coated with 40 wt% carbon precursor
(14% actual carbon content, average value) display the best
electrochemical performance, Fig. 5c and Fig. 5d present elec-
trochemical cycling results of electrodes made of G40@850,
S40@850, and C40@850. After 100 cycles, the electrodes
delivered the following capacities: 640 mAhg−1 (G40@850),
678 mAhg−1 (S40@850), and 581 mAhg−1 (C40@850). The
Coulombic efficiency values are in all cases above 98.2%.
Rate capability results show capacities of 442 mAhg−1

(G40@850), 483 mAhg−1 (S40@850), and 419 mAhg−1

(C40@850) at 0.5 Ag−1. Therefore, the performance of
S40@850 is clearly superior in comparison with G40@850
and C40@850 electrodes.

A more detailed analysis of the results obtained with the
best performing composite, S40@850, is presented in the low-
er part of Fig. 5. Figure 5e and f display the voltage profile
curves and differential capacity plots, respectively, corre-
sponding to the activation step of S40@850. The first
lithiation exhibited a capacity of 1310 mAhg−1, which is sig-
nificantly higher than the 459 mAhg−1 obtained with the un-
coated material. The corresponding differential capacity plot
shows the appearance of two anodic peaks at 1.52 V and 0.93
V, again associated to irreversible reactions and SEI forma-
tion. The following delithiation half cycle showed a capacity
of 593 mAhg−1, and in the 3rd activation cycle, the
delithiation capacity reaches 840 mAhg−1, with a Coulombic
efficiency of 97.7%. Again, the development of Si alloying/
dealloying characteristic peaks is observed. Upon galvanosta-
tic cycling at 50 mAg−1, a slight gradual increment in the
capacity is noticed. After 100 cycles, the lithiation capacity
raised from 636 to 678 mAhg−1 (Fig. 5g). Again, the increase
in capacity is accompanied with the growth of Si anodic and
cathodic peaks (Fig. 5h). The delivered capacity is significant-
ly higher than that of the uncoated material (234 mAhg−1 after
100 cycles).

In order to demonstrate the importance of the activation
procedure in diminishing the climbing capacity behavior of

Fig. 5 (a) Lithiation capacity as a function of cycle number of S20@850,
S40@850, and S60@850 cycled at 50 mAhg−1 (b) at variable current
rates. (c) Lithiation capacity of G40@850, S40@850, and C40@850
cycled at 50 mAg−1 (d) at variable current rates. (e, f) Voltage profile

curves and differential capacity plots, respectively, of S40@850 upon
electrochemical activation. (g, h) Voltage profile curves and differential
capacity plots, respectively, of S40@850 cycled at 50 mAg−1
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silica anodes, an electrode made of S40@850 composite was
subjected to a first lithiation-delithiation step at 10 mAg−1,
followed by galvanostatic cycling at 50 mAg−1. The results,
depicted in Figure S4 show a Coulombic efficiency for the
first cycle of 33.8%, and lithiation capacities increasing from
284 to 390 mAhg−1 after 100 cycles, with an averaged
Coulombic efficiency of 93.2%. This not only evidences slow
silica activation upon cycling but also shows the difficulty in
determining the maximum deliverable capacity of the com-
posites and the benefits of the proposed electrochemical acti-
vation procedure.

The results presented in this section indicate that compos-
ites coated with 40 wt% carbon precursor display the best
electrochemical performance. Since 20 wt% of carbon precur-
sor leads to around 5.7 wt% (average value) effective carbon
content, it is possible to argue that this carbon amount might
be insufficient to ensure a complete coverage of the particles.
When coating with 40 wt% carbon precursor, the external
surface area significantly increases while the amount of
mesopores is still low. On the other hand, particles coated with
60 wt% carbon precursor suffer from large micropore area,
which might be detrimental for Li-ion transport. Also, higher
carbon contents would lead to thicker carbon layers, which
might hinder ion transport processes. Among carbon precur-
sors, sucrose appears as the best candidate. The superior elec-
trochemical performance of SiO2/sucrose composites can be
explained by a more effective coating and a more uniform
carbon distribution on the particle surface.

Effect of carbon coating annealing temperature

In order to determine the effect of the annealing temperature
on resulting carbon coating and electrochemical performance
of the electrodes, a comparative analysis between composites
annealed at 850 °C and 1200 °C is presented.

Figure 6a shows the external surface and micropore areas
of composites annealed at 1200 °C. In this case, regardless of

the carbon precursor amount, the exhibited micropore areas
are significantly lower compared to the composites annealed
at 850 °C, with reductions ranging from to 70 to 95%. Again,
for a given carbon precursor amount, composites coated with
glucose and sucrose display similar micropore and external
surface area values, whereas composites coated with corn-
starch exhibit significantly lower values. The external surface
area of composites coated with 20 wt% and 40 wt% carbon
precursor are slightly lower than their counterparts annealed at
850 °C. Interestingly, for carbon precursor amounts of 60
wt%, the external surface area is dramatically reduced. The
corresponding N2 adsorption-desorption isotherms and pore
size distribution curves are depicted in Figure S5.

In Fig. 6b, TGA results of composites coated with different
amounts of sucrose and annealed at 850 °C, 1050 °C, and
1200 °C are presented. The effective carbon content shows,
again, an exponential dependence with the amount of carbon
precursor. A 4% decrease in the carbon content of the com-
posites is evidenced when increasing the annealing tempera-
ture from 850 to 1200 °C.

To gain better insights on the changes of the coating de-
rived from the temperature increase, examination by TEM
was performed. TEM bright field micrographs of S40@850
and S40@1200 composites are presented in Fig. 7a and b,
respectively. The results further demonstrate the drastic
change in the porosity of the coatings and also show important
variations on the carbon thickness. This can be explained by
the collapse of mesopores at high annealing temperatures,
followed by a compaction of the carbon. The final thickness
of the carbon coating formed on S40@1200 after annealing is
lower than 10 nm.

The Raman spectra corresponding to SiO2/sucrose com-
posites annealed at 850 °C, 1050 °C, and 1200 °C, displayed
in Fig. 8a, b and c, respectively, show a noticeable narrowing
of the D and G bands with increasing temperatures. This effect
is quantified in Fig. 8d and is indicative of crystallite growth
and a higher carbon organization. Additionally, the D band

Fig. 6 (a) External surface and
micropore area of SiO2/C
composites annealed at 1200 °C,
(b) actual carbon content of com-
posites coated with 20 wt%, 40
wt%, and 60 wt% of sucrose and
annealed at 850 °C, 1050 °C, and
1200 °C
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shifts to lower frequency values (Fig. 8e) with increasing an-
nealing temperature. This change can be related to the de-
crease in bond-angle disorder and increase in the degree of
carbon organization [51, 52]. Finally, the ID/IG ratio displayed
in Fig. 8f exhibits a marked increase with temperature for all
the composites that is associated to a growth in the number or
size of the crystallites [51], which is consistent with previous
reports [27, 53, 54].

Electrochemical testing results of composites annealed at
1200 °C are shown in Fig. 9. Comparisons between
S20@1200, S40@1200, and S60@1200 show a trend similar
to the one observed for S20@850, S40@850, and S60@850,
where composites coated with 20 wt% of sucrose deliver sig-
nificantly lower capacities (545mAhg−1 after 100 cycles), and

composites coated with 40 wt% of sucrose exhibit the highest
capacities (723 mAhg−1 after 100 cycles) (Fig. 9a). This is
also valid for SiO2/C coated with glucose and cornstarch.
Figure 9b shows the cycling performance of S20@1200,
S40@1200, and S60@1200 composites at different current
rates. While S20@1200 exhibits significantly lower capacity
values at the different rates, the superiority in terms of cycling
capacity of S40@1200 over S60@1200 is almost inverted for
current values above 2 Ag−1. The narrowing of the capacity
gap between S40@1200 and S60@1200 with increasing cur-
rent rates might indicate that at sufficiently low current rates,
the thin, compact, and well-structured carbon layer of the
composites will provide good electronic conductivity and fa-
cilitate Li transport to the SiO2 matrix, so that the reaction

Fig. 7 TEM bright field
micrographs corresponding to
S40@850 (a) and S40@1200 (b)

Fig. 8 Raman spectrum of S20,
S40, and S60 composites
annealed at (a) 850 °C, (b) 1050
°C, and (c) 1200 °C. (d) Full
width at half maximum, (e) posi-
tion, and (f) ID/IG ratio of D and G
bands against temperature
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between SiO2 and Li-ions will greatly contribute to the overall
capacity of the electrodes. Contrarily, at higher current rates,
carbon lithiation/delithiation might play a more preponderant
role in terms of capacity contribution and Li-ions might react
with a thin fraction of the SiO2 shell. A similar behavior is also
observed for composites heat-treated at 850 °C.

Since composites coated with 40 wt% carbon precursor
displayed the best electrochemical performance, the cycling
capacities of G40@1200, S40@1200, and C40@1200 at 50
mAg−1 (Fig. 9c) and at varied current rates (Fig. 9d) are pre-
sented. Despite the differences observed when cycling at low
current rates, the results show that at high currents, materials
with glucose- and sucrose-based coatings (G40@1200 and
S40@1200) display a more similar performance in compari-
son with composites heat treated at 850 °C, indicating that a
higher annealing temperature is required for the glucose pre-
cursor to develop a well-structured coating.

A more closer look at S40@1200 results shows that a
lithiation capacity of 1076 mAhg−1 is reached in the 3rd acti-
vation cycle (Fig. 9e) together with a prominent Si alloying/
dealloying footprint (Fig. 9f). Results from galvanostatic cy-
cling at 50 mAg−1 (Fig. 9g and h) show less pronounced
variations of the voltage profiles in comparison with
S40@850. After 50 cycles, no further variations are
evidenced.

With the aim of quantifying the influence of variations in
carbon precursor type and amount and annealing temperature

on the electrochemical performance of the anodes, a summary
of the electrochemical results obtained from this work is pre-
sented in Table 2. Clearly, the lowest capacity is delivered by
uncoated SiO2 (lithiation capacity of 234 mAhg−1 after 100
cycles). Among SiO2/C composites, S20@850 and
S20@1200 display the poorest electrochemical performance,
600 mAhg−1 and 545 mAhg−1, respectively, after 100 cycles.
These results suggest that 5 wt% of actual carbon content on
the composites might not be enough to ensure a complete
coverage of the electroactive material. Interestingly, XRD da-
ta corresponding to S20@1200 (Figure S6) show a marked
crystallization of the SiO2 matrix. In view of this, it can be
stated that coatings performed with low carbon precursor
amounts might not only cause particle sintering but might also
favor the growth of crystalline domains at high annealing
temperatures. Importantly, the delivered capacities are still
133% (S20@850) and 156% (S20@1200) higher than the
capacity exhibited by uncoated SiO2.

When comparing composites annealed at different temper-
atures, materials coated with 40 wt% and 60 wt% carbon
precursor and heat treated at 1200 °C display improved elec-
trochemical performances. This suggests that the carbon layer
structure obtained at 1200 °C leads to improved electronic
conductivity throughout the composite electrode, in spite of
the thinner layer. Furthermore, the higher degree of ordering
of the carbon coating does not seem to reduce the ionic trans-
port across the layer.

Fig. 9 (a) Lithiation capacity as a function of cycle number for
S20@1200, S40@1200, and S60@1200 cycled at 50 mAhg−1; (b) at
variable current rates; (c) lithiation capacity of G40@1200, S40@1200,
and C40@1200 cycled at 50 mAg−1; (d) at variable current rates. (e)

Voltage profile and (f) differential capacity plots of S40@1200 upon
electrochemical activation, (g) voltage profiles, and (h) differential capac-
ity plots of S40@1200 cycled at 50 mAg−1
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TheCoulombic efficiency values for the first cycle range from
44.3 to 52.3% and are in line with previous reports (47% [42]).
These low Coulombic efficiencies, which are still below 90% at
the 3rd activation cycle, evidence the need of a pre-lithiation step
in order to make use of this anode candidate. When comparing
electrodes subjected to the activation procedure (S40@850) with
unactivated electrodes (S40@850*), it is very clear that theCE of
the first cycle is improved when incorporating potentiostatic
holding steps after the first lithiation and delithiation. The
unactivated material delivers a capacity of 390 mAhg−1 after
100 cycles, which is significantly lower than the 678 mAhg−1

displayed by the activated electrode. Also, S40@850* shows a
marked capacity climbing behavior, with capacity increments of
37% during 100 cycles and still climbing up after 100 cycles. In
the case of the activated electrodes, the capacity climbing phe-
nomena of composites annealed at 850 °C shows, in average, an
increase of 5% after 100 cycles and composites heat treated at
1200 °C display an averaged capacity increment of 0.25%. These
values are significantly lower compared with previous studies
where the climbing-up capacity phenomena is more pronounced
(316% capacity increment after 200 cycles [45], 157% capacity
increment after 70 cycles [29]) and indicate that the maximum
deliverable capacity can be reached after a few cycles, provided
that pre-conditioning steps inwhich SiO2 particles are chemically
or electrochemically activated are incorporated.

Conclusions

In this study, we prepared SiO2/C composites by carbon coat-
ing treatments involving the thermal reduction of cheap and
abundant carbohydrates, and analyzed the effect of varying
the type and amount of carbon precursor and annealing tem-
perature on the structural, microstructural, textural, and elec-
trochemical properties of the resulting SiO2/C anodes for

LIBs. For this, silica nanoparticles were carbon coated with
20 wt%, 40 wt%, or 60 wt% glucose, sucrose, or cornstarch
and annealed at 850 °C or 1200 °C.

Thermogravimetric results showed an exponential depen-
dence of the effective carbon content in the composites with
the carbon precursor amount, and a similar carbon retention
for composites coated with equal amounts of different carbon
precursors annealed at different temperatures. Carbon reten-
tion was found to be higher for composites coated with su-
crose and lower for composites coated with cornstarch, and
these differences were attributed to differences in the water
solubility of the carbohydrates. A significant increase of mi-
cropore and external surface area was evidenced for increas-
ing amounts of carbon content and a significant reduction of
the porosity was achieved by increasing the annealing temper-
ature from 850 to 1200 °C. Raman results showed a marked
increase of carbon organization degree with increasing
temperatures.

Composites containing ~ 15 wt% of carbon content
displayed the best electrochemical performance. Among car-
bon precursors, particles coated with sucrose showed highest
specific capacity and best rate performance. Reducing the po-
rosity and enhancing carbon ordering by increasing the an-
nealing temperature helped to increase ion and electronic con-
ductivity, and therefore to improve the electrochemical perfor-
mance of the electrodes.

Experimental

Preparation of SiO2/C composites

Silica particles (Elkem) were carbon-coated with 20 wt%, 40
wt%, or 60 wt% of glucose (Sigma-Aldrich), sucrose (Sigma-
Aldrich), or cornstarch (Carl Roth GmbH, 99.3%) using the

Table 2 Summary of the
capacities (mAhg−1) and
Coulombic efficiencies, CE (%),
of anodes made of uncoated SiO2

and SiO2/C composites. The
values for the first cycle
correspond to a cycling current of
10 mAg−1. The rest of the cycling
results correspond to a current of
50 mAg−1

Composite 1st
lithiation.

1st
delithiation

CE 10th
cycle

50th
cycle

100th
cycle

Cycling at
2Ag-1

SiO2 459 209 45.5 241 250 234 -

G40@850 1241 582 46.9 594 628 640 275

S20@850 1098 495 45.1 570 598 600 260

S40@850 1310 593 45.3 629 660 678 319

S60@850 1361 648 47.6 611 623 644 300

C40@850 1256 588 46.8 545 564 581 272

G40@1200 1190 598 50.3 673 675 668 362

S20@1200 1063 507 47.7 539 556 545 206

S40@1200 1487 690 46.4 731 727 723 369

S60@1200 1457 646 44.3 672 677 675 357

C40@1200 1260 659 52.3 644 640 632 318

S40@850* 1025 345 33.8 292 341 390 0
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following procedure: [1] dissolution of the carbon precursor in
distilled water, [2] addition of SiO2 particles, [3] 30-min
ultrasonication, [4] 2 h of continuous stirring in a hot plate at
60 °C, and [5] manual grinding with an agate mortar. The
resulting powders were loaded into alumina crucibles and
annealed at 850 °C or 1200 °C under 80 Lh−1 Ar flow during
6 h.

Materials characterization

The elemental composition of SiO2 particles was determined
by inductively coupled plasma mass spectrometry (ICP-MS).
Further elemental analysis was performed by XPS measure-
ments (Kratos Analytical Axis Ultra DLD) using an Al mono-
chromatic X-ray source operating at 100 W. Particle size was
measured by laser diffraction (Horiba Partica LA-960 Laser
Scattering Particle Size Distribution Analyzer). The structure
of the material was analyzed by X-ray synchrotron total scat-
tering measurements at the beamline P02.1 of DESY, at a
beam energy of 60 KeV. Carbon content in the composites
was determined by thermal gravimetric analysis, using a
TGA/DTA probe (NETZSCH STA 449 Jupiter). The material
morphology was examined by SEM (FE-SEM Zeizz Ultra
55). ESPRIT software (Bruker) was employed to obtain
energy-dispersive X-ray image maps. Transmission electron
microscopy micrographs were collected using a JEM-2100
Transmission Electron Microscope with LaB6 filament. N2

adsorption-desorption isotherms were measured at 77 K using
a Tristar 3000 Surface Area and Porosity Analyzer. Prior to
the measurements, samples were out-gassed under vacuum at
250 °C for 12 h. Raman spectra were recorded at room tem-
perature (Alpha300M confocal Raman microscope, WiTec),
using an excitation wavelength of 532.1 nm. Quantitative
analysis of first-order Raman spectroscopy results was per-
formed by deconvolution of the acquired spectra via multiple
curve fitting with Lorentzian function, using Fityk software
[55]. XRD measurements of the composites were performed
using a Bruker D8 A25 DaVinci X-ray Diffractometer with
CuKα radiation.

Electrode preparation and electrochemical
characterization

Slurries containing 50 wt% of SiO2 (Elkem) or SiO2/C com-
posites, 35 wt% carbon black (Timcal C-NERGYTM C65),
and 15 wt% of sodium alginate binder (Sigma-Aldrich) were
ball-milled at 25 Hz for 45 min (Retsch Shaker 400 MM) and
tape-casted onto 18-μm-thick Cu foils (SchlenkMetallfolien).
Electrodes were dried under vacuum overnight at 120 °C and
then transferred to an Ar-filled glove box for further assem-
bling into coin cells, using lithium foil (0.75 μm thick) as
counter electrode and 1 M LiPF6 in 50:50 vol.% EC:DEC

electrolyte (Sigma-Aldrich). The electrochemical perfor-
mance of the electrodes was evaluated by performing galva-
nostatic charge-discharge tests between 0.002 and 2 V versus
Li+/Li, at 10 mAg−1 and 50 mAg−1. Rate capability tests were
performed at varied currents of 50 mAg−1, 100 mAg−1, 200
mAg−1, 500 mAg−1, 1000 mAg−1, and 2000 mAg−1 using a
Biologic potentiostat/galvanostat. All measurements were car-
ried out at a constant temperature of 20 °C. The capacity
values reported in this work include the contribution from
carbon black, which corresponds to approximately 96
mAhg−1 of the overall capacity of the electrodes.
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