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Despite the high theoretical capacity of Si anodes, their huge volume change and poor electrical
connectivity must be overcome by decreasing the feature sizes of the Si particles to the nanoscale and
compositing them with highly conductive carbon materials. To ensure the mechanical integrity of the
electrodes with uniform dispersion and good electrical contact of the nano-silicon, the industry has to
use a relatively low amount of Si (o15% by mass) in commercial anodes. Such a low Si content severely
weakens the capacity advantage of silicon at the electrode level. Here, we designed a cellulose-based
topological microscroll by the self-rolling of cellulose nanosheets to form a binder-free, flexible, and
free-standing electrode comprising an unprecedented 92% silicon content. In the microscroll, carbonReceived 14th August 2019,
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DOI: 10.1039/c9ee02615k

coated silicon nanoparticles are anchored on conductive carbon nanotubes and subsequently confined
in cellulose carbon rolls with enough internal voids to accommodate the volume expansion of silicon; thus,
a uniform dispersion of silicon with high reactivity was achieved. This structure shows an ultrahigh
electrode-specific capacity of 2700 mA h g 1, excellent cycling stability under a high silicon content of 85%
(42000 mA h g

rsc.li/ees

1

after 300 cycles) and a commercial-level areal capacity (5.58 mA h cm 2). This strategy

oﬀers a new way to design electrodes with a high active material content for high performance batteries.

Broader context
To satisfy the growing energy demands for electric vehicles and portable electronics, silicon has been extensively developed as a promising anode material for
next-generation Li-ion batteries. Tremendous eﬀorts have been devoted to designing and modifying the material nanostructures for improving the
electrochemical performance, and thus demonstrating the bright prospects of silicon anodes. However, energy storage technologies using silicon anodes
still have some big obstacles to overcome on their way to commercialization. There is a big gap between the lab condition results and industrial requirements,
especially in terms of the scale-up ability, nanostructure robustness, and actual available capacity at the electrode level. In this work, we designed a robust
silicon electrode with an unprecedented 92% silicon content and unique microstructure by a simple, green, low-cost and scalable method, which aims to solve
the above issues towards commercial application of silicon. Owing to the self-rolling of cellulose nanosheets in the synthetic process, Si nanoparticles are
wrapped into binder-free flexible electrodes with controllable Si content. The designed microscroll electrodes with well-engineered and robust structure show
high specific capacity and good cycling stability. The method of cellulose-based topological roll design can also be used for other materials and systems with a
high active material content.

Introduction
The development of lithium-ion batteries (LIBs) with a reduced
weight, higher capacity, and longer service life is considered to
a
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be the most important strategy to address the critical needs of
applications such as next-generation mobile electronics and
electric vehicles.1–4 Silicon (Si) has received wide-spread attention
as the most promising anode material for the next generation
of LIBs because of its high theoretical specific capacity of
3579 mA h g 1 (Li15Si4).5–9 However, challenges arise owing to
the large change in volume (4300%) under operation and poor
electrical conductivity of Si, which significantly restricts the
stability and kinetic process of the electrodes. In fact, to
maintain electrode integrity, the industry has had to use a
relatively low amount of Si (o15% by mass) in commercial
anodes. Such a low Si content severely weakens the capacity
advantage of silicon materials at the electrode level. To address
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the volume expansion and conductivity problems, researchers
have devoted a large amount of effort to developing porous
nano-architectures and combining Si with conductive carbon.10–16
But these modifications still yield a low Si content (o70%) in the
electrode and it remains challenging to reach the commercial
level of active materials in electrodes, which is typically 495% for
graphite anodes and 485% for Li4Ti5O12 anodes. To achieve a
high energy density electrode, it is necessary to increase the active
material content in silicon electrodes while at the same time
maintaining good electrochemical properties.
Pioneering studies found that the pulverization problem
caused by the large lithiation/delithiation strains can be minimized
when the silicon particles are smaller than a critical size
(oB150 nm) and the electrode is well-constructed with interior
void space or pre-formed porosity to buﬀer the volume change.17–21
Based on these findings, various nanostructured silicon-based
materials have been designed, namely nanowires,22–24 nanotubes,25 pomegranate structures,26 yolk–shell structures,14,27
and porous spheres,28,29 as well as many others.13,30–36 Despite
their significantly enhanced performance, most of these architectures have inadequate mechanical properties and are barely able to
tolerate the high mechanical stresses during conventional electrode
preparation processes (such as grinding, mixing, and roller pressing).
However, because of the discontinuous structure, poor conductivity,
and higher surface area of most types of nano-silicon, a large
number of inactive components (namely conductive additives
and binders; usually 430%) have to be used to construct a
continuous, conductive network to disperse and fix these nanoparticles within the electrode. As a result, the electrode’s silicon
content is still relatively low in most academic studies, such as
56.4% in a yolk–shell structure Si/C electrode,14 48% in a
mesoporous silicon electrode,37 18% in a micron-sized porous
Si/C sphere electrode,38 and 7.5% in a Si/C-graphite electrode.12
This low Si content results in the actual specific capacity
calculated for the whole anode being far less than the theoretical
capacity of silicon, let alone considering the unaccounted mass of
the current collector in the electrode (47 mg cm 2 for copper
foil), which prevents silicon anodes from providing the high
energy density they are capable of providing. Furthermore, many
of these porous architectures involve complex and costly material
synthesis and processing procedures, such as chemical vapor
deposition, metal-assisted chemical etching, and templateassisted processes, leading to limited scalability and hurdles to
commercialization.25,39–41 So far, it is a big challenge to develop a
low-cost and efficient way of achieving electrodes with a high silicon
content, good stability, and excellent electrochemical properties.
In this study, we designed a cellulose-based topological
microscroll structure to achieve an unprecedented silicon content of 92% without any binder for the entire electrode, and
investigated the use of it as a flexible, binder-free, and selfstanding anode for LIBs. Systematic experiments combined
with theoretical calculations demonstrate that the silicon nanoparticles induce the cellulose nanosheets to roll up during a freezedrying process, thus driving the Si nanoparticles (NPs) anchored
on CNTs to embed into cellulose microscrolls (Si@CNT/Celmicroscrolls), in which the CNTs and Si NPs were wrapped into
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the microscrolls along the axial direction. This design has multiple
advantages: (i) the topological microscrolls formed through the
cellulose nanosheets rolling themselves up eﬀectively confine
and fix the silicon nanoparticles in CNT/carbon cages, thereby
achieving a high silicon load of up to 92% by mass of the whole
electrode; (ii) the elastic CNTs/carbon network guarantee a good
dispersion of the silicon nanoparticles and form internal void
spaces within the microscroll, relieving the expansion stress of
silicon and providing suﬃcient buﬀer space; (iii) the super-long
and interconnected microscrolls (lengths 4100 mm) using CNTs
as a backbone enable a binder-free and free-standing flexible
electrode with suﬃcient flexibility; and (iv) the synthesis method
is simple, green, low-cost, and scalable. As a result, we have
achieved a high electrode specific capacity (2704 mA h g 1) with a
high silicon content of up to 92%; this high silicon content
means that the overall weight of the electrode is only about oneninth that of a traditional graphite electrode. Moreover, this
microscroll design provides a stable structure, good electrical
conductivity, and adjustable electrode thickness, allowing it
to exhibit high cycling stability under a high silicon content of
85% (42000 mA h g 1 after 300 cycles at 0.2 A g 1), a high
areal capacity (5.58 mA h cm 2), and a volumetric capacity of
930 mA h cm 3. The cellulose-based topological roll design can
be applied to other materials to construct flexible electrodes with
a high active material content.

Results and discussion
Fig. 1 shows a schematic of the Si@CNT/carbon microscroll
(Si@CNT/C-microscroll) design along with scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images. The designed microscroll has a continuous structure
constructed from an axial arrangement of intertwined CNTs, in
which well-dispersed silicon nanoparticles are anchored onto
the CNTs. The exterior of the microscroll is wrapped by ultrathin carbon derived from the pyrolysis of self-winding cellulose
nanosheets. During the carbonization, a nanoscale carbon-coating
layer is also formed on the surface of the Si NPs. Abundant void
space exists in the interior of the microscroll and between the Si
NPs, which can accommodate the volume expansion of silicon
during the lithiation processes. The elastic CNT/C cages and the
cellulose-derived carbon that are present throughout the scrolls,
both internally and externally, help to create excellent conductive
paths to the carbon-coated Si NPs and firmly support the silicon to
prevent it from falling oﬀ the scroll. An SEM image of the
synthesized Si@CNT/C-microscrolls shows a unique architecture
that consists of ultra-long fibers (4100 mm in length) with a
uniform geometry (Fig. 1b). Si NPs (30–50 nm) hang in bunched
CNTs in a shape that resembles clusters of grapes (Fig. 1c). These
bunched CNTs are strongly fixed to each other by cellulose-derived
carbon, thus forming an intertwined, spiral CNT/carbon cage
structure to steadily support the Si NPs. The microscrolls have
plenty of voids, mainly in the meso/macroporous range from 10 to
100 nm (Fig. 1d and Fig. S1, ESI†). Fig. 1e shows a TEM image of
one Si@CNT/C-microscroll with a well-constructed interior void
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Fig. 1 Si@CNT/C-microscroll design. (a) One microscroll before and after electrochemical cycling. (b) SEM image of a Si@CNT/C-microscroll. (c) SEM
image of one microscroll. (d) Nitrogen adsorption–desorption isotherm with a pore-size distribution curve of the Si@CNT/C-microscrolls showing good
porosity (10–100 nm). (e and f) TEM and (g) HRTEM images of a Si@CNT/C-microscroll.

space in which Si NPs are well-dispersed without aggregation.
Interestingly, the Si NPs are coated with a carbon nanolayer with a
thickness of B3 nm and possess stable electrical contacts with the
CNTs (Fig. 1f, g and Fig. S2 and S3, ESI†), which should help
enhance the activity and conductivity of the silicon.
In view of the above unique architecture in Fig. 1, we further
explored the formation mechanism of the cellulose-based scrolls.
Our approach for the preparation of Si@CNT/C-microscrolls
involved ultrasonic treatment of a mixed solution of cellulose
nanosheets (Fig. 2a), Si NPs (Fig. S4a, ESI†), and CNTs (Fig. S4b,
ESI†) followed by freeze-drying and annealing. Cellulose, one of
the main raw materials used here, has a unique two-dimensional
laminate structure with a thickness of B4 nm (Fig. S5, ESI†). It is
worth noting that these cellulose nanosheets transform into the
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microscrolls with a very high yield close to 100% after the freezedrying process (Fig. 2b and c and Fig. S6, ESI†). Then, a series
of comparative experiments were designed to determine the
minimum necessary conditions for this transformation (Fig. S7–S9,
ESI†). The results indicate that the occurrence of the topological
transformation of the cellulose nanosheets depends on three main
factors, namely the cellulose nanosheets, Si NPs, and the freezedrying process. It is the freeze-drying process that creates the
appropriate environment for the deformation of the cellulose
nanosheets, such as by isolating the nanosheets to reduce the
interactions between them and by providing a metastable solid/
gas interface. Fig. S10 (ESI†) shows TEM images of the mixed
solution of Si NPs and cellulose nanosheets before freeze-drying,
where the cellulose nanosheet shows obvious characteristics of
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Fig. 2 Formation mechanism of Si@CNT/C-microscrolls. SEM images of (a) cellulose nanosheets, (b) the transition stage, which simultaneously shows
the sheet and scroll structure, and (c) a Si@CNT/C-microscroll. The fibers in panel (b) were formed from the splitting and subsequent rolling up of
nanosheets owing to the gaps observed between the fibers in their junction. (d) Corresponding schematic illustration of the topological deformation
process for Si@CNT/C-microscrolls. (e) Simulation modeling of the topological deformation process of one side of a cellulose nanosheet with one Si NP.
(f–h) SEM images of a Si@CNT/C-microscroll in the immediate state of topological deformation.

water swelling owing to ultrasonication. Generally, the dehydration
treatment can cause shrinkage of cellulose in the presence of
hydrogen bonds, which would be accompanied by a corresponding
shrinkage stress.42,43 Therefore, we speculate that the rolling up of
nanosheets is related to the stress caused by the Si NPs in an
appropriate environment, i.e., that provided by freeze-drying.
To understand the formation mechanism of the cellulosebased scrolls, we performed a simulation in which we model the
topological deformation of a cellulose nanosheet (see Methods).
In our model, the focus was elucidating the origin of the
bending deformation of the cellulose nanosheet; the cellulose
nanosheet was simplified into a laminar plate structure that can
shrink in a vacuum. In this model, a silicon nanoparticle was
placed on the surface of the nanosheet, thereby representing the
initial state. The simulated snapshots of the topological deformation of the Si/cellulose nanosheets show a maximum displacement
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of 90 nm in the Z direction (Fig. 2d, e and Fig. S11, Table S1, ESI†).
The simulation results provide an important insight: the
restraining action of the silicon nanoparticle can cause warping
of the cellulose nanosheet during the dehydration/shrinkage
process. When many Si NPs are placed on the nanosheet, this
warping force may be even greater. In fact, we were also able to
identify the transformation process in SEM images of samples
in intermediate stages of the transformation process, as shown
in Fig. 2f and g. The process is similar to how rolls of paper
form, in the sense that all the edges of the nanosheets first curl
up. As the rolling-up process starts simultaneously at multiple
edges, abundant trifurcations are observed in the microscrolls,
which benefit the construction of a high-speed conductive
network (Fig. 2h). As a result, the presence of Si NPs causes a
non-uniform shrinkage stress of the cellulose nanosheet during
freeze-drying, inducing the cellulose nanosheet to roll itself up;
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this process was verified both in our experiments and in our
simulation.
Since each microscroll is self-assembled from Si NPs, cellulose
nanosheets, and CNTs, we further regulated the ratio of each of
these components, and observed that the microscroll structure
could be obtained repeatedly over a wide range of diﬀerent
material mixing ratios (Fig. S12 and Table S2, ESI†). As shown in
Fig. 3a, all the obtained samples show microscroll architectures for
a CNT content between 1.8 and 21% and had similar structures to
that shown in the magnified SEM images of a single scroll.
Similarly, the microscroll structure was also well maintained for
a Si content in the microscroll between 32 and 92% (Fig. 3b).
Fig. 3c and d show a statistical analysis of the microscroll
diameters for diﬀerent amounts of CNTs and Si, indicating that
when the content of the other two components was maintained
at a certain proportion, the average diameters of the microscrolls could be increased by increasing the silicon content or by
decreasing the CNT content; however, the diameter could not
exceed 3 mm. This demonstrates that the change in content of
either the silicon or CNTs only aﬀected the average diameter
of a microscroll, and that it did not have an influence on
the formation of the microscrolls. The ability to achieve a wide
range of material properties by adjusting the proportion of
the components that make up the microscrolls provides the
possibility to flexibly control the electrical conductivity and
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specific capacity of the electrodes by increasing or decreasing
their CNT and silicon content.
Based on this, it can be concluded that these unique microscroll architectures not only have flexibly adjustable functionalities, but also could also be mass manufactured owing to their
synthesis route. As shown in Fig. 4a, our microscroll design
satisfies the requirements for batch synthesis using cheap and
readily-available cellulose as a raw material, which should allow
for low-cost production of this material in large quantities.
Owing to the high aspect ratio and abundant trifurcation, the
microscrolls can form an integrated network structure in which
the microscrolls are interlaced with each other in an aerogel.
This structural feature enables the preparation of a free-standing
electrode film without using any binder. By a simple compression
process, an electrode membrane can be obtained without the
need for traditional electrode processing methods such as
mixing, coating, or solvent evaporation (Fig. 4b). Based on
varying the amount of CNTs in the microscrolls, the conductivity
of the electrodes can be adjusted from 31.6 to 421 S cm 1 (Fig. 4b
and Fig. S13, ESI†). Even after compaction, bending, folding, and
twisting, the free-standing electrode still maintains high flexibility with good integrity of the microscrolls (Fig. 4c, d and Fig. S14,
ESI†), implying that this architecture has superior robustness
compared with previously reported precise nanostructures26,31,44
such as hollow spheres and yolk–shell Si/C. The cross-sectional

Fig. 3 Controllable synthesis of Si@CNT/C-microscrolls with varying concentrations of silicon and carbon. SEM images of Si@CNT/C-microscrolls with
(a) a calculated CNT content and (b) a calculated silicon content of 32, 74, 85, and 92%. The lower half of the panel shows a single microscroll.
The corresponding conditions are reported in Table S2 (ESI†). Panels (c) and (d) show the average diameters and the size distribution of the Si@CNT/Cmicroscrolls with diﬀerent CNT and silicon content, respectively.
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Fig. 4 Free-standing Si@CNT/C-microscroll electrode and its characteristics. Digital photographs of (a) 1 L of a Si@CNT/cellulose mixed solution along
with the amount of Si@CNT/cellulose aerogel produced per batch; (b) a free-standing Si@CNT/C-microscroll electrode obtained through pressing and
annealing the aerogel (499% compression) with (c) excellent flexibility and (d) good conductivity (a Si content of 85%). Cross-sectional SEM images of a
Si@CNT/C-microscroll electrode with a controllable mass of (e) 0.83 mg cm 2 or (f) 2.2 mg cm 2. (g) Thermogravimetric curves of electrodes with a Si
content of 31.2, 74.6, 84.5, and 92.2% (denoted as Si-32, 74, 85, and 92, respectively). (h) Comparison of the amount of Si content in the electrode; our
work represents the maximum amount of silicon in an electrode compared with previously reported silicon/carbon anodes.

morphologies (Fig. 4e and f) of the free-standing electrodes show
controllable loading and a stable microscroll structure. Additionally, thermogravimetric analysis was used to identify the actual
silicon content of the free-standing Si@CNT/C-microscroll electrodes
(a Si content of 31.2, 74.6, 84.5, and 92.2%, referred to as Si-32, 74,
85, and 92, respectively), which was in very good agreement with the
theoretical values (Fig. 3b and 4g). It is important to note that
even though no binders were used to fabricate the electrode,
the topological scroll structure obtained by the rolling up of
cellulose nanosheets allows the scrolls to tolerate a high silicon
content of up to 92% while still maintaining a flexible electrode
structure. To the best of our knowledge, this high Si content
(compared with the entire mass of the electrode) is unprecedented
based on our assessment of previously reported silicon/carbon
anodes (Fig. 4h).10–14,26,27,30,37,38,45–54
The unique microscroll design ensures remarkable battery
performance. As shown in Fig. 5a, it is obvious that the
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Si@CNT/C-microscroll electrode can operate with an ultrahigh
silicon content of B92%. The electrode has a high initial
discharge capacity of 3254 mA h g 1 at a current density of
0.2 A g 1 (the total weight of the electrode was taken into account
in all these calculations), corresponding to an initial coulombic
eﬃciency (ICE) of 83.6% (Fig. 5b). The irreversible capacity loss at
the first cycle is mainly caused by the formation of SEI layers.55
The electrode also had a good reversible capacity of 2704 mA h g 1
at 0.2 A g 1 (Fig. S15, ESI†), indicating that the topological microscroll design enables excellent utilization of the silicon through the
continuous conductive network throughout the entire microscroll.
The carbon content in the microscroll can aﬀect the ICE, with the
ICE decreasing from 83.6 to 76.4% when the carbon content was
increased from 7.8 to 15.4% (Fig. 5b and Fig. S12, ESI†). A similar
phenomenon has also been reported by Liu et al.26 that lower
carbon content in the composite corresponds to a higher first
cycle ICE, primarily owing to less lithium trapping by the
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Fig. 5 Electrochemical performance of the Si@CNT/C-microscroll electrode. (a) First cycle of the discharge–charge voltage curves of the Si@CNT/
C-microscroll electrode (for Si-74, 85, and 92) and for an electrode with 50% Si NPs (Si NP-50). If not otherwise stated, all reported capacities in all panels
of this figure are based on the total mass of the whole of the electrode—this does not include the current collector for the Si NP-50 electrode.
(b) Comparison of the initial coulombic efficiency. (c) Cyclability of the Si NP-50 electrode and the Si@CNT/C-microscroll electrode (Si-74, 85, and 92) at
0.2 A g 1. (d) Voltage profiles of the Si-85 electrode cycled at various rates from 0.2 to 5 A g 1 in a potential window from 0.01 to 2 V versus Li/Li+.
(e) Capacities at a slow rate of 0.2 A g 1 with anodes with different masses.

amorphous carbon. Compared with an ICE of 56.3% for an
electrode with 50% Si NPs (Si NP anode), a higher ICE was
achieved for the Si@CNT/C-microscroll electrode owing to the
unique microscroll structure, which eﬀectively encapsulates the
Si NPs inside the scroll and forms a carbon coating layer on
the silicon surface. Fig. 5c demonstrates the prolonged cycling
performance of Si@CNT/C-microscroll electrodes for 300 cycles.
With a silicon content of 84.5% (Si-85), the Si@CNT/C-microscroll
electrode was able to maintain outstanding cycling stability,
delivering a stable capacity of 2056 mA h g 1 after 300 cycles,
in comparison with 54.6 and 1913 mA h g 1 for the pure Si
electrode and the Si-74 electrode, respectively. This demonstrates
that the microscrolls have a superior structural design as they can
remain stable under cycling even without binder and with a high
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Si content. For the Si-92 anode, with a silicon content as high as
92%, the microscroll electrode still showed a high reversible
capacity of 732 mA h g 1 after 300 cycles, over two times the
capacity of graphite (372 mA h g 1).
As shown in Fig. 5d and Fig. S16 (ESI†), rate performance
tests of the Si@CNT/C-microscroll and Si NP electrodes were
conducted at various rates between 0.2 and 5 A g 1. The
Si@CNT/C-microscroll electrode has a good rate capability
because of its good kinetics, which is in part synergistically
derived from the scroll-packaged and carbon-coated Si NPs and
the conductive CNT/C framework. Discharge capacities of 2710,
2320, 2085, 1611, and 1016 mA h g 1 were obtained at 0.2, 0.5,
1, 2, and 5 A g 1, respectively; these capacities are much higher
than the capacities of the Si NP electrode, which ranged from
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1543 to 20 mA h g 1. After cycling at a high rate and returning
the current density back to 0.5 A g 1, a stable capacity of
2154 mA h g 1 was restored. We can thus conclude that the
topological microscroll structure of the Si@CNT/C-microscroll
electrode, including the encapsulation and fixation of the Si
NPs in the porous interior of the scroll and the stable electrical
contact with elastic CNT/C cages, significantly improves the
cycle performance.
Achieving a high areal capacity with a low electrode weight is
a key requirement for light, high-energy density batteries
(Fig. 5e). The areal capacity of the microscroll electrodes was
able to reach 5.58 mA h cm 2 (2548 mA h g 1) with a mass
loading of 2.19 mg cm 2 at 0.2 A g 1 and was able to maintain
good stability (478% after 100 cycles). The corresponding
volumetric capacity based on the electrode volume was determined to be 930 and 720 mA h cm 3 (thickness: B60 mm;
density: 0.365 g cm 3) before and after cycling, respectively,
higher than the 600 mA h cm 3 achieved by graphite anodes.
More importantly, the overall weight of the electrode was only
about one-ninth that of a traditional graphite electrode with a
similar areal capacity. The electrode can maintain a good areal
specific capacity under a higher silicon loading with a thicker
electrode condition, owing to the integration of the electrode
and unique microscroll structure. The integrated microscrolls
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eﬀectively prevent electrode cracking during repeated cycling
even for a thicker electrode, in which the Si NPs can be well
fixed within the microscrolls.56 The areal and specific capacities
of this free-standing electrode outperform those of most previously reported Si-based electrodes (Fig. S17 and Table S3, ESI†).
Besides, by using this Si microscroll electrode as the anode and
LiFePO4 as the cathode, a LiFePO4//Si full cell was successfully
constructed (Fig. S18, ESI†). The full cell exhibits a good gravimetric discharge capacity of 2636 mA h g 1 at 0.3C. When the cell
was bent, it can work well to light an LED, demonstrating that
such a flexible microscroll electrode also provides good electrochemical performance in a full battery.
To demonstrate the robustness of this unique microscroll
structured electrode, the change in the morphology of the
Si@CNT/C-microscroll and Si NP electrodes after cycling was
also investigated, as shown in Fig. 6. After discharging/charging
at 0.2 A g 1 for 50 cycles, obvious cracks were observed in the
surface of the Si NP electrode (Fig. 6a). Additionally, severe
pulverization, aggregation, and desquamation occurred in the
Si NPs. In contrast, the topological microscrolls of the Si@CNT/
C-microscroll electrode exhibited good structural stability. No
cracks or fractures were observed in the surface of the microscrolls (Fig. 6b), suggesting that these topological microscrolls
are stable enough to withstand the significant volume changes

Fig. 6 Morphological evolution of the electrode after the lithiation/delithiation processes. SEM image of (a) the Si NP electrode and (b) the Si@CNT/
C-microscroll electrode without the SEI. (c) Statistical analysis of the diameters of the microscrolls before and after cycling. (d–f) TEM image and highresolution images of the electrode after cycling, and (g) corresponding Si, C, O, P, and F elemental maps.
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of Si during the lithiation/delithiation processes. A statistical
analysis shows a slight increase of the microscroll diameters
after cycling (Fig. 6c). The average diameter of the microscrolls
was 15% larger after cycling, increasing from 1.04 to 1.20 mm,
demonstrating that the microscroll design has an excellent
tolerance for silicon’s expansion. TEM images with elemental
mapping results for a Si@CNT/C-microscroll are shown in
Fig. 6d and e. The microscroll clearly shows a stable morphology
in which the Si NPs are individually dispersed in the scroll
without aggregating, and a large amount of voids remain between
the nanoparticles. Additionally, these nanoparticles are still fixed
to the CNTs and thus maintain good electrical contact with the
CNT/C framework even after cycling (Fig. 6f). As a result, the above
factors collectively contribute to mitigating the volume expansion
and to maintaining the good electrochemical activity of silicon,
thereby enhancing the cycling stability of the flexible and freestanding microscroll electrodes.

Conclusions
In summary, we have designed a new microscroll structure to
successfully address the issue of low silicon content in silicon
electrodes and have realized an unprecedented silicon content
of 92% for the whole flexible and self-supporting electrode. We
have demonstrated that the unique microscroll architecture is
related to the topological deformation of cellulose nanosheets
in the presence of Si NPs under freeze-drying. This microscroll
architecture also has the possibility to flexibly adjust the
functional components as well as having the potential to be
produced in large quantities at low-cost. The unique microscroll
design has multiple favorable properties that enable the superior electrochemical performance of the Si@CNT/C-microscroll
electrode: well-fixed and highly dispersed Si NPs, interior voids,
a coating of cellulose carbon around the whole scroll, and highly
conductive and elastic CNT/C cages. The electrode containing a
high silicon content of 85% can well deliver a large capacity of
2710 mA h g 1 at 0.2 A g 1 with good cycling stability. This work
demonstrates a new, green strategy for electrode design with a
high loading content of active material.

Experimental
Synthesis
As illustrated in Fig. 2d, mixes of cellulose nanosheets,57–59
CNTs, and commercial silicon nanoparticles in certain weight
proportions (Table S1, ESI†) were uniformly dispersed in 1 L of
deionized water using ultrasonication for 15 min before they
were transferred to different containers to control the loading
of silicon (Fig. 4a). After a simple freeze-drying treatment, the
resultant homogeneous yellow solution was converted into an
aerogel composed of Si@CNT/cellulose microscrolls. To enhance
the throughput per batch during the annealing process, the
aerogels were pressed (for later slicing) using a pressure of
5 MPa. Finally, compacted Si@CNT/C-microscrolls were synthesized after annealing at 800 1C for 2 h. The structure of the

This journal is © The Royal Society of Chemistry 2019

Paper

silicon remained consistent from the start to the end of the
process (Fig. S19, ESI†). Based on the mass percentage of Si in
the final microscrolls, the samples were named Si-X (where X is
the silicon content [%]). For example, Si-32 represents a silicon
content of 32% in the microscroll and free-standing electrode.
Additionally, Si@CNT/Cel-microscroll was synthesized as an
intermediate state during the topological transformation by scraping
the surface of the partially freeze-dried sample followed by
drying in an oven at 60 1C.
Mechanical modelling
We only considered one silicon particle for the modeling, and
simplified the cellulose nanosheets into a laminar plate structure.
The diameter of the silicon particle was 50 nm, and the size of
cellulose nanosheet was 200 nm  200 nm  10 nm. During the
freeze-drying process, the swollen cellulose nanosheets shrank
owing to the loss of water. Our model mainly focused on the
deformation of the cellulose nanosheets during the contraction
process for the case of a silicon nanoparticle placed on the
nanosheet’s surface. To simulate the boundary of the nanosheet,
this work only considered one possible shrinking process: only one
side was shrunk in the X direction. Herein, the bottom of the
cellulose nanosheet was fixed. It was assumed that the nanosheet
would shrink along the X direction, and the Y direction has a
normal constraint. The detailed setup of the model and the
material parameters is described in the ESI.†
Electrochemistry
The battery performance was evaluated by galvanostatic cycling
of coin cells with free-standing Si@CNT/C-microscrolls as the
working electrode and lithium foil as the counter and reference
electrode. The mass loading of the whole anode (Si-85) ranged
from 0.8 to 2.4 mg cm 2. Control electrodes with Si NPs were
prepared using the common slurry method, except using a
mass ratio of 5 : 3 : 2 for the active material, Super-P, and PVDF;
this electrode is referred to as Si NPs. After casting onto Cu foil
and drying at 60 1C in an oven for 12 h, a pure Si anode was
prepared with a mass loading of B0.8 mg cm 2. To assess the
electrochemical performance of microscrolls with a diﬀerent Si
content, the Si-74 and Si-92 electrodes were tested with a mass
loading of 0.8–1 mg for the whole of the anodes. The electrolyte
was 1 M LiPF6 in 3 : 6 : 1 v/v/v ethylene carbonate/diethyl carbonate/fluoroethylene carbonate. All the cells were cycled between
0.01 and 2 V versus Li/Li+.
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