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As a recent addition to the family of van der Waals layered crystals, indium selenide (InSe) possesses
unigue optoelectronic and photonic properties, enabling high-performance electronic devices for broad
applications. MNewvertheless, the lithium storage behavior of InSe flakes is thus largely unexplored
due to its low electronic conductivity and challenges associated with its exfoliation. Here, we prepare
few-layered InSe flakes through liquid-phase exfoliation of wet-chemistry-synthesized layered InSe
single crystals, and percolate the flakes with carbon nanotube (CNT) networks in order to form flexible
anodes to store lithium (Li). We demonstrate, with the support of CNTs, that exfoliated InSe flakes
possess superior Li storage capacity to bulk InSe; the capacity increases over prolonged cycling up to
1224 mA h g ! fram 520 mA h g ! coupled with excellent rate handling properties and long-term
cycling stability. The operando X-ray diffraction results suggest that the alloying of indium with L
dominates the Li storage reactions. By combining with density-functional theory calculations and post-
moartern analysis, we believe that the in situ formed indium gradually reduces the domain size, forming
nanoclusters which allow the accommodation of 4 Li* per atomic indium, and leading to extra capacity
beyond the traditional theoretical value. This new “"nanoscluster alloying” Li storage mechanism may
inspire new architectures or methods to synthesize few-layered InSe, thereby presenting broad
opportunities for high-perfarmance Li-ion battery anode technologies.

Introduction

The rapid development of smart, portable electronic devices
has greatly simulated the research on advanced energy storage
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devices'™ such as Li-ion batteries [LIBs) with superior capacity
and long cycle life.”"" Graphite, the standard commercial
anode material, which typically suffers from low capacity
(~374 mA h ¢ ') and low charge-discharge rate (sluggish ion
diffusion kinetics, 107""-107'" em® s7') due to the intercala-
tion mechanism, cannot meet the ever-increasing energy/ power
demands."*" To this end, the search for novel anode materials
with non-intercalation Li storage mechanisms and large theo-
retical capacity, such as materials with lithiaton conversion
and/or alloy reactions,” has benefited from intense interest.
Two-dimensional (2D) layered metal chalcogenides (MC, where
M is Ga/In, C is S/Se/Te, efc.) possess exotic properties and
multi-valences,'”'* enabling a variety of conversion/alloy reac-
tions with lithium, and thus are considered as promising
candidates for next-generaton battery anode materials.

As a member of the MC family, layered indium selenide
(InSe) crystals consist of strong in-plane covalently bonded
Se-In-In-Se layers that interact weakly in the out-of-plane
direction via van der Waals forces."” As such, layered InSe



allows the efficient exfoliation (either micro-mechanical or
liquid-phase exfoliation] of bulk crystals into few-layered
flakes.’® Such a thinning process switches the direct bandgap
(~1.3 eV) to an indirect bandgap (~3.0 eV) that has been
confirmed in atomically thin flakes,"*™" coupled with excellent
charge carrier mobility (up to 10° cm® v~ s™*), quantum Hall effect
and other anomalous optical responses at room temperature.’”
As such, few-layered InSe has been widely applied in electronic
and optoelectronic devices such as transistors (on/off ratio
up to 10%*"** and photodetectors (photoresponsivities up to
lﬂﬁ A “7—1].13,2-1.

Nevertheless, the potential application of layered InSe in
LIBs remains relatively unexplored, partially due to its poor
electrical conductivity as well as sluggish Li" diffusion kinetics
in its bulk structure.”® While incorporating bulk InSe into a
conductive matrix (such as carbon black™) effectively improves
the electron transport kinetics, the ion accessible sites in bulk
InSe are still limited. On the other hand, the conversion-alloy
reaction mechanism results in huge volume change for InSe
upon repeated cycling, which inevitably leads to the disconnec-
tion of the active material from conductive agents, followed by
a quick capacity decay.”* " For example, Fu ef al. reported an
initial capacity of 595 mA h g~* in their InSe thin-film electrode
which quickly decayed to 410 mA h g~ " after 10 cycles.*? While
fabricating InSe nano/micro-structures improves the reversible
capacity up to 650 mA h g™, the electrodes still suffers from
poor cyeling (40 cycles).”” To encapsulate the issue, engineering
InSe electrodes with abundant active sites for efficient Li” diffusion
while assimilating the stress from the repeated volume expansion/
contraction is expected to result in battery anodes with bath high
capacity and long cycle-life, but this has proven quite challenging.
In addition, the absence of a scalable preparation route for InSe
flakes also limits their technological potential.

In this context, liquid-phase exfoliation (LPE) of layered
materials in suitable solvents has been demonstrated as a
viable method to give large-scale 2D nanosheet at low costs,
enabling efficient solution processing of thin films, composites
and devices.'**"*' Colloidal solutions enriched with few-layered
graphene,” molybdenum disulfide,” black phosphorus,™
gallium sulfide and selenide,™"*" etc. have been reported; these
few-layered 2D nanosheets possess abundant active sites, thus
exhibiting much enhanced electrochemical and catalytic prop-
erdes compared to those of their bulk counterpart®*~
This suggests the potential utility of LPE for InSe to synthesize
few-layered flakes for the LIB anodes. Although liquid-phase
exfoliated InSe was reported for hydrogen evolution® and
photodetectors,™ to the best of our knowledge, there are no
reponts demonstrating such material employed for high-
capacity LIB anode with excellent cycling stability.

Herein, we report on few-layered InSe/carbon nanotube
(FL-InSe/CNT) flexible thin films as a high-performance LIB
anode material. FL-InSe flakes are liquid-phase exfoliated from
the wet-chemistry-synthesized [-InSe single crystals, and per-
colated with high-aspectratio CNTs to form a conductive
percolated network. We confirm high capacity in the FL-InSe/
CNT thin film electrode that increases from 520 mA h g™' to

1224 mA h g " after 245 cycles, coupled with ~97% coulombic
efficiency, excellent rate handling and cycling performance.
Such excellent electrochemical performance is ascribed to the
excellent mechanical strength of the CNT porous network, as
well as a new “nanoscluster-alloying™ Li storage mechanism, as
revealed by the in situ X-ray diffraction (XRD) and density-
function theory [DFT) calculation results. We believe that
the LPE-based straightforward approach to fabricate FL-MC/
conductive porous scaffold combining with the new Li storage
mechanism can be generalized to other layered materials,
which may inspire new electrode architectures with superior
charge storage properties, thus enabling a wide range of
applicadons such as in wearable electronics, energy storage
devices and optoelectronic.

Results and discussion

We begin with the wet synthesis of layered InSe. Through
employing a long-chain primary alkylamine (a solution mixture
of hexadecylamine and dodecylamine) as the solvent and
reductant, the indium acetate (In[CH,COO);) was thermolyti-
cally reduced and decomposed into In species at elevated
temperature.” Selenium powder which typically possesses a
poor solubility in amines such as oleylamine at <205 °C,""
dissolved rapidly in the hot medium at 300 °C, ensuring the
efficient solution-controlled growth of InSe domain. Previous
reports suggest that the Se/In stock ratio heavily affects the
morphology and crystal structure of the resultant InSe domain."’
Here, hexagonal InSe is believed to possess type-A edge and type-B
edge, where the coordination rates of incoming Se and In atoms
are different (Fig. 1a). A higher Se/In stock ratio ensures saturated
Se coordination rate at both edges of the InSe nuclei. Conse-
quently, the coordination rate of In, which is faster along type-A
edge,* governs the growth rate of the InSe domain, leading to the
formation of wiangular InSe. When the Se/In stock ratio is
decreased below the saturation conditon, the coordination rate
of Se and In alternatively control the domain growth rate along
type-B and type-A, respectively, resulting in the formation of
hexagonal InSe domains.* Upon aging, hexagonal InSe domains
assemble into layered crystals, as demonstrated in Fig. 1a. Here
we used a Se/In stock ratio <1 to ensure the as-formed InSe
crystals were predominantly hexagonal.

Such a self-confined synthesis assisted by the mixture of
amines represents a straightforward route to high-quality
layered InSe semiconductors. This is evidenced by the scanning
electron microscopy (SEM) images in Fig. 1b and Fig. S1a, b
(ESTF), where hexagonal layered crystals with uniform lateral size
are observed. Through statistical analysis based on the SEM
images, these crystals possess a mean lateral size of (L) = 470 &+
8 nm, according to the size distributon histogram in Fig. Sic
(ESIf). Transmission electron microscopy (TEM) and atomie
force microscopy (AFM) images (Fig. S2a-c, ESIT) further suggest
the shape of hexagonal InSe crystals, which are ~110 nm in
thickness according to the height profile (Fig. $2d, ESIf). The
XRD pattern in Fig. 1c indicates that the as-synthesized crystals
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(a) Schematic of growth of layered hexagonal InSe crystals through a wet-chemistry approach. (b) SEM image and (c) XRD pattern of as-

synthesized hexagonal layered InSe crystal. (d) Scheme of liquid-phase exfoliation of FL-InSe. (e) SEM image and (f and g) TEM images of FL-InSe flakes at
different magnifications. Inset in (g) isthe SAED pattern, showing a hexagonal atomic structure in the flakes. (h) HRTEM and (i) flow-pass filtered version of
image of FL-InSe flakes, showing a highly crystalline structure. (j) Size distribution and (k) height profile of exfoliated InSe flakes. Inset in (k) profile from

typical AFM image.

are hexagonal P63/mmc InSe (a = 4.02 A, ¢ = 16.8 A, JCPDS card
no. 00-034-1431).*

In order to obtain FL-InSe flakes, the layered InSe crystals
were bath-sonicated in N-methyl-2-pyrrolidone (NMP), whose
Hansen solubility parameters and surface energy are suitable
for most 2D layered materials.'**? Such a LPE typically employs
sonic energy or shear force to overcome the weak van der Waals
coupling of the layers and delaminate into few-layered nanosheets,
as schematically demonstrated in Fig. 1d. After exfoliation, the
resultant nanosheets were transferred to isopropanol (IPA), form-
ing environmentally friendly colloidal solutions (inset of Fig. 1e)
with concentration up to 5 mg mL™'. SEM images confirm the
presence of FL-InSe with a broad lateral size distribution (Fig. 1e
and Fig. S3a, ESIf). This is expected and normally occurs due to
the “scissor effect”” during LPE.**** TEM images indicate plenty of
exfoliated flakes with well-defined edges and no apparent damage
in the basal plane (Fig. 1f, g and Fig. S3b, ¢, ESIT), suggesting the
exfoliated material is of high quality. This is further verified by
the selected area electron diffraction (SAED, inset of Fig. 1g),

high-resolution TEM (HRTEM, Fig. 1h) and flow-pass filtered
version of image (Fig. 1i) where hexagonal lattice symmetry is
observed in the exfoliated InSe flakes with a highly-crystalline
structure. These exfoliated flakes possess a mean lateral size
of (L) = 318 + 10 nm (Fig. 1j) and a much smaller thickness
(~10 nm) compared to that of bulk InSe after exfoliation,
according to the size histogram and AFM/height profile (Fig. 1k),
respectively. Nevertheless, the crystal structure of hexagonal
InSe was well-maintained (Fig. $4, ESIT); no apparent defects
were introduced to the exfoliated InSe flakes during sonication,
best evidenced by the almost identical X-ray photoelectron
spectroscopy (XPS) spectra in Fig. S5 (ESIT).

Next, the FL-InSe flakes were percolated with CNTs by
vacuum filtration of their mixed dispersions, forming binder-
free flexible thin films, as shown in Fig. 2a. As references,
control samples including Layered InSe, Layered InSe/CNT,
FLAnSe films were also filtrated with similar thickness (~3 pm).
TEM image indicates that bundles and apparent defects are
found on the as-obtained carbon nanotube walls, which are
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Fig. 2 (a) Optical image of flexible FL-InS&/CNT thin film supported on the filtering membrane. (b) Top-view and (c) cross sectional SEM images of FL-
InSe/CNT film, showing a homogeneous distribution of FL-InSe flakes among the percolated CNT network, as shown in the EDX mapping in (b). (d)
Raman spectrum of FL-In5e flakes. Inset is overlaid mapping of InSe Ay and CNT G band sum, indicating uniform mixing of the two phases. (g) Capacity
per InSe in different films over 50 cycles at 500 mA g . f) GCD profiles of layered InSe/CNT and FL-InSe/CNT at different cycles, showing the
importance of exfoliated InSe flakes percolated in conductive network in achieving high capacity anode material by boosting the accessible sites to CNTs

and electralyte, as shown in (g).

quite typical for CNTs (Fig. 56, ESIT). Topview and cross-
sectional SEM images of a typical sample (20 wt% CNT, labeled
as FL-InSe/CNT for further studies unless specifically noted)
indicate that the FL-InSe flakes are uniformly embedded in the
CNT percolated network (Fig. 2b, ¢ and Fig. $7a, b, ESIT). Such a
homogeneous distribution of both CNTs and FL-InSe flakes
is also confirmed by elemental mapping of In, Se and C,
according to energy-dispersive X-ray spectroscopy (EDX)
mapping in the SEM (Fig. 2b and Fig. $7c, ESIT). The Raman
spectrum of FL-InSe/CNT in Fig. 2d indicates characteristic
lattice vibrations at ~116, ~176 and ~227 em™', cormres
ponding to the InSe A,/, E’, and A, modes, respectively.*
The color-coded map, showing contributions from both CNTs
and FL-InSe flakes based on the Raman spectrum, also implies
the flexible thin film is uniform (inset of Fig. 2d). We believe
the homogeneous distribution of FL-InSe flakes among the
CNT percolated conductive network not only forms sufficient
voids for rapid Li' diffusion as well as volume expansion,
but also promotes electron transport pathways for better rate
handling properties, as discussed below.

Electrochemical performance, including cyclic voltammo-
gram (CV) and galvanostatic charge-discharge (GCD) tests
of various samples were conducted. A strong cathodic peak
centered at 1.17 V (vs Li/Li") is observed in the first cycle CV
curve of the Layered InSe/CNT electrode, which disappears in
the subsequent cycles (Fig. S8a, ESIT), suggesting the composite
possibly undergoes structural change as well as the formation

of solid electrolyte interphase (SEI)."* Locations of other
cathodic and anodic peaks are well defined and agree with
previous reports on InSe thin films.*® The Layered InSe/CNT
electrode exhibits an initial capacity up to 970 mA h g~* at
100 mA g~', and decreases to 428 mA h g~' after 5 cycles
(Fig. $8b and ¢, ESIT), similar to those of InSe thin films with
different structures.™* At 500 maA g~', the FL-InSe/CNT elec-
trode showcases an initial capacity of ~797 mA h g~' while
layered InSe/CNT exhibits an initial capacity of ~669mAh g~*
(Fig. 2e). After 10 cycles, the capacity of FL-InSe/CNT electrode
gradually increases and reaches 740 mA h g~ ' per InSe after
50 cycles (Fig. 2e and f). This could be possibly explained by
the differences on the electrode structure. While bulk InSe
crystals are percolated with CNTs, both the Li" diffusion and
electron transport kinetics within the layered thick flakes are
sluggish. On the other hand, FL-InSe flakes increase the chance
of full contact with CNTs by exposing thinner sheets to the
conductive network, leading to much enhanced InSe utilization
and improved capacity and cycling, as schematically illustrated
in Fig. 2g.

To better understand the conductivity effect, we fabricated a
series of FL-InSe/CNT films with different CNT mass fractions
while similar in thickness, and evaluated their electrical and
electrochemical properties. As shown in Fig. 3a (top panel),
adding 30 wt% CNTs dramatically improves the in-plane con-
ductivity up to 560 § m~' from 0.3 § m~' for 5 wt% CNT
composite. The scaling of electrical conductivity of the



composites can be well fitted and interpreted using percolation
theoryz“s

opp o (M — M) (1)
where o is the in-plane electrical conductivity, M; is CNT mass
fraction, M;. is CNT fraction threshold to form the first con-
ductive paths and n is the conductivity exponent.*® While CNT
volume fraction is frequently used when plotting the results, it
is still reasonable to make appropriate analysis using the mass
fraction, since the latter scales closely with volume fraction.
The good fitting gives a n = 2.7 and a percolation threshold of
~1 wit% in the FL-InSe/CNT composites, very similar to numbers
achieved for MoS,/SWCNT composites by Liu et al *® We note that
we have reponed in-plane conductvites due to the relative simplicity
of the measurement. Siricily speaking, out-ofplane conductvities
are more relevant to rate performance. " However, at high loadings
the out-of-plane conductivity tends to be ~ 3000 times higher
than the in-plane conductivity.*® This means the mass fractions
(10 and 20%) showing optimised capacity in Fig. 3a will have
out-of-plane conductivities approaching 1 § m™". This is
enough to fully maximise rate performance with respect to
electrode resistance, as we describe below.*®

The subsmntially improved conductive network greaty
benefits the composites’ capacity and rate performance, as
evidenced in Fig. 3a (bottom panel) and Fig. 59 (ESIT]. For
instance, adding 20 wt% CNTs dramatically boosts the capacity
from 462 mAh g~" (5 wt% CNT) to 762 mAh g~ ' at50mA g,
which still maintains 595 mA h g~ as the charge-discharge

rate increased by 40-fold, confirming that the conductive
percolated CNT network governs the capacity as well as rate
handling properties. Such an effect is even more apparent when
nommalizing the capacity to InSe mass. As displayed in Fig. 3b,
the capacity per InSe in the FL-InSe/CNT composite increases
from486 mAhg™" (5wt% CNT,50mAg ') to 953 mA hg™ ' for
20 wt% CNTs. At 2000 mA g~', the 20 wt% CNT sample
stll preserves 743 mA h g=' per InSe, and bounces back to
1157 mA h g~ ! when the current density switches to 50 mA g~
(Fig. 3b), demonstrating excellent reversibility. Apparently,
repeated charging-discharging leads to increased capacity per
InSe at the 35th cycle compared to that of the 5th cycle. CVs of
various thin films are presented in Fig. 3¢, showcasing increased
integrated area as CNTs are added up to 20%, beyond which it
starts to decrease, indicatve of an optimum CNT fracton in
boosting both capacity and rate performance.

GCD cycling of FL-InSe/CNT films are shown in Fig. 3d
and Fig. 510 (ESIT). Interestingly, all the films containing CNTs
display good cycling performance; increased capacity over
cycling is observed, and is CNT content dependent (Fig. 3d).
For instance, a 5% CNT composite exhibits a slightly increased
capacity after 100 cycles, in sharp contrast to that of a 20% CNT
film, whose capacity still climbs up even after 100 cycles. By
comparing CVs of 5% and 20% CNT composites at different
cycles (Fig. 3e), it is reasonable to deduce that the increase of
discharge capacity is mainly due to redox reactions occurring
in the potential regime of 0.1-1.5 V (vs. Li/Li"). Specifically,
reactions in the range 0.1-0.6 V are expected to be responsible
for the capacity enhancement, as the partial capacity calculated
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Fig. 3 (a) Electrical conductivity (top panel) and capacity of composite (bottom panel) plotted as a function of CNT mass fraction. Insets in the top panel
are optical images of FL-In5e/CNT films with different CNT contents. (b) Rate performance of different composites plotted as a function of cycle number
(left panel and current density (right panel). (c) CV curves at2 mV's *and (d) cycling at 500 mA g ! of composites with different CNT contents. (g) CVs of
5% CNT (left) and 20% CNT (right) composite under different number of cycles. (f) Calculated partial discharge capacity within a specific potential regime

under different cycles.



in this potential regime has been improved by 149% from 10th
to 100th cycle (Fig. 3f). In addition, peaks at 2.5-3.0 V can be
assigned to the conversion of Li>Se to Se, and is conductivity-
dependent. The delithiation kinetics of Li,Se is facilitated when
the conductivity satisfies the charge transfer, thus exhibiting
apparent peaks (Fig. 3c), in sharp contrast to the almost
negligible peaks in the low-CNT-content electrode (Fig. 3e).
To unveil the reactions in the potential range of interest, we
performed in situ XRD measurements of the FL-InSe/CNT (20%
CNT). The operando results under different cycles are shown in
Fig. 511 (ESIT). When the cell was firstly discharged from 3 Vto
1 V (vs. Li/Li"), intensity of (004) peak corresponding to InSe
decreases while intensity of (111) peak of Li,Se phase increases
(Fig. 4a). No other phase evolutions are observed, suggesting
the pristine FL-InSe gradually decomposes into Li,Se during
the first stage lithiation according to reaction (2):
InSe + 2xLi’ + 2xe” — InSey_y + xLi,Se (2)
At this stage no evidence of In growing suggests that Se is
progressively extracted from InSe in a solid solution process.
Upon further lithiation from 1 V to 0.5 V, the (101) peak corres-
ponding to the In phase evolves, coupled with a strengthened
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intensity of (111) peak of Li,Se and the disappearance of the (004)
peak of InSe (Fig. 4a), a process that can be described through
reaction (3):

InSep;_y + 2(1 — xJLi" + 2(1 — x)e” — In + (1 — x]Li.Se

(3)

When discharged to 0.05 V, (101) peak of In disappears
while (111) peak of InLi appears, indicative of alloy reaction
through reaction (4):

In+ Li' + & — InLi (4)
Thus, in the first discharge process, the hexagonal FL-InSe
flakes mransform into InLi and Li,Se following the reaction (5)

schematically demonstrated in Fig. 4b and Fig. S12 (ESIf):
(5)

Along charging to ~1 V (Fig. 4c), the (111)and (220]) peaks of
InLi disappear while (101) peak of In appears in a symmetric
way to the discharge process while further charging to 3 V
results in shift and reduced intensity of the Li.Se peak,
suggesting the conversion of Li,Se to Se. At the end of the
charge, a mixture of In and Se is obtained, suggesting that the

InSe + 3Li" + 3¢” — InLi + LisSe
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(a) Contour profiles of operando X-ray diffraction patterns from 1st to 5th charge—discharge cycles. (b) Schematic illustration of reactions

involved in the first discharge process from 3 V to 0.05 V. (c) Contour profiles of operando X-ray diffraction patterns from 8th to 9th charge—discharge
cycle. #1, #2, #3 in the bottom panel of a and ¢ represent different charging/discharging states, whose operando X-ray diffraction patterns can be found

in the top panel of (a) and (<), respectively.



mechanism during charge (delithiation) proceeds in two steps
described by the reaction (6) and (7):

InLi «+ Li +e” +1In

(6)
(7)

Upon 2nd discharge, from 3 V to 1 V, the increased intensity
as well as the shift of the (111) peak suggest the conversion
from Se to LiSe and further discharge to 0.05 V results in
decreased intensity of In peaks and growing of InLi (111) peak
(Fig. 4c) in a perfect symmetric way as observed during
the charge. All extra charge/discharge proceed following the
same mechanism showing that once the first cycle leads to
irreversibly conversion of InSe to a mixture of In and Li.Se, the
electrochemical process occurs in a fully reversible way, as
demonstrated in Fig. 513 (ESIT) between a mixture of In/Se
and InLi/Li,Se in respectively charged and discharged states.
The intensity of the In peak (111) also gradually reduced
(Fig. 4a and Fig. $13, ESIT), which also possibly indicates that
the particle size becomes smaller over repeated cycles.

To gain an in-depth understanding of how In atoms accom-
modate Li', DFT calculations were performed to calculate the
adsorption of Li ion on In clusters. The calculated binding

Li;Se «+ 2Li + 2~ + Se

energy for several configurations of cluster including different
Li/In and In/Li;Se ratio are plotted in Fig. 5a, indicating that
indium is indeed capable of forming stable clusters without
significantly increasing the binding energy (state 1-4).

We further performed the calculation of absorbed Li amount
on an Insbased cluster, which is assumed as the preferred
structure, as seen in the red lines in Fig. 5a (state 5-8). The
binding energy is maintained at about —1.75 €V when one
Ins cluster has twenty Li adsorbed. A higher absorbed Li" on
the cluster (i.e, InsLiyg) results in reduced binding energy,
suggesting that the adsomption of 6 Li” per In; cluster is more
challenging. The relaxed adsorption configurations and corres-
ponding binding energies of In;, Iny, Ins, and In; cluster with
one Li,Se adsorbed were also calculated (state 9-12) and
indicated that In clusters have a high affinity for Se-containing
molecules. Therefore, we believe that, after repeated charging/
discharging cycles, In particles gradually reduce their domain size
and form nanoclusters. These nanoclusters are able to accom-
modate four Li" per atomic In {In;Li,;) instead of one Li" (InLi,
reaction #4 and #6) through alloying reaction, as schematically
demonstrated in Fig. 5b. We also note that these nanoclusters are
highly reactive with electrolyte, contributing a partial of capacity
associated with possible electrolyte decomposition like observed
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Fig. 5 (a) DFT calculations on the binding energy different In nanoclusters configurations (state 1to 4), adsorb energy of different amount of Li (state 5
to 8) and Liz5e (state 9 to 12) toward a Ins cluster, respectively. Insets are possible configurations under each state, indicating the as-formed In particles
are able to form stable clusters. These nanoclusters are able to accommodate 4 LiT per In unit, resulting in a much higher Li storage capacity beyond the
theoretical value, as schematically ilustrated in (b). (c) Long-term cycling of different cells at 500 mA g *. Cell 1 was cycled 280 times, then relaxed for
two weeks and then cycled to 900 times. (d) SEM images of post-cycled FL-InSe/CNT electrodes, showing a gradually reduced particle size as a result of
prolonged cycling. CVs of (e) FL-InSe/CNT and (f) nano-In/CNT compasites at 2 mV s, showing quite similar CV curves and indicating their similar

Li storage mechanism.
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in other conversion-type anodes.™ As such, the capacity

achieved is somewhat higher than the theoretical capacity.

To check this point, we cycled four different cells for 50, 100,
200 and 900 times, respectively. Fig. 5c indicates that the ever-
increasing capacity behavior is observed in all cells in the initial
200 cycles, whose values are quite similar at each cycling
stage. The capacity per InSe increases from 520 mA h g™* to
1224 mA h g ' after 245 cycles (cell 1). After relaxation
for 2 weeks, the capacity of cell 1 still climbs up and reaches
1106 mA h g, coupled with a high coulombic efficiency of
97% (Fig. 5c). The capacity of FL-InSe/CNT increases upon
cycling phenomenon can also be found in Fig. 2e and 3d, and
can be documented by the alloying of the continuously-formed
nanoclusters, so-called “nanocluster-alloying” mechanism. To
check this point, postmortem SEM images of different cells
suggest the InSe flakes decrease in size upon repeated cycling;
hexagonal flakes with welldefined shapes are observed after
1 cycle, then become blurred after 50 cycles and disappear com-
pletely after 500 cycles (Fig. 5d and Fig. 514, ESIT). Nanoclusters
are found in the SEM image of electrodes after cycling 500 times
(Fig. S14c and $15, ESIf), confirming the validatdon of DFT
calculation and indicating the extra capacity originates from
the reversible nanoscluster-alloying mechanism. That is to say,
the in situ converted In gradually reduces its particle size, forms
nanoclusters and stores much more Li majorly through the
alloying process, contributing extra capacity to InSe as a result.
This implies that nanosized In is a promising LIB anode
material. As such, we examined the CV curves of FL-InSe/CNT
and pure nanosized In/CNT (In particle size ~ 60 nm) compo-
sites (with same CNT content) at 2 mV s~ ', Fig. 5e and f are the
5th CVs of two composite electrodes.

Quite encouragingly, apart from the broad anodic peak at
2.5-3.0V (vs Li/Li") which is ascribed to the conversion of Li,Se
to Se (reaction (7)), other characteristic CV peaks are very alike,
suggesting the same Li storage mechanism and implying
that In is a promising LIB anode material. This may inspire
future studies on the synthesis of nanosized In with different
architectures and state-of-the-art performance, provided that
the in situ formed nanoclusters are still well percolated in the
conductive network.

Conclusions

In summary, we have demonstrated the liquid-phase exfolia-
tion of wet-chemistry-synthesized layered InSe crystals to give
few-layered InSe flakes, which were further percolated in CNT
conductive networks through a colloidal solution processing
approach. Due to shortened Li" diffusion paths and enhanced
electron transport kinetics, the binder-free flexible composite
exhibits superior electrochemical performance (including high
capacity and excellent rate capability) to that of bulk InSe.
Importantly, the capacity per InSe of the FL-InSe/CNT compo-
site increases over prolonged cycling up to 1224 mA h g* from
520 mA h g™, which is believed to largely relate to the reversible
alloying reaction, as confirmed by the operando X-ray diffraction

results. Combining DFT calculadons and post-cycling SEM
images, we revealed that the in situ formed In particles gradually
reduce their domain size, forming nanochisters upon cyeling which
are able to accommodate four Li” instead of one per atomic In, and
leading to extra capacity as the cycling number is increased. Such a
new “nanoscluster-alloving’” Li storage mechanism may point the
way in the exploraton of other metal chalcogenides to build
new architectures with excellent performance in LIBs, wearable
electronics and smart energy storage devices.
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