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(SB)

Abstract

Two-dimensional (2D) layered materials are a quickly evolving area of scientific exploration, with
engineering of these into further constrained dimensions and engineered architectures offering the
possibility of unique physical insights. Constructing nanomaterials in dimensionally-constrained 2D
network architectures is a viable way for the improvement of both the performance and endurance of
electronic and energy devices. Here we report the growth of complex 2D nanonetworks of crystalline
tin selenide (SnSe) via liquid injection chemical vapour deposition using a single source diselenoether
precursor. Potential applications of SnSe span a wide range of technological areas, particularly in
energy devices, presenting a strong driving force for research on this material. These networks are
composed of high surface area interconnected junctions of one dimensional (1D) nanowires in a 2D
plane; such complex SnSe nanonetwork structures have not previously been reported. The SnSe
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networks possessed an orthorhombic Pnma 62 crystal structure throughout, with the individual network
branches uniformly orientated along the <011> and <01-1> directions. The width of the individual
interconnected nanowire branches ranged from 120 — 250 nm, with lengths ranging from 1 to 4
microns. These networks of 1D nanowires have a total 2D thickness in the range of 89 £ 9 nm. A
growth mechanism for the formation of these networks is proposed based on the minimisation of high
surface energy planes. We also highlight the potential of SnSe nanonetworks as anode material for Li-
ion batteries, with galvanostatic testing showing an initial discharge capacity in excess of 1000 mAh

g'!, with a 92 % capacity retention after 50 cycles at a specific current of 100 mA g-'.

Keywords: Nanowire networks, 2D materials, Layered materials, Chemical vapor deposition, SnSe,

Li-ion battery

Introduction

The increasing demand on the Earths’ resources, and the surge in interest in green technology, is
fuelling research into new materials and new morphological design for efficient energy generation and
storage devices. Metal chalcogenide materials, typically in the form of varying stoichiometries of MX
[M=Pb, Cd, Zn, Ag, Sb, Sn, etc.; X=S, Se, Te] have shown great prospects for energy device
applications.! Materials such as PbTe and Bi,Te; have historically been popular in the field of
thermoelectric materials?, however, avoiding scarce and environmentally toxic materials such as Pb,
Bi and Te, is of great importance for such applications if they are to be sustainable. Similarly for
photovoltaic applications, materials such as Pb and Cd based chalcogenides have been widely studied?.
In comparison to these, other chalcogenide materials, such as SnSe, a relatively Earth abundant and
non-toxic material, is an attractive option for sustainable energy device applications'. Indeed, SnSe
has shown great promise for thermoelectric devices*’7 and for solar cells®-19 and has been reported to

have a record high thermoelectric ZT value of 2.6 along its crystal b-axis’. In addition to these
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promising energy harvesting capabilities, SnSe also has great promise for applications in Li-ion
batteries!>"!5. Commercial Li-ion batteries typically use graphite as an anode; processing a capacity of
~372 mAh g'1.14 Sn, however, is a very attractive material for improvement of such applications due
to the high theoretical capacity of Lis4Sn of 994 mAh g!, which sparked initial interest into thin film
SnSe as an anode material.!> Early results, however, showed a reduced capacity for SnSe based anodes
of 400 mAh g! after 40 cycles, with improvements made in recent studies to as high as 1003 mAh g
114 Therefore there is a strong motivation to study SnSe as a promising alternative to other scarce and

toxic chalcogenide materials for energy applications’.

SnSe is a layered metal chalcogenide material, formed from tightly bound chemical bonds across the
b and c crystal axes, and weak van der Waals bonds across the longer a-axis direction. This weakly
bonded a-axis direction contributes to SnSe forming readily in 2D plate structures'®, due to the slower
crystal growth rate along this direction, and easier cleavage along this plane!”. SnSe has also been
shown to form as single 1D nanowire structures'®!°, Engineering the morphology of nanomaterials,
such as in a 2D sheet or 1D nanowire form, is an ideal way to tune the material properties, as well as

the scalability for device implementation?”.

The controlled growth and structural engineering of nanomaterials has the potential to offer an untold
impact on technology. Engineering materials in a nanostructure form allows incredible potential for
device scaling to smaller dimensions, as well as presenting unique electrical, optical and mechanical
properties, distinct from the bulk material?'=23. 2D materials in particular are being heavily pursued
for battery applications, with the 2D form offering many advantages over the bulk structure.?%-?!
Further engineering of the material structure can lead to even more exotic nanostructures®*, such as
complex branched nanonetworks. These nanonetworks are formed from large groups of intersecting

nanowires with single crystalline junctions, and have been shown to exhibit novel electrical, chemical
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and mechanical properties as compared to their bulk counterparts?>-?’. In particular, nanonetworks with
high porosity are an ideal energy harvesting platform (e.g. thermoelectric, photovoltaic, etc.), as the
thermal conductivity is drastically reduced in such structures due to a combination of the high porosity
with increased backscattering at the nodes and enhanced light absorption due to high surface area?®. In
addition, a seamless network made of nanowires is also an ideal material for energy storage
applications; combining the improved cyclability associated with nanowire battery materials®® with
stronger mechanical strength, while also maintaining a large exposed surface area to enhance

electrolyte infiltration.2°

Complex branched nanostructures exist for many technologically-important materials, such as Si*° and
III-V materials like GaN3?, GaP3! and GaSb*?. Branched chalcogenide nanomaterials such as MoS,3?
and CdTe** have been produced through solution methods, and branched PbS3° and PbSe3¢
nanostructures have been grown though various bottom-up CVD growth methods. SnSe has been
shown to form in both 2D plate structures!®3738 and 1D nanowire structures'®!® via chemical vapour
deposition (CVD) methods, but engineering the nanowires in a seamless 2D network structure of SnSe
has thus far proved elusive. The 2D nature of the layered SnSe material can act as a constraint in one
direction to confine the network to a 2D plane. Further controlled reaction mechanics, such as
energetically preferred crystal growth directions or selective surface passivation, then act to restrict the
lateral growth into a nanowire-like form along the 2D plane, resulting in a 2D network of nanowires,
which grow in the same x-y plane. TiSi,, which crystallises in a similar layered structure to SnSe, has
been shown to form in a branched 2D nanonetwork where the branched nanowires all lie within the

same plane3%49,

Herein we report for the first time the growth of single crystalline 2D networks of SnSe nanowires,

forming large complex branched structures. These networks are grown through the use of an
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atmospheric pressure CVD method, using a single source [SnCly{"BuSe(CH,);Se"Bu}] precursor®!
without any growth catalysts. The growth of these networked SnSe nanowires instead relies on the
nucleation of localised high surface energy sites, and the subsequent surface energy minimisation of
these sites, which leads to the growth of nanowire networks with low surface energy faceted planes.
We report electrochemical data from the analysis of these SnSe nanonetworks, presenting them as a

promising material for future high performance Li-ion battery applications.

Results and Discussion

SnSe nanonetworks were synthesised (see Supporting Information for detailed experimental method)
using a liquid-injection CVD method at 550 °C, injecting [SnCl,{"BuSe(CH,);Se"Bu}] as a single
source precursor*! (precursor concentration of 7.5 mg ml!) at a constant rate of 1.5 ml h"! under a
constant flow of 1.1 SCCM of argon gas. The nanonetworks were grown on a Si substrate, which was
placed at the centre of the furnace. The morphology, structural and chemical composition of the
nanonetworks synthesised at 550 °C is shown in Figure 1. Figure 1(a) shows an SEM image of the
networks, with an AFM topography image shown in Figure 1(b), highlighting large 2D plate-like
structures, 30 — 40 um in dimeter and around 88 + 10 nm thick (see supporting information figure S1
for additional AFM measurements and average thickness value), that are composed of many
interconnected nanowire-like branches, approximately 120 nm wide. The lengths of the individual
branches in the network vary from a few hundred nanometres to up to ~4 microns. This branched
nature of the networks presents a greatly increased surface to volume area as compared to a uniform
flake (supplementary information Figure S2). Figure 1(c) shows an XRD pattern taken from the
network sample shown in Figure 1(a) and can be assigned to phase pure orthorhombic SnSe (Pnma 62
orthorhombic, JCPDS 48-1224). The most intense peak in the XRD pattern is seen to be the (400)

peak, demonstrating significant ordering of the 2D nanonetworks on the Si substrate. The (400) plane
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corresponds to the plane along which SnSe layers are stacked, and the observation of a relatively strong
(400) XRD peak is commonly seen for 2D SnSe*?. Figure 1(d) shows a TEM image of a section of
these network branches after removal from the growth substrate. The networks are 2D in nature and
are seen to lie flat on the TEM grid, with the nanowire branches all lying within the same plane, in a
perpendicular manner to each other. The structural nature of these 2D nanonetworks closely resembles
that of previously reported TiSi, nanonetworks®*4°. The inset shows an EDX spectrum taken from the
area highlighted in blue, showing an atomic percent ratio of 53:47 Sn:Se in the wire branches,
presenting further evidence for the formation of stoichiometric SnSe. Raman analysis on these
nanonetworks is shown in Figure 1(e), and exhibits the B, vibrational mode of SnSe at ~107 cm™!, and
also the modes corresponding to the SnSe A2, and A3, modes at 129 cm™! and 151 cm’!, respectively*3.

These values are in agreement with previously reported values for ultrathin SnSe flakes*.

The detailed crystal structure of the individual branches was analysed using high resolution TEM
(HRTEM), as shown in Figure 1(f). The HRTEM image was taken from a junction area of the network,
and this particular junction is highlighted in red in the low resolution TEM image of the nanonetwork
structure shown in Figure 1(d). The bottom right inset of Figure 1(f) shows a magnified HRTEM
image of an area of the branch, with a measured d-spacing of 0.299 nm which corresponds to the (011)
and (0-11) lattice planes of Pnma 62 orthorhombic SnSe (JCPDS 48-1224). The top right inset shows
an SAED pattern taken from the area highlighted in purple in Figure 1(d). Diffraction spots in this
SAED are assigned to Pnma 62 orthorhombic SnSe (JCPDS 48-1224) viewed down the [100] zone
axis. The individual nanowire branches of these networks are seen to exhibit a growth direction in
either the <011> or <0-11> directions (Figure 1(f)). The angles between the (011) and (0-11)
diffraction spots are measured to be ~93°, with the angle between the (011) and (01-1) spots being
~87°. These are low surface energy planes for orthorhombic SnSe#”#8, making these network structures

energetically favourable due to the maximum exposure of these low energy surface planes. Previous
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reports on single SnSe nanowires have shown that these planes are also prevalent growth directions for

simple 1D SnSe geometries!®. The (001) and (010) planes however are expected to be higher surface

oNOYTULT D WN =

energy planes and should exhibit an initially higher growth rate. From the TEM image of Figure 1(d),
10 it is apparent that the network branches are not fully uniform in roughness along their length, and many
expanded sites on the edges of the branches are seen in the low resolution TEM image (green circle in
15 Figure 1(d)). These irregularly expanded surface regions are proposed to be initiated from growth
17 along the (001) and (010) planes. These surface edge sites thought to act nucleation sites for further
branching. If the reaction was allowed to continue, it is proposed that these (001) and (010) planes
22 would then be subsequently supressed by lower surface energy planes, leading to the growth of further
24 branch formation along the (011) and (01-1) planes. This will be discussed in detail while discussing

the growth mechanism of the nanonetworks.
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Figure 1: Analysis of the structure and composition of the nanonetworks.

cu || ¥ i sn

(a) SEM image of the

SnSe nanonetworks, showing a large amount of interconnected nanowires growing from 2D plate

structures. (b) AFM analysis of the SnSe nanonetworks, after dropcasting onto a Si wafer. Thickness

profiles are shown in the two insets. (c) XRD analysis of the sample shown in (a), indexed to Pnma

62 orthorhombic SnSe (JCPDS 48-1224). The board peak in the region of ~22° is due to the glass slide
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upon which the sample was placed for the XRD measurement. (d) Low magnification TEM image of
a section of a SnSe nanonetwork. The inset shows an EDX spectrum of the area highlighted in blue,
showing an atomic percent ratio of Sn:Se of 53:47. Raman analysis was performed on the SnSe
nanonetworks, as shown in Figure 1(e). The peaks seen correspond to the B, vibrational mode of SnSe
at ~107 cm’!, and the SnSe A%, and A3, modes at 129 cm! and 151 cm, respectively.** (f) HRTEM
image of the area highlighted in (d) in red, showing the high-quality single crystal structure of the SnSe
networks. The measured lattice spacing confirms that the growth direction of the branches are along
the <011> and <0-11> directions. This area is also at the interface of two meeting branches, and
importantly shows no significant crystal defects at this intersection. The inset shows an SAED pattern
of the area highlighted in purple in (d), showing a crystal structure indexed to Pnma 62 orthorhombic
SnSe (JCPDS 48-1224). This also indicates that the growth direction of the branches is along the

<011> and <0-11> directions.

The participation of surface energy minimisation mechanism in the growth of SnSe networks was
further investigated through detailed TEM analysis. Figure 2(a) shows a low magnification TEM
image of a SnSe nanonetwork. The network shows a highly uniform nature, with the angles between
all the interconnected nanowires in the network visually appearing to form in a perpendicular manner
to each other. From the SAED pattern shown in Figure 1(d) it is expected that these branches should
be formed along the <011> and <0-11> directions, which for a Pnma SnSe crystal (JCPDS 48-1224)
makes an angle of 93.822 © between the (011) and (0-11) planes and 86.178 ° between the (011) and
(01-1) planes. Measuring the angles between the branches in Figure 2(a) reveals angles of 93° and 87°
between the wires in the nanonetwork, in close agreement with the calculated values. This provides
further evidence for the uniform growth of the branches along these particular directions. Outside of
these regular branches marked in red, a small amount of additional growth is also seen, particularly

between the junctions of two meeting branches (Figure 2(a)). The intersection of multiple branches is
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highlighted in the different coloured boxes with corresponding arrows. Figure 2(b) shows a schematic
of the SnSe crystal structure in the proposed network form, viewed down the [100] direction. The
branches are assigned to the <011> equivalent directions. Additional growth along the <010> and
<001> directions at the branch intersections, as shown in the schematic of Figure 2(b), results in a
simulated structure strongly resembling the TEM image of Figure 2(a), indicating that additional
growth has occurred along these directions. The intersecting nanonetwork junction highlighted by the
purple circle in Figure 2(a) is shown in detail in Figure 2(c), with a webbed structure seen between the
two branches (white box). This webbed structure indicates growth along the <002> direction. Figure
2(d) shows a lattice resolved HAADF STEM image of a junction region, revealing a highly ordered
single crystalline structure. This clearly shows the branches as <011> and <01-1> growth, with the
additional inter-junction growth along the <001> direction. The thin amorphous layer seen at the
surface of the network is composed of SnO, (see EELS and EDX map in the Supporting Information
of Figures S3, S4 and S5) , which is expected to have formed after exposure to atmospheric conditions,

on removal from the CVD chamber, as seen before for previous reports on SnSe.4’
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Figure 2: Analysis of the structure of the individual nanowire branches in a network: (a) Low
magnification TEM image of a section of a nanonetwork. All of the branches are seen to form in a
regular manner to each other, at angles of 93° and 87° to each branch. (b) Illustration of the predicted
SnSe structure, based on the crystal data inferred from Figure 1, showing the growth direction of the
branches along the <011> and <0-11> directions. (c) TEM image of the SnSe network junction within
the purple circle in (a). (d) High resolution STEM image of a single crystalline junction, with the

branches assigned as growth in the <011> and <0-11> directions. Additional growth along the <001>
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direction at the junction interface is observed. Inset shows the junction region that the high resolution

image is taken from.

A growth model; borrowing knowledge from the TEM and HRTEM observations; explaining the
growth of SnSe nanonetworks is proposed in Figure 3. The (010) and (001) planes have previously
been calculated to be high energy surface planes*, which should exhibit a initially high growth rate.
The growth rate of these planes is expected to decrease as the reaction progresses, as the crystal system
tries to minimise its surface energy by forming lower energy surface planes. Based on this, the growth
is predicted to start with the nucleation of small (010) and (001) faceted SnSe flakes, as shown in Figure
3(a). As the growth continues, surface energy minimisation results in the appearance of the lower
surface energy (011) and (0-11) planes as is shown in Figure 3(b), with these low surface energy planes
eventually dominating the growth (Figure 3(c)). However, changes in the favoured growth planes
could be induced through small changes in reaction equilibrium, such as temperature or gas flow
fluctuations (leading to precursor vapour pressure variations). Changes in such reaction conditions
have previously been shown to alter the preferred growth planes in TiSi, nanonetworks*’. These
changes in reaction equilibrium could lead to the reappearance of a small number of (010) and (001)
surface planes, as shown in Figure 3(d). Defects induced by the interaction between the meeting of
two <011> nanowire branches could also lead to a change in locally favoured growth planes (additional
<010> and <001> growth is seen at the meeting of three branches in Figure 2(c). These planes would
then grow until the growth along these planes again became unfavourable, and the low-energy (011)
and (01-1) plane growth would begin to dominate once again (Figure 3(e)). Maximisation of these low
surface energy planes would then continue, with the growth progressing predominantly in the <011>
and <01-1> directions, leading to a protruded edge site on the wire structure (Figure 3(e)). The white
arrow in figure 2(a) indicates an example of this in the nanonetwork. This edge site would then act as

a nucleation site for the branch growth, with continuation of growth along the <011> and <01-1>
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directions then leading to the network structure as shown in Figure 3(f). Notably the webbed-like

structure between the junctions of the nanowire branches, which is seen in Figure 3(f), is also seen in

the TEM image in Figure 2(c) (white box).
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Proposed growth mechanism of the SnSe nanonetworks. (a) Initial {010} and {001} faceted
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(d) Small disturbances in the reaction equilibrium as the growth progresses results in the

appearance of the lower surface energy {011} planes. (c) As the growth progresses, the high energy
sporadic reappearance of a small number of {010} and {001} planes. (e) Surface energy minimisation
results in the repression of these high surface energy planes with {011} equivalent planes, leading to

SnSe flake is formed. (b) From this initial nucleation site, the flake continues to grow, with the gradual
surface energy {010} and {001} planes are replaced with the lower surface energy {011} and {0-11}

Figure 3
planes.
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these {010} and {001} planes acting as nucleation sites for additional <011> directed branches. (f)

The growth continues along these <011> planes, leading to the networked SnSe structure.

oNOYTULT D WN =

10 Many factors can contribute to the nucleation and growth rate of crystal facets in CVD reactions, such
as growth temperature, precursor concentration, chamber pressure, etc. In an attempt to further control
15 the growth of these SnSe nanonetworks, the reaction was performed at a higher temperature (Figure 4)
17 and then also at varying initial precursor concentrations (Figure 5). SEM images in Figure 4 show the
comparison in network morphology for the growth at 550 and 600 °C. A higher growth temperature is
22 expected to yield a greater preference for high energy surface planes.”® This is seen by increased
24 growth of the less stable (001) and (010) planes, leading to increased density in branching with the
branches that form being highly uneven along their length (see Figure 4, which shows the networks
29 formed as a function of temperature). These increased density in branching resulted in a less porous

31 2D network nanostructure at 600 °C compared to the growth at 550 °C.

49 / 4 ; - o - : “ pm* 7
50 P A : 7

52 Figure 4: Growth of the SnSe structures as a function of growth temperature. (a) was performed at

>4 a furnace temperature of 550 °C and (b) at 600 °C.
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Preforming the growth at a fixed temperature (550 °C), whilst varying the initial precursor
concentration (3.75 mg/ml, 7.5 mg/ml and 15 mg/ml), was also examined to observe the effect of
limiting and increasing the precursor vapour influx to the crystal surface. However, this was seen to
have very little influence on the structure of the final product in terms of dimension and branching

density (Figure 5).

Figure 5: Growth of the SnSe structures as a function of initial precursor concentration at 550 °C.

Part (a), (b) and (¢) shows growth with 3.75 mg/ml, 7.5 mg/ml and 15 mg/ml respectively.

Galvanostatic testing was carried out to assess the use of the SnSe nanonetworks as a potential anode
material for Li-ion battery applications. To facilitate these tests, SnSe nanonetworks were grown
directly on stainless steel current collectors. For electrochemical testing, SnSe nanonetworks were
achieved at a growth temperature of 550 °C with 7.5 mg/ml precursor concentration . This growth
condition was selected for electrochemical testing as growth at 550 °C produced network structure with
highest porosity and uniformity (Figure 4), whereas changing precursor concertation have minimal
effect on the network morphology (Figure 5). Small changes in the morphology of the 2D network
structures were observed in the networks grown on stainless steel compared to that grown on silicon
substrate, such as branch width and length, etc. (Figure 5a and Supporting Information Figure S6). The
initial discharge capacity was in excess of 1000 mAh g! and showed a 92 % capacity retention after
50 cycles at a specific current of 100 mA g-! (Figure 6(a)), which compares favourably with previously

reported SnSe anodes (Supporting Information, Table S1 shows comparison with published SnSe
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electrochemical data). This capacity retention is drastically improved compared to other pure (i.e. not
formed from a nanocomposite material) SnSe morphologies, where capacity retention is typically <35
% at this point'%!'4. Reduction of the volume of battery anode materials through nanostructuring has
been shown to have a positive impact on the capacity retention of the device?, and we ascribe this
improvement of the SnSe nanonetworks compared to non-structured SnSe to the better ability of the
networks to accommodate the volume changes typically associated with Li insertion and removal. The
voltage profiles shown in Figure 6(b) are consistent with the occurrence of conversion reactions at

higher potentials (i.e. between ~1 V and 3 V) and Li alloying below ~1 V.
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54 Figure 6: a) Capacity retention summary for the SnSe nanonetworks tested at a specific current of 100

56 mA/g and b) corresponding voltage profiles for the 1st, 5th, 10th, 25th and 50th cycle.
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Examination of the differential capacity plots, shown in Figure 7, shows clear peaks that match
extremely well with the peak locations presented by Lee et al.'® during their combination of ex-situ
XRD and DQ/DV analysis. The peak locations from the DQ/DV analysis are consistent with the
transformation of the SnSe nano-networks to Sn and Li,Se during the lithiation down to ~1 V, followed
by lithiation of the Sn via an alloying process. The reverse processes are identified for delithiation,
with the persistent peaks above 1 V for the 50 cycles, suggesting excellent reversibility for Se related

conversion reactions.
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Conclusions

Previously unexplored complex 2D SnSe nanonetwork structures have been grown via an atmospheric
pressure CVD method, utilising a single source [SnCl,{"BuSe(CH,);Se"Bu}] precursor, without the
presence of an external catalysing agent. These 2D networks were seen to consist of many
interconnected nanowires, with a nanowire diameter of about ~120 nm. The lengths of these wires
within the network were between 100 nm and 2 um long. These nanowires were seen to join at regular
uniform junctions at an angle of either 87° or 93° to one another, attributed to every wire having either
a <011> or <0-11> growth direction throughout the network. Minimisation of the surface energy of
the crystal planes was proposed to be the driving force behind the formation of these porous network
structures, consistent with the prevalence of the (011) and (0-11) SnSe planes in the final structure.
Owing to the porosity induced by the internal nanowire substructure that is present in complex 2D
SnSe nanonetworks such as these, a correspondingly higher surface area to volume ratio is justified
compared to an equivalent uniform 2D SnSe flake. These SnSe nanonetworks show great promise for
for Li-ion battery devices, exhibiting a high initial discharge capacity, in excess of 1000 mAh g!, and
maintaining a 92 % capacity retention after 50 cycles at a specific current of 100 mA g'!. These values
show a significant enhancement compared to previously reported values for pure SnSe nanocrystals,
and this is attributed to the combination of the SnSe network morphology and the correspondingly
higher surface area. Further control in the nucleation of the branch sites through future experimental
design changes (high vacuum set-ups, etc.), could lead to even greater manipulation of the porosity of
the network, and hence further potential control of the surface area and the material properties. The
results demonstrated here on the growth of SnSe nanonetworks and their energy storage device
application, presents motivation for the continued research into the electrochemical potential of this
materials system. For example, a future study could aim at complete electrochemical analysis of the
SnSe network nanomaterial within different voltage windows e.g. isolating alloying, conversion, and

finding a ‘sweet spot’ between the two to obtain the optimal cycling parameters for the SnSe network
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electrodes. This research also instigates future potential for engineered hierarchical networked
structures (e.g. 2D network with different porosity, branching orientation, thickness, diameter or even
3D network structure) of energy relevant materials for energy storage (Li-ion battery) and energy

harvesting (thermoelectric, photovoltaic, etc.) applications.

Supporting Information:

Experimental method, a table detailing the performance of SnSe anodes in the literature, AFM
analysis of the SnSe nanonetworks, surface area to volume ratio of a networked structure, EELS and

EDX analysis, SEM image of the SnSe nanonetworks grown on stainless steel.
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