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ABSTRACT: Inorganic nanocrystals have attracted widespread attention both for
their size-dependent properties and for their potential use as building blocks in an
array of applications. A complete understanding of chemical transformations in
nanocrystals is important for controlling structure, composition, and electronic
properties. Here, we utilize in situ high-resolution transmission electron microscopy
to study structural and morphological transformations in individual sulﬁde
nanocrystals (copper sulﬁde, iron sulﬁde, and cobalt sulﬁde) as they react with
lithium. The experiments reveal the inﬂuence of structure and composition on the
transformation pathway (conversion versus displacement reactions), and they
provide a high-resolution view of the unique displacement reaction mechanism in copper sulﬁde in which copper metal is
extruded from the crystal. The structural similarity between the initial and ﬁnal phases, as well as the mobility of ions within the
crystal, are seen to exert a controlling inﬂuence on the reaction pathway.
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exceedingly useful for exploring the nanoscale reaction
mechanisms in a variety of novel lithium battery electrode
materials, such as silicon and germanium.16−23 In addition, a
number of recent studies have explored nanocrystal reactions;24−26 in one, the reaction of lithium with groups of FeF2
nanoparticles was examined, revealing structural evolution
during the conversion reaction of FeF2 to form amorphous
LiF and Fe nanodomains.24 Many oxide and sulﬁde nanomaterials react with lithium through such conversion reactions but
the eﬀect of structure and composition on reaction pathway has
not been fully investigated. Here, we utilize an experimental
framework suitable for the high-resolution TEM observation of
chemical transformations in individual sulﬁde nanocrystals as
they react with lithium, and we explore both the atomic-level
dynamics and the divergent reaction pathways (displacement
versus conversion reactions) in crystals with diﬀerent chemistry
and structure.
These experiments utilize a sample holder that allows for the
creation of a nanoscale electrochemical cell within the
TEM.15,17 As shown in Figure 1a, the holder features two
metallic probes that can be moved via piezo control. On the left
probe, a piece of lithium metal coated with a thin (∼100 nm)
layer of lithium oxide/nitride acts as the lithium source.

he synthesis of inorganic nanocrystals with tailored shape,
size, composition, structure, and physicochemical properties is a major focus in the ﬁeld of nanoscience.1,2 Controlled
nanocrystal synthesis has been motivated both by a desire to
understand the unique size-dependent properties of nanocrystals3 as well as by their potential for use as building blocks in
applications such as solar cells,4 thermoelectrics,5 batteries,6 and
optical devices.7 For full control of nanoscale chemistry and for
use in applications, it is important to develop an atomic scale
understanding of nanocrystal synthesis, phase transformations,
and chemical reactions. Because of the small size of
nanocrystals, in situ transmission electron microscopy (TEM)
has proven to be useful in characterizing such dynamic
processes in these structures8−12 but much remains to be
understood.
Chemical transformations are an important aspect of
nanocrystal synthesis and processing; in many cases, assynthesized nanocrystals are made to undergo further chemical
transformation either during the fabrication of more complex
structures13,14 or in the operation of a device, such as a battery
electrode.6 As such, it is necessary to understand structural
dynamics and transformation pathways during the chemical or
electrochemical reaction of individual nanocrystals with a
separate species. Recently, in situ TEM techniques for
monitoring the electrochemical reaction of nanostructures
with another elemental species, such as lithium or sodium,
have been developed.15 This type of experiment has been
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Figure 1. continued

lithium. Single Li2S and copper metal domains are visible; the
corresponding FFT indicates that the image shows {111} Li2S planes.
The SAED pattern (from a lower-magniﬁcation view of many crystals)
shows characteristic diﬀraction from Li2S, copper, and Li2O (which
forms due to reaction of lithium with surface oxygen on the carbon
support). The rings are labeled with color-coded Miller indices (red
for Li2S, blue for copper, and black for Li2O {111}). (d) TEM
characterization of a hollow polycrystalline Co3S4 nanocrystal with the
spinel structure. (e) A similar Co3S4 nanocrystal after reaction with
lithium showing a polycrystalline mixture of many Li2S and cobalt
metal domains. Darker cobalt nanoparticles are visible, as well as
lighter lattice fringes that correspond to Li2S crystals (as evidenced in
the FFT). The SAED pattern reveals diﬀraction rings from Li2S but
cobalt diﬀraction rings are not discernible due to the very small size of
the cobalt nanoparticles, which leads to broad and weak diﬀraction
rings. (f) TEM characterization of a pyrite FeS2 nanocrystal. (g) A
single FeS2 nanocrystal after reaction with lithium showing a
polycrystalline mixture of Li2S and Fe metal similar to the Co3S4
case. Again, the Fe diﬀraction rings are not easily discernible in the
SAED pattern because of the small crystallite size; in addition, the Fe
rings overlap with the Li2S rings.

Attached to the right probe is a collection of carbon tubes ∼300
nm in diameter with ∼20 nm wall thickness onto which
nanocrystals are deposited. Inside the microscope, the lithium
metal electrode is positioned so that it is touching a carbon
tube. The oxide/nitride layer on the surface of the lithium
metal prevents direct chemical reaction and acts as a solid
electrolyte layer through which lithium ions can ﬂow.16 By
negatively biasing the carbon electrode versus the lithium
electrode (usually to −2.5 V), Li+ ions ﬂow through the solid
electrolyte and are reduced at the carbon electrode, where
lithium then diﬀuses through and on the surface of the carbon
to react with the attached nanocrystals. In this way, the carbon
tubes provide both a path for lithium transport and a stable
support allowing for high-resolution TEM (HRTEM) imaging
of the reaction process in the nanocrystals. It should be
emphasized that the Li+ ions are reduced at the carbon
electrode before they diﬀuse to the nanocrystals, meaning that
chemical reactions with lithium (instead of electrochemical
reactions) are observed in the nanocrystals.
Figure 1b,d,f shows example TEM images of the three
diﬀerent types of sulﬁde nanocrystals considered in this study
(synthesis methods are presented in the Supporting Information). Cu2S nanocrystals (Figure 1b) are shaped as hexagonal
disks ∼15−18 nm wide and ∼5−8 nm thick.27 The hexagonal
shape arises because the crystal structure consists of a slightly
distorted hexagonal close-packed (hcp) sulfur sublattice with
the c-axis perpendicular to the disk face; copper is distributed
both within and between the close-packed sulfur layers. The
Cu2−xS system exhibits rich crystal chemistry with a variety of
closely related phases that exist.28,29 Stoichiometric Cu2S can
exist either as the low chalcocite (LC) or high chalcocite (HC)
phase, both of which feature the hcp sulfur sublattice with
diﬀerent copper arrangements. In the HC phase (stable above
103.5 °C in the bulk), the copper atoms are highly disordered,
and the crystallography of the structure is deﬁned by the
hexagonal sulfur framework (space group P63/mmc).28,29 In the
LC phase, which is stable below this transition temperature, the
copper atoms are ﬁxed in a complex interstitial manner, giving
rise to monoclinic symmetry (space group P21/c).28,30 In
addition, another stable low-temperature phase exists, djurleite

Figure 1. Reaction of diﬀerent sulﬁde nanocrystals with lithium. (a)
Schematic of in situ TEM setup showing nanocrystals supported on
carbon tubes. (b−g) TEM characterization of three diﬀerent types of
nanocrystals before and after reaction with lithium. (b) Image of a
single Cu2S nanocrystal along with the associated fast Fourier
transform (FFT), low-magniﬁcation view of a collection of particles,
and SAED pattern of multiple particles showing the low chalcocite
phase. The SAED pattern is labeled with planar spacings (in Å);
diﬀraction rings distinguishing the LC phase are noted with asterisks.
(c) TEM characterization of a similar nanocrystal after reaction with
B

DOI: 10.1021/nl504436m
Nano Lett. XXXX, XXX, XXX−XXX

Letter

Nano Letters

Figure 2. Reaction of groups of Cu2S nanocrystals. (a−h) Time-series of a reaction of a group of larger Cu2S nanocrystals. (a) Top-down view of
three Cu2S crystals that are initially in contact. (b) The reaction with lithium begins, and copper metal begins to form on the surface of particle 1 as
copper is removed from this particle. (c,d) The copper metal domain on particle 1 grows larger, and copper is also removed from particle 2 to form a
domain on the edge of this particle. (e−g) A reaction front (marked by arrows) sweeps across particle 3 as copper is partially removed from this
particle to join with the already-formed copper metal domains on the other particles. (h) The remaining copper is ejected from particle 3 to form a
multitude of copper metal domains on the surface of the particle. All the original Cu2S particles have been transformed to Li2S with copper domains
residing on the surface of the new particles. (i−k) Time series of a diﬀerent group of particles showing the formation of a copper dendrite when a
larger group of Cu2S particles reacts with lithium. The darker region to the left in the images is a thick group of Cu2S particles supported by carbon.
The copper ions are mobile enough to diﬀuse from particle to particle during the reaction, resulting in the growth of a copper dendrite during the
formation of Li2S.

(Cu1.93−1.97S). The structure of djurleite is similar to LC, as it
also features the hcp sulfur sublattice with diﬀerent copper
ordering (space group P21/n).28,31 LC and djurleite are often
found intermixed28 and there is actually a thermodynamic
tendency for copper deﬁciency (djurleite formation) in this
system.32,33 LC can transform to djurleite through copper
vacancy formation due to oxidation or other processes.33,34
Nanocrystals of all three phases have been reported27,35 but due
to similar diﬀraction patterns and variable diﬀraction peak
intensity for nanocrystals it is often diﬃcult to discern between
the LC and djurleite phases.33,35,36 In the present study, based
on selected area electron diﬀraction (SAED, Figure 1b), the assynthesized nanocrystals appear to have the LC phase due to
the often-observed presence of certain characteristic diﬀraction
spots/rings (see Supporting Information for details). However,
we do not rule out the presence of djurleite due to varying
intensity of the characteristic LC rings. As such, we conclude
that we have primarily LC crystals with the possible inclusion of
some djurleite crystals. The situation is further complicated by
the fact that LC nanocrystals have been shown to transform to
the HC phase due to beam-induced heating during HRTEM
imaging.8 Despite this complex phase space, it will be
demonstrated that for our experiments the precise arrangement
of copper is not as important as the structure of the sulfur
sublattice, which is very similar for all the phases. With this
understanding, we use the terminology “Cu2S” to refer to these
crystals.
The other two nanocrystals studied here are Co3S4 (Figure
1d) and FeS2 (Figure 1f). The Co3S4 nanocrystals (cubic spinel,
space group Fd3̅m) are polycrystalline hollow spheres between
10 and 15 nm in diameter.37 The FeS2 crystals are single
crystalline with the pyrite structure (cubic, space group Pa3)̅ 38

and they have a broader size range than either the Co3S4 or the
Cu2S. Schematics of the structures of these two materials are
presented in the Supporting Information.
The three types of nanocrystals have diﬀerent compositions,
morphologies, crystal structures, and transition metal oxidation
states. However, these three phases should undergo the same
thermodynamically favorable reaction with lithium at the
applied potential in these experiments
2y Li+ + MxSy + 2ye− → y Li 2S + x M

(1)

where M is the transition metal species. Figure 1c,e,g shows
each type of nanocrystal after reaction with lithium. Both Co3S4
and FeS2 crystals transform into a polycrystalline mixture of
Li2S and ﬁnely dispersed metallic cobalt or iron (Figure 1e,g).
Li2S takes the cubic antiﬂuorite structure (space group Fm3̅m)
with the sulfur located on a face-centered cubic (fcc) sublattice
and the lithium ﬁlling all the tetrahedral interstices. The lighter
lattice fringes in the images correspond to Li2S planes, while the
darker areas are the metallic nanodomains. This type of
intimately mixed morphology is characteristic of a conversion
reaction in which the initial crystal decomposes to form
interspersed Li2S and metallic domains; conversion reactions
have been widely reported for a variety of materials during
reaction with lithium, including oxides, sulﬁdes, and ﬂuorides.6,24,39,40 Other in situ TEM studies have also shown
similar conversion reactions when CoS2 and Co9S8 react with
lithium.41,42 Corresponding videos of the reaction of Co3S4 and
FeS2 particles are available in the Supporting Information. The
lithiation of FeS2 particles proceeds via the radial movement of
a reaction front into the particle, which consumes the FeS2 and
leaves behind intermixed Li2S and Fe nanodomains with a
C
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Figure 3. Transformation of the Cu2S crystal structure during the reaction. (a) Edge-on view of two small Cu2S nanocrystals (labeled 1 and 2)
supported on the outer wall of a carbon tube. The (002) planes of the hexagonal sulfur sublattice (with spacing of ∼3.36 Å, as shown in the FFT) are
visible in particle 1, while (101) planes of the hexagonal sulfur sublattice (with spacing of ∼3.05 Å) are visible in particle 2. (b) The same two
particles after reaction with lithium 0.5 s later. Both particles have transformed to Li2S while maintaining their original shape, and the extruded
copper metal has formed a cap on top of particle 1. The transformation of particle 1 occurs through a slight decrease (∼2%) in the spacing of the
close-packed planes of the sulfur sublattice (i.e., the (002) planes of the hexagonal sublattice of Cu2S) to match the Li2S(111) planar spacing of 3.29
Å, as shown in the FFT. In particle 2, the original planes rotate slightly as new Li2S(111̅) planes become visible. (c) High-resolution image of a
diﬀerent Cu2S particle along the [010] zone axis of the hexagonal sulfur sublattice. Note that the FFT indicates that this particle exhibits
characteristics of high chalcocite,8 which could be caused by beam-induced heating. The ABAB stacking of the sulfur sublattice is apparent, as shown
in the accompanying schematic of low chalcocite below the TEM image.8,28 The image was taken at 300 kV with an aberration-corrected instrument.
(d) High-resolution image of a reacted Li2S particle along the [1̅10] zone axis of Li2S. The ABC stacking is apparent, as shown in the accompanying
schematic below the image. The image was taken at 200 kV without aberration correction. Overall, the arrangement of the sulfur sublattice in the two
phases is very similar; the particles can transform via a shift from ABAB stacking to ABC stacking of the sublattice in conjunction with a slight
decrease in the spacing of the close-packed planes.

exposure as well as material that underwent reaction away from
the beam showed no diﬀerences in product morphology or
structure (this is demonstrated in the Supporting Information).
Thus, it was concluded that electron beam eﬀects did not
signiﬁcantly aﬀect the experiments.
To study detailed reaction mechanisms and to explore the
eﬀect of size, larger Cu2S nanocrystals were synthesized via a
slightly diﬀerent method (see Supporting Information for
details) and observed during reaction with lithium. These
crystals are typically about 30−40 nm wide and 15 nm thick.
Figure 2 shows the reaction process in three crystals that are in
physical contact with each other; Figure 2a is an image
immediately before reaction with lithium. In Figure 2b, the
reaction process has started, and copper is being ejected and is
accumulating as copper metal on the surface of particle 1. In
Figure 2c,d, the copper domain on the surface of particle 1
grows larger, and a new copper metal domain forms at the edge
of particle 2 as copper is removed from this particle. Figure 2e−
g reveals the movement of a reaction front across particle 3 as
copper is partially removed from this particle. Interestingly, the

larger total volume. In Supporting Information video S5, this
reaction front is evident between the inner FeS2 region with
darker contrast and the exterior reacted region, which has
lighter contrast. The much smaller Co3S4 particles appear to
transform uniformly into a mixture of Li2S and Co (Supporting
Information video S4), although this is probably because a
reaction front moved too quickly to detect with the video
recording frame rate utilized (2 frames per second). In contrast
to this ﬁnal mixed morphology, each Cu2S crystal usually reacts
with lithium to form distinct domains of crystalline Li2S and
copper metal, where the copper domain forms at the surface of
a single converted Li2S particle (Figure 1c). The details of and
reasons for this divergent reaction behavior will be the primary
focus of the reminder of the paper. Note that the Supporting
Information contains further characterization of these reaction
products, including energy dispersive spectroscopy (EDS) and
electron energy loss spectroscopy (EELS) data. In addition,
control experiments revealed that electron beam exposure did
not alter the morphology of the pristine nanoparticles and
examination of reacted material both under continuous beam
D
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Figure 4. Observation of the reaction pathway in a single Cu2S nanocrystal. (a) Edge-on view of a Cu2S nanocrystal disk 29 nm wide and 14 nm
thick. The FFT shows that this is again a view along the [010] zone axis of the hexagonal sulfur sublattice. (b) Fourier-ﬁltered image of the
nanocrystal with (101) planes displayed in red (the spots corresponding to these planes are circled in the FFT in (a)). The schematic of the sulfur
sublattice in (b) shows these planes as red lines. The planes are ∼62.5° from the vertical close-packed sulfur layers; this angle and the planar spacing
are characteristic of the ABAB stacking sequence of the Cu2S structure. (c−f) Fourier-ﬁltered images during reaction with lithium showing the
disappearance of the Cu2S region and the emergence of a new set of planes in blue. As shown in the schematic in (f), these are the (111̅) planes of
the Li2S structure viewed along the [1̅10] zone axis, which have a larger planar spacing and are oriented at ∼70.5° from the (111) planes stacked
parallel to the disk face. The images in (c−f) show that the transformed Li2S region sweeps across the crystal from the left to the right over the
course of a few seconds, and at intermediate times both structures exist in the particle. Note that there is a slight contraction in the (002) closepacked planar spacing of the Cu2S hexagonal sulfur sublattice before this transformation takes place (not shown here); this could be due to the initial
partial removal of some of copper and replacement with lithium. (g) TEM image and FFT after the reaction; the crystal has transformed to the Li2S
phase while maintaining the original shape.

nanometer-scale clusters of metal mixed with Li2S. The reaction
of Cu2S is more akin to a displacement reaction, which has
previously been observed in conventional electrochemical
experiments with other copper-containing materials such as
Cu2.33V4O11, Cu3Mo6S8, CuS, and a few others.40,43,44
Interestingly, in the case of Cu2.33V4O11 the displacement
reaction was observed to be electrochemically reversible, and
scanning electron microscopy showed the reincorporation of
copper dendrites during lithium removal.43 In addition, it has
been reported that copper sulﬁdes exhibit lower charge/
discharge overpotentials relative to other materials that undergo
conversion reactions, suggesting more facile kinetics during the
reaction.45 The unique extrusion mechanism is thought to arise
when two conditions are met: (i) the initial phase must exhibit
high ionic conductivity to allow for fast transport of the
transition metal ion, and (ii) there must be a structural
relationship between the initial and ﬁnal phases to allow for a
kinetically facile transformation to the new phase.40 The various
Cu2−xS phases are known for their high ionic diﬀusivity of
copper; in particular, the HC phase has extremely high ﬂuidlike
ion mobility owing to the disordered distribution of copper and
the large number of copper vacancies.28,46 The chemical
diﬀusion coeﬃcient of Cu in HC Cu2S has been found to be 2
× 10−7 cm2·s−1.47 The LC and djurleite phases exhibit lower
copper ion diﬀusion coeﬃcients (D̃ Cu = ∼10−7−10−8 cm2·s−1
for LC at room temperature; D̃ Cu = ∼10−9 cm2·s−1 for djurleite
at room temperature)48 but the diﬀusivities are still much
higher than other metal sulﬁdes such as FeS2 (D̃ Fe = ∼10−17
cm2·s−1 in FeS2 at 100 °C).49 Regarding the structural
requirement for the displacement reaction, there are signiﬁcant
crystallographic similarities between Cu2S and Li2S,40 which
will be discussed at length in the following section. The other
two sulﬁde phases studied here do not meet these requirements, which is why the reaction product morphology is

ejected copper metal is not deposited on the surface of particle
3, but instead it appears that the copper ions diﬀuse from
particle 3 through the other particles to join with the alreadyformed copper metal domains. In Figure 2h, the reaction is
complete, and the remaining copper has been ejected from
particle 3 to form small copper domains attached to the surface
of the newly formed Li2S particle. The two-step reaction
process seen in particle 3 was commonly (although not always)
observed in these larger crystals: ﬁrst, some copper is removed
via the sweep of a reaction front across the particle, and then
the remaining copper is ejected to form smaller domains. In
other cases, a distinct reaction front was not observed while
copper formed at the surface, but this may be because the
particle was not oriented favorably for viewing the reaction
front motion. In addition, sometimes the reaction was observed
to occur only via the movement of a reaction front without the
second ejection step. Video S1 in the Supporting Information
shows the dynamic reaction process of these particles.
The transport of copper ions through or on the surface of
neighboring Cu2S particles during reaction was also observed
on a larger scale than just a few particles, leading to the
dramatic growth of dendrites from large agglomerations of
Cu2S particles (Figure 2i−k). In these images, a copper metal
dendrite is growing into the vacuum of the TEM column from
the edge of a group of Cu2S particles that are reacting with
lithium. Dendrites often formed when many particles were in
contact and when the reaction process was relatively slow.
Assuming the rate of copper transport is fast enough, the
formation of large copper dendrites may be driven by the
energetic beneﬁt of a smaller surface area to volume ratio for
the newly formed copper metal.
Overall, it is clear that the extrusion process observed for the
Cu2S reaction is diﬀerent than the previously discussed
conversion reaction in Co3S4 and FeS2, which results in
E
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layers (as shown in the crystal schematics in Figure 4b,f), and
mapping the location of each set of planes allows for
visualization of the extent of the transformed region in this
crystal as the reaction progresses. In Figure 4b, hcp stacking
(shown in red) is initially present throughout the crystal (i.e.,
the crystal is Cu2S). In Figure 4c, the transformation begins on
the left side of the crystal with a shift to fcc stacking (shown in
blue), and over the next few seconds the transformed region
sweeps across the crystal to the right. After reaction, the crystal
has transformed to the Li2S phase while retaining the same
morphology (Figure 4f,g). Note that copper metal domains do
not form on the surface of this particular crystal; instead, the
copper ions removed from this crystal diﬀuse through other
crystals outside of the image frame. The transformed fcc
stacking region that appears behind the sweeping reaction front
also has lighter contrast in the original TEM images (see
Supporting Information), suggesting the full removal of copper
and the formation of the Li2S phase. These data show that the
sulfur sublattice undergoes a local shift from hcp to fcc stacking
as the lithium enters the structure and the copper is removed
with the transformation sweeping across the crystal. This is in
contrast to a hypothetical alternative situation in which the
entire crystal might undergo a coordinated shear from hcp to
fcc stacking; this is not the case, as it seems that the local
interaction of the lithium and copper with the sulfur sublattice
drives the transformation. Overall, these images reveal
important structural details about this transformation and
oﬀer a high-resolution glimpse into the dynamics of this
reaction in individual nanocrystals.
In conclusion, these experiments have provided an atomiclevel view of chemical transformations in diﬀerent nanocrystals.
The transformation pathway during the reaction of Cu2S
crystals with lithium is quite diﬀerent than that during the
reaction of Co3S4 or FeS2. For Cu2S, copper metal is extruded
out of the crystal during the formation of a single Li2S domain,
while for Co3S4 and FeS2 the reaction with lithium results in a
nanoscale mixture of Li2S and cobalt or iron nanoparticles. The
displacement reaction in Cu2S is enabled by the high ionic
mobility of copper ions in the structure as well as the similarity
of the sulfur sublattices in the initial and ﬁnal phases. Highresolution imaging revealed that the sulfur sublattice rearranges
as copper leaves the structure with close-packed sulfur planes
shifting from the hcp-type stacking of Cu2S to the fcc-type
stacking of Li2S. After reaction, the new Li2S particle retains the
original shape and morphology of the original Cu2S particle,
and the extruded copper either forms particles at the surface or
larger dendrites if many Cu2S crystals are in contact. These
experiments show the value of in situ TEM techniques for
elucidating complex reaction mechanisms in individual nanocrystals. Further in situ TEM studies on the potential
reversibility of this reaction are important to determine if this
material is appropriate for use in secondary lithium-ion
batteries; therefore, a next step is to study the phase
transformations during the delithiation of these various
nanocrystals. In addition, due to the formation of Li2S upon
lithiation, metal sulﬁde-based electrodes are expected to share
some similarities with sulfur electrodes for lithium−sulfur
batteries. Thus, strategies to minimize the loss of active material
due to the dissolution of polysulﬁdes into the electrolyte will be
necessary for stable cycling performance in battery cells.45

consistent with the more common conversion reaction
mechanism. In addition, another diﬀerence is that the transition
metals in FeS2 and Co3S4 have higher oxidation states than
copper in Cu2S, meaning that more lithium atoms are required
per transition metal for the complete reaction.
Further high-resolution study of this reaction allows for the
determination of structural and morphological relationships
between the initial and ﬁnal crystals. Figure 3a shows an edgeon view of two smaller Cu2S nanocrystals supported on the
sidewall of a carbon tube. In particle 1, the (002) planes of the
hcp sulfur sublattice are visible. Note that for clarity, we will use
the Miller indices of the hexagonal sulfur sublattice instead of
the indices of the much larger monoclinic unit cell. After
reaction (only ∼0.5 s later), copper has been extruded from the
particles, and a hemispherical copper metal cap is visible on top
of particle 1. The original Cu2S particles have been transformed
into Li2S particles with the morphology of the two particles
remaining largely unchanged. In fact, here we only observe a
∼2% contraction in the close-packed planar spacing and a slight
change in contrast that signiﬁes the transformation of particle 1
from Cu2S to Li2S. The transformation of the individual
particles from the Cu2S structure to the Li2S structure with
negligible change in particle morphology is enabled by the
structural similarities between the two phases, as shown by
schematics and HR zone axis images of diﬀerent particles in
Figure 3c,d. The key to the transformation is that the sulfur
sublattice only slightly shifts; the spacing of the close-packed
sulfur planes is similar, but the sulfur sublattice stacking
sequence changes from ABAB in the Cu2S phase to ABCABC
in the cubic Li2S phase (see schematics in Figure 3c,d). This is
in contrast with the FeS2 and Co3S4 phases, which exhibit more
signiﬁcant structural diﬀerences compared to Li2S (see the
Supporting Information for structural schematics of these
materials). The pyrite FeS2 structure features pairs of sulfur
atoms distributed within an fcc iron sublattice, and these pairs
must be rearranged during reaction. The Co3S4 spinel structure
features an fcc sulfur sublattice with cobalt arranged on
tetrahedral and octahedral interstitial positions, but the {111}
planar spacing is 20% smaller than Li2S, which necessitates
signiﬁcant volume changes during the reaction of this material.
Some parallels can be drawn between the reaction of Cu2S
studied here and solution phase cation exchange reactions, such
as ion exchange to form Ag2Se from CdSe nanocrystals. A
cation exchange reaction involves complete replacement of the
cations without change of the oxidation state and with only
minor structural changes in the anion sublattice.13 The ion
exchange reaction, however, is a double replacement reaction,
whereas the reaction of lithium with Cu2S in this study is an
electrochemical redox reaction. Despite the diﬀerences in
chemistry, the structural rearrangement of the anion sublattice
could be similar in both cases.
The question now arises as to the pathway of the sublattice
shift from ABAB to ABC stacking. In Figure 4, the
transformation is visualized in a single nanocrystal. Figure 4a
shows a TEM image of the unreacted crystal; this is an edge-on
view along the [010] zone axis of the hexagonal sulfur
sublattice. Figure 4b−f shows colored Fourier-ﬁltered images of
this crystal at diﬀerent times during the reaction showing the
location of two diﬀerent sets of planes: the (101) planes of the
hexagonal sulfur sublattice in Cu2S (subsequently denoted “hcp
stacking”) and a related set of (111̅) planes of the Li2S lattice
(subsequently denoted “fcc stacking”). These planes are at
slightly diﬀerent angles with respect to the close-packed sulfur
F
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