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ABSTRACT: Ultrathin two-dimensional (2D) nanomaterials have
attracted intense research efforts due to their extraordinary
optoelectronic properties. However, the nucleation and growth
mechanisms of 2D colloidal nanosheets are still poorly understood.
Here, we follow the formation of ultrathin colloidal Cu2−xS
nanosheets by in situ small-angle X-ray scattering. While thermal
decomposition of copper−dodecanethiolates produces spheroidal
Cu2−xS nanocrystals, the addition of chloride to the reaction mixture
results in 2 nm thick Cu2−xS nanosheets with well-defined shape and
size. Our results show that chloride stabilizes stacks of lamellar
copper−thiolate supramolecular complexes, so that they remain
intact beyond the onset of Cu2−xS nucleation at 230 °C, leading to 2D-constrained stack-templated nucleation and growth. The
face-to-face stacking of the nanosheets reinforces the 2D constraints imposed by the lamellar soft template, since it prevents
internanosheet mass transport and nanosheet coalescence, thereby inhibiting growth in the thickness direction and allowing only
for lateral growth. Our work thus provides novel insights into soft-templating formation mechanisms of ultrathin colloidal
nanosheets, which may be exploited for other metal sulfide compositions.

■ INTRODUCTION

The electronic properties of colloidal nanocrystals (NC)
depend not only on their chemical composition but also on
their size and shape.1 By proper choice of reaction conditions
and chemicals used in the synthesis, different sizes and shapes
can be obtained, ranging from zero-dimensional (0D) quantum
dots2 to one-dimensional (1D) nanorods3 and two-dimensional
(2D) nanosheets.4 Ultrathin 2D nanosheets (NS) possess
extraordinary properties that are attractive for both fundamen-
tal studies and technological devices.4−8 To date, colloidal
nanosheets of a variety of compositions have been prepared
(e.g., CdX with X = S, Se, Te;9 PbS;10,11 SnX, with X = S,
Se;12,13 In2S3;

14 Cu2−xS;
15,16 Cu2−xSe;

6 and WS2
17), but their

formation mechanisms are still under debate. For example, the
formation of PbS nanosheets has been attributed by Weller and
co-workers10 to oriented attachment of small PbS nanocrystals,
while Buhro and co-workers11 presented a mechanism in which
the assembly of PbS NC building blocks is directed by lamellar
mesophase templates. Soft-template mechanisms have also
been invoked to explain the formation of CdX (X = S, Se)

nanosheets, either by self-assembly of (CdX)n magic-size
clusters within 2D lamellar templates19−21 or by 2D con-
strained growth within soft templates formed by close packing
of fatty acid chains.18 However, the growth of ultrathin CdX (X
= S, Se) nanosheets has also been explained by monomer
addition to (CdX)n magic-size cluster seeds without templating
effects.9

The controversy regarding the mechanisms that govern the
formation of ultrathin colloidal nanosheets reflects the chemical
diversity and complexity of the processes involved and cannot
be resolved without in situ studies, which are nevertheless still
lacking. In situ techniques are particularly effective in
elucidating growth mechanisms, since they allow for real-time
probing of all chemical processes involved, from the precursors
to the final products. In situ transmission electron microscopy
(TEM), powder X-ray diffraction (PXRD), and small-angle X-
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ray scattering (SAXS) have emerged as promising techniques to
probe the nucleation and growth of nanomaterials. Liquid cell
TEM is a direct-space imaging technique that can record the
growth of individual (or a few) nanocrystals and has, for
example, been used to analyze the formation of Pt and Pt3Fe
nanoparticles.22,23 In situ PXRD can provide a more statistical
picture of nanocrystal growth by probing an entire ensemble. It
is sensitive to the nucleation, transformation, and growth of
crystalline domains and has been used to follow the growth of
spherical Cu2−xS nanocrystals24 and TiO2 nanoparticles.25 In
situ SAXS provides access to statistically averaged structural
information on the superatomic scale and is especially suitable
for studying the size and shape of nanoparticles and their self-
organization into larger superstructures.26 As will be shown, this
makes it the technique of choice to elucidate the growth
mechanism of ultrathin colloidal nanosheets. Nevertheless,
high-temperature in situ SAXS studies of nucleation and growth
of colloidal nanocrystals have been, until now, limited to
spherical nanocrystals,27 although the technique has been
applied to study room-temperature formation of GeO2
nanosheets within 2D lamellar interfacial phases28 and stress-
driven self-organization of oleic acid capped PbS nanocrystals
into single-crystal nanosheets under high-pressure and solvent-
free conditions.29

In this work, we follow the formation of both colloidal
spheroidal Cu2−xS nanocrystals and colloidal ultrathin 2D
Cu2−xS nanosheets in real time by performing in situ SAXS
experiments. Both syntheses are based on thermal decom-
position of copper−thiolate complexes, but the addition of
chloride ions results in ultrathin Cu2−xS nanosheets with well-
defined shape (triangular) and size (thickness 2 nm, lateral
dimensions ∼110 nm, aspect ratio 55) rather than quasi-
spherical Cu2−xS nanocrystals.

15 Our results show that copper−
thiolate complexes form lamellar stacks that are thermally
stabilized by bonds with chloride ions in solution, so that they
remain structurally intact up to the onset of Cu2−xS nucleation
at 230 °C, leading to 2D stack-templated nucleation and
growth. Face-to-face stacking of the nanosheets inhibits growth
in the thickness direction and allows only for lateral growth,
resulting in large aspect ratios and constant thicknesses. Our
work unravels the stack-templated formation mechanism that
governs nucleation and growth of ultrathin colloidal 2D Cu2−xS
nanosheets and adds another possibility to the vast library of
soft-templating synthetic protocols that result in formation of
self-standing colloidal ultrathin 2D nanomaterials.

■ EXPERIMENTAL SECTION
Materials. Copper(I) acetate [Cu(OAc), 97%], copper(I) chloride

(CuCl, 97%), 1-dodecanethiol (DDT, ≥98%), 1-octadecene (ODE,
tech., 90%), trioctylphosphine oxide (TOPO, 99%), anhydrous
toluene, methanol, and butanol, were purchased from Sigma−Aldrich.
All chemicals were used without any further purification.
Spheroidal Cu2−xS Nanocrystals. Spheroidal Cu2−xS nanocryst-

als were synthesized according to our previously reported method.15

Typically, a stock solution was prepared, which contained 27.3 mg
(0.22 mmol) of Cu(OAc), 0.55 g (1.42 mmol) of TOPO, and 0.5 mL
(2.1 mmol) of DDT, dispersed in 12.5 mL of ODE. A small portion of
this mixture was loaded in a 1 mm capillary and mounted in a Linkam
heating stage. The capillary was rapidly heated to 230 °C at a heating
rate of 80 °C/min. The reaction was maintained at this temperature
for 60 min. The final Cu2−xS nanocrystals were removed from the
capillary and precipitated by adding a methanol/butanol mixture,
followed by centrifugation at 3000 rpm for 15 min. Afterward, the
nanocrystals were redispersed in toluene.

Ultrathin Cu2−xS Nanosheets. Ultrathin Cu2−xS nanosheets were
synthesized in the same way as described for spheroidal Cu2−xS
nanocrystals, with the sole difference that Cu(OAc) was replaced by
CuCl in the stock solution.

Small- and Wide-Angle X-ray Scattering Experiments. Small-
and wide-angle X-ray scattering (SAXS and WAXS) experiments were
performed at the ID02 beamline, European Synchroton Radiation
Facility, Grenoble, France. The SAXS detector was a Rayonix MX-
170HS mounted on a rail inside a vacuum chamber, which allowed us
to probe the entire q range from 10−3 to 6 nm−1. The wavelength of
the collimated X-ray beam was 0.1 nm (12.4 keV). The WAXS
detector was a Rayonix LX-170HS mounted on the beginning of the
SAXS vacuum tube (calibrated with α-Al2O3) (see also Supporting
Information, Figure S1).

Transmission Electron Microscopy. TEM images were acquired
on a FEI Tecnai-10 microscope operating at 100 kV. Samples for TEM
imaging were prepared by drop-casting a toluene solution of
nanocrystals onto a carbon-coated copper (400-mesh) TEM grid.

Powder X-ray Diffraction. PXRD measurements were performed
with a PW 1729 Philips diffractometer, equipped with a Cu Kα X-ray
source (λ = 1.5418 Å). Samples for XRD analysis were prepared by
depositing a concentrated solution of purified nanosheets in
chloroform on a Si(100) substrate.

■ RESULTS AND DISCUSSION

Formation of Cu2−xS Nanocrystals Followed by in Situ
Small-Angle X-ray Scattering. Cu2−xS nanocrystals were
prepared by thermolysis of copper−dodecanethiolate single-
source precursors at 230 °C in octadecene in the presence of
trioctylphosphine oxide (see Experimental Section for details).
In a typical experiment, the reaction mixture was loaded in a 1
mm diameter quartz capillary and mounted in a Linkam heating
stage. The mixture was then heated to 230 °C at a rate of 80
°C/min and kept at the final temperature for ∼30 min, after
which the nanocrystals were isolated and analyzed ex situ with
TEM. The setup has a variable distance between sample and
SAXS detector located in a vacuum tube. In this way, scattering
could be recorded over a range of scattering vectors q from
10−3 to 6 nm−1 (Supporting Information, Figure S1). Such a
large range is necessary to capture scattering from stacks of
nanosheets or lamellar precursors separated by a few
nanometers (large q)15,30 as well as form-factor scattering due
to the >100 nm lateral dimensions of the nanosheets (small
q).26,31 Each experiment was performed in triplicate, at three
different detector-to-sample distances (Figure S1). The
scattering signal was recorded by a 2D SAXS detector, and
after azimuthal integration, a 1D scattering curve is obtained
that covers the entire q-space (Figure 1b,e).
The final products formed in the capillaries were isolated and

imaged by TEM (Figure 1a,d). The NC sizes and shapes
obtained from the reaction in the capillaries (with only
convective mixing and inhomogeneous heating, under air)
closely match the morphologies obtained in larger-scale
reactions under optimized conditions (13 mL volumes, under
stirring, homogeneous heating, under N2 atmosphere):15

spheroidal nanocrystals in the absence of chlorides (Figure
1a) and ultrathin (2 nm thick) triangular nanosheets in the
presence of chlorides (Figure 1d). This indicates that the NC
formation studied here is robust to changes in reaction
conditions and is therefore ideally suited for in situ X-ray
scattering measurements. Furthermore, the crystallinity of the
Cu2−xS nanosheets formed in situ is evident from X-ray
scattering at wide angles (Supporting Information, Figure S2),
which shows the same scattering peak observed in ex situ
powder XRD experiments (d spacing = 1.95 Å), which
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corresponds to a tetragonal polymorph of the digenite (Cu1.8S)
crystal structure, as studied in detail in our previous work.15

Figure 1 shows the scattering patterns in the presence of
chlorides (panel e) and in the absence of chlorides (panel b),
12 min after the temperature had reached 230 °C. The most
prominent feature of in situ scattering patterns in the presence
of chlorides is a structure factor peak at q = 1.45 nm−1 (4.35 nm
in real space) arising from stacked nanosheets in solution
(Figure 1e). In the absence of chlorides, a structure factor peak
is not present, but a plateau is observed with a first minimum at
1 nm−1 (Figure 1b). The patterns can be accurately fitted to
simple models (solid lines in Figure 1b,e; see Supporting
Information, Methods 1 and 2 and Figure S3). The spheroidal
nanocrystals obtained in the absence of chlorides are modeled
as polydisperse spheres with mean radius R (Figure 1c). The
low-q (<2 × 10−2 nm−1) scattering is ascribed to self-
organization of nanocrystals into superstructures (see Figure
1b and Supporting Information, Method 2). The stacks of
nanosheets are modeled as platelets with thickness h = 2 nm
(determined from TEM) and circular cross-section of
polydisperse diameter D, with inter-NS stacking distance d
and a distributed number N of platelets per stack with total
length L (Figure 1f and Supporting Information, Method 1 and
Figure S3).
Formation of Spheroidal Colloidal Cu2−xS Nanocryst-

als. Supramolecular species and metal−organic frameworks,
such as the copper−alkylthiolates used in this work, have
emerged as single-source precursors for synthesis of semi-
conductor nanocrystals by thermolysis.32−35 Copper−alkylth-
iolates are known to form a lamellar phase, which melts into a
columnar mesophase at low temperatures (143.5 °C for Cu−
DDT) and an isotropic liquid at higher temperatures (205.6 °C
for Cu−DDT).30 In SAXS experiments, these ordered lamellar
phases should give rise to structure factor peaks at large q values
(between 1 and 2 nm−1), allowing their existence to be

monitored in real time. Indeed, our in situ SAXS experiments
show one set of structure factor peaks at regular intervals for
the reaction in the absence of chlorides (Figure 2a). From the
structure factor peak positions, the interlamellae separation is
deduced (2π/q = 3.6 nm), consistent with reported values for
stacks of Cu−DDT lamellar complexes.30 At 150 °C, the
structure factor peaks disappear, indicating that the lamellar
structure melts. We find no evidence for the presence of a
liquid columnar mesophase. It is likely that the columnar
mesophase is not stable when the Cu−DDT complex is diluted
in a solvent (ODE in this case), and instead an isotropic
solution is formed. After nucleation (T = 230 °C, evidenced by
a color change from yellow to brown), a broad scattering signal
is observed with minimum scattering intensity around 3 nm−1

(yellow line in Figure 2b). The minimum in scattering intensity
moves toward smaller q values over time, indicating growth of
nanocrystals (Figure 2b). This is form factor scattering typical
for nearly spherical nanocrystals,31,36,37 consistent with the
TEM images in Figure 1. The scattering patterns were fitted to
the form factor of polydisperse spheres, from which the growth
in diameter of the nanocrystals is obtained (Figure 2c and
Supporting Information, Method 2). We find that the mean
diameter of the nanocrystals increases from 1 nm to a final
value of 8 nm over 17 min.
The formation of colloidal nanocrystals can proceed by three

different regimes: monomer-, diffusion-, or reaction-
limited.38−40 In the first regime, the rate-limiting step is
conversion of precursors to monomers, which limits both
nucleation and growth rates. In the second regime, monomer
formation and NC nucleation are faster than diffusion of
monomers to the NC surface, which thus becomes the rate-
limiting step for NC growth. In the reaction-limited regime,
growth rates are limited by the incorporation of monomers into
growing nanocrystals. The temporal evolution of the average
diameter of spheroidal Cu2−xS nanocrystals (Figure 2c) cannot

Figure 1. Representative TEM image and SAXS pattern for (a−c) spheroidal Cu2−xS nanocrystals and (d−f) ultrathin Cu2−xS nanosheets. (a) TEM
image of spheroidal Cu2−xS nanocrystals obtained in a capillary when a reaction solution containing CuOAc, TOPO, and DDT in ODE was heated
to 230 °C for 30 min. (b) In situ SAXS pattern of NC reaction mixture after 12 min at 230 °C, measured at three detector-to-sample distances
(yellow, 1 m; blue, 5.5 m; red, 30 m). The black line shows the fit (see Supporting Information, Method 2). (c) Schematic of NC dimensions used in
the model. (d) TEM image of ultrathin Cu2−xS nanosheets obtained in a capillary when a solution of CuCl, TOPO, and DDT in ODE was heated to
230 °C for 30 min. (e) In situ SAXS pattern of NS reaction mixture after 12 min at 230 °C, measured at three detector-to-sample distances (yellow,
1 m; blue, 5.5 m; red, 30 m). The black line shows the fit (see Supporting Information, Method 1). (f) Schematic of NS and NS stack dimensions
used in the model (see Supporting Information, Method 1 and Figure S3).
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be precisely described by either the reaction- or diffusion-
limited growth model (Supporting Information, Method 3 and
Figure S4). Moreover, a reasonable fit can be obtained only if
an induction period of 10.9 min is included prior to the onset of
nucleation and growth. During the induction period, the
average diameter of the scattering species remains constant at
1.44 nm, while the total scattering volume increases with time
(Supporting Information, Figures S4 and S5). This suggests
that the scattering species are [CuS] monomers or subcritical
nuclei that are being formed by thermolysis of copper−
dodecanethiolate precursors and are slowly accumulating in the
reaction medium until the critical nucleation threshold is
reached. Induction periods are often observed in the synthesis
of colloidal nanocrystals,1,39 indicating that the rate-limiting
step is the precursor to monomer conversion.1,29,39 Our results
thus show that formation of Cu2−xS spheroidal nanocrystals
from copper−dodecanethiolate precursors is limited by
monomer formation rates, which are in turn dictated by
thermolysis of the C−S bonds of the precursors. This is in line
with the model previously proposed by Iversen and co-
workers.24

After 17 min of growth at 230 °C, sharp peaks appear in the
SAXS pattern (Figure 2a,d), which can be ascribed to structure
factor peaks of an ordered superstructure, formed by self-
organization of the nanocrystals. The structure factor peaks can
be matched to a columnar structure of nanocrystals (Figure 2e).
The slightly oblate nanocrystals are stacked face-to-face in
columns (blue dotted lines in Figure 2d, stacking distance 8.3
nm), with the columns in hexagonal order41−43 (red dotted
lines in Figure 2d, inter-NC separation 14.2 nm). The three-
dimensional (3D) ordered superstructure of oblate nanocrystals
remains intact when the reaction mixture is cooled down to
room temperature, as evidenced by the preservation of the
structure factor peaks. Indeed, ordered NC superstructures

were observed with ex situ TEM after the reaction had reached
completion (see Figure 1a).

Formation of Ultrathin Colloidal Cu2−xS Nanosheets.
We now discuss the precursor decomposition and the
nucleation and growth of Cu2−xS in the presence of chlorides,
which results in ultrathin colloidal Cu2−xS nanosheets. Figure
3a shows the time evolution of scattering at high q values (0.5−
6 nm−1) over the course of the entire experiment. As seen
previously, scattering peaks from stacks of lamellar precursor
complexes are observed below 150 °C. However, when
chlorides are present, there are three sets of peaks originating
from lamellar stacks with different interlamellae separations
(Figure 3b). Clearly, the presence of chloride alters the
structure of the precursor, such that three different lamellar
phases appear. Two of those phases melt at 150 °C, but
chloride stabilizes one phase (denoted with three asterisks in
Figure 3b) beyond the onset of Cu2−xS nucleation at 230 °C
(Figure 3c). The red data points in Figure 3c denote the
stacking distance of the lamellar precursors as a function of
temperature in the presence of chloride.
At the nucleation threshold temperature of 230 °C

(evidenced by the color change of the solution inside the
capillary from yellow to brown), the remaining stacked
precursor phase (denoted by three asterisks, low-intensity
peak) directly evolves into Cu2−xS NS stacks (blue line in
Figure 3c and sharp peak at q = 1.45 nm−1 in Figure 3d,
indicated with a blue triangle). Prior to nucleation, the
stabilized precursor phase shrinks from a stacking distance of
4.6 nm at 100 °C to 4.0 nm at 230 °C (Figure 3c). This
shrinking may be due to reorganization of the thiolate chains
but may also indicate the onset of thermolysis of C−S bonds
and formation of Cu2−xS nuclei, which would be accompanied
by loss of alkyl chains and shortening of the Cu−S bonds and
therefore by volume reduction. The structure factor peak

Figure 2. SAXS during formation of spheroidal Cu2−xS nanocrystals. (a) SAXS structure factor peaks of lamellar copper−thiolate precursors (below
150 °C) and form factor scattering of Cu2−xS nanocrystals (at 230 °C), followed over the course of the entire experiment. (b) Four representative
SAXS patterns (data points) with their corresponding fits (solid lines), showing close agreement between experiment and model. (c) The
nanocrystals grow over time to a final size of ∼8 nm in diameter, in good agreement with the size observed by ex situ TEM measurements (∼9 nm).
The shaded area after t = 17 min denotes the period in which the nanocrystals form ordered 3D superstructures, which disrupts the fits to determine
NC diameter. (d) After 17 min of growth, the nanocrystals form ordered 3D superstructures, consistent with ex situ TEM observations (Figure 1a).
The pattern matches that of a columnar phase formed by hexagonally packed columns of stacked nanocrystals with a stacking distance of 8.3 nm
(blue dotted lines), and an intercolumn separation of 14.2 nm (red dotted lines). (e) Schematic of top and side views of columnar superstructure,
indicating the separation between the nanocrystals (8.3 nm) within the plane as well as between the columns (14.2 nm).
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arising from stacks of nanosheets in solution (at q = 1.45 nm−1,
denoted with a blue triangle in Figure 3d) then increases
rapidly in intensity, as well as the overtones (see Figure 3a,e).
Eventually, they become the only structure factor peaks visible
within the first 30 s after nucleation (Figure 3d). After 30 min
of growth time, the capillaries were allowed to cool to room
temperature, which leads to reappearance of the structure factor
peak at q = 1.75 nm−1, indicating that one phase of stacked
lamellar copper−thiolate complexes re-forms upon cooling
(that is, precursor conversion to Cu2−xS does not reach full
yield).
From these high-q measurements, we conclude that the

Cu2−xS nanosheets are already stacked when they form at 230
°C, implying that the stacks of chloride-stabilized copper−
thiolate lamellae are directly converted to Cu2−xS nanosheets.
In other words, the copper−dodecanethiolate precursor
lamellae undergo thermolysis while being still structurally
intact and stacked, resulting in stack-templated 2D-constrained
nucleation and anisotropic growth of Cu2−xS nanosheets (as
will be discussed in more detail). The thickness of Cu2−xS
nanosheets remains constant throughout the growth period, as
evidenced by the fixed position of the NS stacking peak at q =

1.45 nm−1. Lateral growth of the nanosheets was followed by
fitting the full scattering patterns with the model introduced
above (Figure 1 and also Method 1 in Supporting Information).
Figure 3e shows five representative SAXS patterns (data points)
and their corresponding fits (solid lines). Figure 3f is an
enlarged view of the structure factor peak associated with 1D
order of the NS stacks. Using the model, we determine the
evolution of NS diameters, assuming a Gaussian distribution
with mean diameter D and standard deviation σ. We find that D
increases from 60 nm (σ = 15 nm) to 130 nm (σ = 40 nm,
Figure 3g) over 22 min. The final fitted diameter is in close
agreement with the TEM measurement in Figure 1a (diameter
110 nm). Lateral growth is directly visible from the SAXS
patterns in Figure 3e, where a shift of the transition from q−1

dependence (10−2 to 4 × 10−2 nm−1) to q−3 dependence (7 ×
10−2 to 7 × 10−1 nm−1) is observed toward smaller q values,
indicating growing platelike objects.31 Meanwhile, the number
of nanosheets per stack remains constant at, on average, 75
NS/stack during the entire growth period (Figure 3h). Clearly,
the nanosheets are formed directly from the precursor stacks
and remain stacked while growing. This stacking is likely the
reason for the strongly anisotropic growth, resulting in high

Figure 3. SAXS during the formation of ultrathin Cu2−xS nanosheets. (a) SAXS structure factor peaks of lamellar copper−thiolate precursors (below
150 °C), Cu2−xS NS stacks, and form factor scattering of Cu2−xS nanosheets (above 230 °C) followed over the course of the entire experiment. (b)
Snapshots of SAXS patterns at the start of the experiments, showing structure factor peaks associated with lamellar copper−thiolate precursors in the
presence of chlorides (blue line) and in the absence of chlorides (red line). Asterisks denote the structure factor peaks and their corresponding
overtones. (c) From the position of the stacking peaks in the range q = 1−2 nm−1, we deduce the time evolution of the stacking distance of precursor
complexes (red) and nanosheets (blue). It can be seen that directly after the nucleation threshold is reached (∼230 °C), NS stacks are already
present in the reaction medium (blue line, indicated with a blue triangle). (d) Enlarged view of precursor evolution around the nucleation threshold
shows a direct transition from the low-intensity precursor peak (q = 1.65 nm−1, denoted with three asterisks) toward the structure factor peak
associated with stacking nanosheets (q = 1.45 nm−1, blue triangle). The NS stacking structure factor peak eventually grows in intensity and becomes
the only structure factor peak present within the first 30 s after nucleation. (e) Five representative SAXS patterns (data points) with their
corresponding fits (solid lines), showing close agreement between experiment and model. The nanosheets grow over time, as indicated by the shift
of the transition from q−1 dependence to q−3 dependence in the SAXS patterns toward smaller q values. (f) Enlarged view of the structure factor peak
associated with stacks of nanosheets, showing a small shift to smaller q values (that is, larger inter-NS separation) over the first 30 s. (g) SAXS
patterns were fitted with our model (see Supporting Information), from which we deduce the NS diameter and find final lateral dimensions of ∼130
nm (σ = 40 nm), consistent with TEM data. (h) From fits of the structure factor peak at q = 1.45 nm−1, the number of nanosheets in a stack is
obtained, which remains constant over the course of the entire experiment, at a value of 75 NS/stack.
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aspect ratio nanosheets (AR = 55), by allowing growth solely in
the lateral direction.
We adapted the models describing the diffusion- and

reaction-limited growth regimes of spherical nanocrystals to
platelike nanocrystals,29,38−40 and used them to fit the temporal
evolution of the lateral dimensions of Cu2−xS nanosheets
(Figure 3g and Supporting Information, Figure S6). Similar to
the case of spheroidal Cu2−xS nanocrystals discussed previously,
both reaction- and diffusion-limited growth models fail to
precisely describe our experimental data. Therefore, we
conclude that, also in the case of nanosheets, lateral growth is
limited by precursor to monomer conversion rates.
It should also be noted that the induction period is absent in

growth of the nanosheets, which already have a diameter of
61.8 nm when they are first observed. Interestingly, the total
scattering volume starts at nearly 0 at the onset of NS
formation and steadily increases over time (Supporting
Information, Figure S7). These apparently conflicting observa-
tions can be rationalized by considering that the growth of
nanosheets has two different stages: very fast initial growth
immediately after nucleation, followed by slower growth, which
is limited by precursor to monomer conversion rates. This is
also supported by the observation that copper−dodecanethio-
late lamellar phases that are not chloride-stabilized are not fully
consumed and re-form upon cooling of the reaction mixture
(Figure 3a,c). Since nucleation is stochastic in nature but
growth is deterministic,1 temporal evolution of the total
scattering volume reflects the limits imposed by nucleation
rates (both total number of nanosheets and their volume
increase over time), while temporal evolution of the lateral size
of the nanosheets primarily reflects the constraints imposed by
growth rates in the slower growth regime. As will be discussed,
this is consistent with the model proposed here, in which stacks
of lamellar Cu−DDT are directly converted into stacks of
Cu2−xS nanosheets.
Mechanism for Formation of Ultrathin Colloidal

Cu2−xS Nanosheets. The results discussed so far show that
chlorides increase the thermal stability of stacks of lamellar
Cu−DDT complexes while also increasing interlamellar
separation from 3.6 to 4.6 nm (Figure 3c). In our previous
study,15 we have shown that halides (Br and Cl) affect both
room-temperature morphology and optical spectra of the Cu−
DDT precursor. These observations indicate that halides
directly coordinate to Cu(I) ions in Cu−DDT lamellar
complexes, thereby modifying their properties. Halides may
be expected to strongly impact metal−organic frameworks and
inorganic coordination polymers based on Cu(I) as connectors,
since they are capable of binding as polycoordinated bridging
atoms between multiple (up to four) Cu(I) atoms, often
forming [(CuX)L]n coordination polymers (where L= sulfur-
donor ligand) with highly variable structures, ranging from 1D
to 2D and 3D.44

In the present case, we propose that chloride forms
polycoordinated bonds with Cu(I) ions in lamellar Cu−DDT
complexes, thereby bridging multiple Cu(I) ions and increasing
thermal stability of the Cu−DDT framework. This is also
consistent with the previously reported observation that Cu2−xS
nanosheets contain a significant amount of halides [average
Cu/S/halide elemental ratios are (2.0 ± 0.2)/1.0/(0.30 ±
0.06)].15 It should be noted that the halides are not replacing
the sulfur atoms, since the Cu/S ratio is close to 2, which is
consistent with surface-bound halides. The halides are
presumed to be randomly distributed over the top and bottom

facets of the nanosheets, since their high mobility precluded
mapping their exact position by STEM-EDS (scanning
transmission electron microscopy−energy-dispersive X-ray
spectroscopy).15 If we take the elemental ratio determined
for Cu2−xS nanosheets as a lower limit estimate for the Cu/
halide ratio in Cl-modified Cu−DDT lamellar precursor
complexes and consider that the Cu2−xS nanosheets are five
monolayers thick (2 nm),15 then the ratio between surface
Cu(I) ions and halides would be on average 2.8 ± 0.8. This is
consistent with the Cl ions binding as polycoordinated bridging
atoms between multiple Cu atoms, as proposed. The exact
geometry of the resulting [CuxDDTyCl]n 2D coordination
polymer cannot be determined with the presently available data
and is beyond the scope of this paper. However, as
demonstrated in our previous work,15 optical properties of
the precursor lamellar Cu−DDT complexes are typical of
polynuclear Cu(I) complexes with halides and sulfur-donor
ligands,44,45 thus providing compelling evidence for direct
coordination of halides to Cu4(DDT)4 units. This is further
supported by the significant enhancement of photolumines-
cence quantum yields of lamellar Cu−DDT complexes in the
presence of halides, which can be attributed to shorter Cu−Cu
distances45 and restriction of intramolecular rotations,46

consistent with the formation of a more compact and
structurally rigid framework.
The increased thermal stability of Cl-modified Cu−DDT

complexes ensures that the structural integrity of lamellar stacks
is preserved beyond the onset of Cu-catalyzed thermolysis of
the C−S bonds (Figure 4a), leading to two-dimensionally
stack-templated nucleation and growth of ultrathin Cu2−xS
nanosheets. In the absence of chloride, the stacks of lamellar
Cu−DDT complexes disassemble at temperatures below the
onset of C−S thermolysis, forming an isotropic liquid.
Therefore, when thermolysis starts, [Cu−S] monomers will
be produced in solution and will induce homogeneous Cu2−xS
nucleation at sufficiently high supersaturations (Figure 4b).
Growth then results in the formation of spheroidal Cu2−xS
nanocrystals, which eventually self-organize into 3D super-
structures.
As discussed, the growth of the nanosheets consist of two

different stages: very fast initial growth immediately following
nucleation, which results in nanosheets with an average
diameter of 61.8 nm within the first tens of seconds of the
reaction, followed by slower growth (Figure 3g). The fast initial
growth can be understood by considering that thermally
induced C−S bond cleavage is catalyzed both by Cu(I) atoms
in the copper−dodecanethiolate complex47 and by specific
facets of the Cu2−xS nanocrystals.32 Therefore, monomer
production rates are likely accelerated in the vicinity of the
2D-constrained Cu2−xS nucleus. Since the Cu−DDT lamellae
are still intact when C−S thermolysis starts, a high monomer
concentration will suddenly become available and will be
confined within the boundaries of the chloride-stabilized
lamellae. This will lead to a burst of fast radial growth, which
is likely self-limited due to the contraction that must
accompany formation of Cu2−xS nanocrystals from Cu−DDT
precursors, since the alkyl chains are released and the Cu−S
bonds shorten. Subsequent growth can then occur only by
[Cu−S] monomer addition in the lateral facets, since face-to-
face stacking of the chloride-stabilized precursor lamellae
inhibits growth in the thickness direction by hindering
monomer diffusion and inter-NS mass transport. As a result,
the thickness of the nanosheets remains constant throughout
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the growth process, while the lateral dimensions increase by
addition of [Cu−S] monomers from the growth solution.
Growth rates in the slow-growth stage thus become limited by
precursor to monomer conversion rates.
Typically, the limited growth in thickness of colloidal 2D

nanosheets is ascribed to surface ligands and soft-templating
effects.9−11,48 Our approach bears similarities with the soft-
templating mechanisms previously proposed, since the stacked
lamellar precursors act as a soft template that not only directs
the initial nucleation and growth of ultrathin Cu2−xS nano-
sheets but also prevents subsequent increase in thickness, while
allowing lateral growth to continue. Our work provides the first
direct observation of a soft template and also the first evidence
of NS stacking as a thickness-determining mechanism, leading
to formation of ultrathin nanosheets with well-defined thickness
(viz., 2 nm). Our approach of adding stabilizing agents to
lamellar metal−sulfide complexes may be further exploited to
produce nanosheets of various metal sulfide compositions, by
taking advantage of the rich library of lamellar M−thiolate
complexes currently available (with M = Fe, Ni, Cu, Co, Cd,
Zn, Pd, Pt, Ag, Au, Pb, and Bi)49−54 and the availability of
polycoordinating bridging species (such as chloride in this
work). Moreover, as demonstrated in our previous work,15

different halides lead to different NS shapes (Br, hexagonal; Cl,
triangular), and the NS composition can be postsynthetically
tailored by use of topotactic cation-exchange reactions.

■ CONCLUSIONS

In conclusion, our in situ SAXS study reveals the stack-
templated formation mechanism of complex multiscale
nucleation and growth of 2D colloidal Cu2−xS nanosheets.
We show that chloride forms direct bonds with lamellar

copper−thiolate complexes, which ensures that their structural
integrity remains intact beyond the onset of Cu2−xS nucleation.
We effectively followed the lamellar copper−thiolate precursor
transformations and the size and shape evolution of 2D
colloidal Cu2−xS nanosheets via in situ SAXS at three detector-
to-sample distances. Our results show that lamellar stacks of
copper−thiolate precursor complexes melt into an isotropic
liquid around 150 °C in the absence of chloride but persist until
above the nucleation threshold (230 °C) in the presence of
chlorides. In this way, Cu-catalyzed thermolysis of the C−S
bond results in 2D-constrained stack-templated nucleation and
growth of Cu2−xS nanosheets. Stacking of the nanosheets
precludes growth in the thickness direction, thereby effectively
limiting the thickness to 2 nm. Furthermore, we find that lateral
growth of colloidal 2D Cu2−xS nanosheets is mainly limited by
the slow precursor to monomer conversion. Our work provides
important insights into the formation of 2D nanomaterials from
lamellar copper−thiolate complexes and may prove beneficial
for the design of synthetic strategies for other 2D metal sulfide
nanosheets by deploying metal−thiolate lamellar complexes as
precursors.
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Additional text and equations and six figures showing
experimental setup at beamline ID02, ESRF, Grenoble;
PXRD and WAXS patterns; cross-section form factor;
SAXS models used to fit data; and growth models used

Figure 4. Schematic representation of the formation mechanism of Cu2−xS nanocrystals under different conditions. (a) Formation of ultrathin
Cu2−xS nanosheets. Stacks of lamellar copper−thiolate precursors, in the presence of coordinating chloride ions, are stabilized to temperatures above
the nucleation threshold. After thermolysis of C−S bonds, this results in 2D-constrained stack-templated nucleation of Cu2−xS nanosheet. (b)
Formation of spheroidal Cu2−xS nanocrystals. In the absence of chloride, the lamellar copper−thiolate complexes melt and form an isotropic liquid,
which after C−S thermolysis produces free Cu−S monomers in solution, eventually resulting in nucleation and growth of spheroidal Cu2−xS
nanocrystals.
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to fit temporal evolution of sizes of both spheroidal
nanocrystals and ultrathin nanosheets (PDF)
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