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Analogous self-assembly and crystallization:
a chloride-directed orientated self-assembly
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Self-assembly and crystallization are two common methods to control the morphologies of nano-

materials, which have many similarities. In this work, chloride is used to direct the self-assembly process

of Cu nanoclusters and the subsequent growth of Cu,_,S nanocrystals. Meaningfully, chloride both pro-

motes the transformation of Cu nanocluster self-assembled architectures from one-dimensional (1D) to

2D, and facilitates the transformation of Cu,_,S nanocrystals from nanorods to nanosheets. Such an

influence is attributed to the selective adsorption of chloride ions on the specific facets of nanoclusters
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1. Introduction

The past two decades have witnessed the controllable synthesis
of inorganic nanomaterials by tailoring their morphologies,
which significantly determine the electronic structures and the
subsequent functionalities of the materials."*° Controllable
crystallization and self-assembly are two common approaches
to adjust the morphologies of inorganic nanomaterials.>
Crystallization is the process in which atoms arrange in highly
ordered microscopic structures on the basis of strong inter-
actions, such as metallic bonds, covalent bonds, and so
forth.'® As for self-assembly, building blocks including nano-
meter-sized clusters or particles, and various weak inter-
actions, such as electrostatic, dipolar, and van der Waals
(vdW) interactions, are employed to direct the self-assembly
process." #2022 In this scenario, both crystallization and
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and nanocrystals, which alters the inter-nanocluster weak interactions during self-assembly and sup-
presses the activity of Cu,_,S facets during nanocrystal growth. The current results indicate that the
method used to direct the morphologies of nanocrystals is extendable to control the tendency of nano-

self-assembly are the methods that convert the building blocks
into ordered structures. The difference between crystallization
and self-assembly is the size of building blocks and the inten-
sity of driving forces.

Controlled synthesis of nanocrystals with desired morpho-
logies has been intensively investigated.**° Many approaches
have been employed to tailor the size and morphologies of
nanocrystals on the basis of thermodynamic and kinetic
control, such as the reaction temperature, precursor concen-
tration, and in particular the selective suppression of the
growth along specific crystalline facets using capping ligands
and/or additives.>*>’ Clear comprehension of the growth
mechanism of nanocrystals makes it easy to engineer the
morphologies from spherical particles to one-dimensional
(1D) nanorods and 2D nanosheets.”®*° However, the controll-
able self-assembly of nanoclusters is more difficult, because of
the complex influencing factors and therefore the unclear self-
assembly process.*’ ™ In addition, the driving forces are so
weak that the self-assembly process is greatly influenced by
environmental factors, such as the interfacial effect of sol-
vents, thermal disturbance, and so forth.>'™° To direct the
self-assembly, the nanoclusters should be initially endowed
with appropriate surface functionalities to introduce the
driving force.***° Meanwhile, the entropy effect must be con-
sidered in the self-assembly process, such as that arising from
temperature, solvent polarity and stirring rate, because it
usually offsets the interactions between the nanoclusters and
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increases the difficulty in self-assembly.>'® This means that
despite the fact that the manipulation of atom arrangement
has been well established, the arrangement of nanoclusters
into regular structures is still challenging. It is considered that
establishing the relationship between crystallization and self-
assembly by exploring their similarity will promote the devel-
opment of self-assembly techniques.

It is known that halides play an important role in directing
the growth of nanocrystals."’** They usually adsorb on
specific crystalline facets, and suppress or facilitate the crystal
growth along these facets, thus resulting in different mor-
phologies.”>*® For example, Kim et al. synthesized octapod-
shaped CdSe/CdS nanocrystals and observed a shape evolution
from octapods to tetrapods by dosing CdCl, together with
CdO as cadmium sources.”® Meyns et al. studied the shape
evolution of CdSe nanorods to hexagonal pyramids under the
influence of halogenated additives in the form of organic
chlorine, bromine and iodine compounds.”® Lohse et al. indi-
cated the possible roles of halides in the synthesis of
anisotropic noble metal nanocrystals.*® However, the role of
halides in the self-assembly of nanoclusters is scarcely
mentioned. In this context, establishing the similarity between
crystallization and self-assembly is capable of extending the
well-studied halide-directed nanocrystal growth to perform the
orientated self-assembly of nanoclusters.

In this paper, the similarity between the chloride-directed
orientated self-assembly of Cu nanoclusters and the sub-
sequent growth of Cu,_,S nanocrystals is studied. Chloride
promotes both the transformation of Cu nanocluster self-
assembled architectures from nanowires to nanosheets and
the growth of Cu,_,S nanocrystals from nanorods to
nanosheets. The morphology transfer from 1D to 2D is attri-
buted to the selective adsorption of chloride ions (CI7) on
nanocluster and nanocrystal surfaces. The CI” suppression
facilitates the self-assembly of Cu nanoclusters and the growth
of Cu,_,S nanocrystals with 2D tendency.

2. Experimental
2.1. Materials

1-Dodecanethiol (DT, 98%) was purchased from Aladdin
Chemistry Co. Ltd. Dibenzyl ether (BE, 98%) was purchased
from Aldrich. Copper(u) 2,4-pentanedionate (CuAc,, 98%) was
purchased from Aldrich. Liquid paraffin (LP, CP) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd. Copper
chloride (CuCl,-2H,0, 99%, A. R.), copper bromide (CuBr,,
99%, AR), copper iodide (Cul, 98%, CP), acetone, and chloro-
form were all commercially available products and used as
received without further purification.

2.2. Preparation of Cu nanocluster self-assembly
architectures

Cu nanoclusters were prepared and assembled into different
architectures by stirring a mixture of 6 mL LP, 6 mL BE, 2 mL
DT, CuCl,-2H,0 and CuAc, with a specific molar ratio at room
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temperature. Then the mixture was heated to 120 °C for 10 min.
After fixing the Cu®*" concentration at 0.5 mmol and adjusting
the CuCl,-to-CuAc, molar feed ratio from 0/10, 0.05/9.5, 1/9, 2/8,
3/7, 5/5 and 7/3 to 10/0, the as-prepared assemblies change
from self-assembled nanowires (SANWs), self-assembled nano-
ribbons (SANRSs) to self-assembled nanosheets (SASs).

2.3. Preparation of Cu,S nanorods from Cu SANWs

The as-prepared Cu SANW solution was heated to 220 °C
within 10 min. Then, the solution was kept at 220 °C for
120 min and cooled down slowly.

2.4. Preparation of Cu,S nanodisks from Cu SANRs

The as-prepared Cu SANR solution was heated to 220 °C within
10 min. Then, the solution was kept at 220 °C for 120 min.

2.5. Preparation of Cu, S nanosheets from Cu SASs

The as-prepared Cu SAS solution was heated to 220 °C within
10 min. Then, the solution was kept at 220 °C for 120 min.

2.6. Purification

At room temperature, 1 mL solution of the products was
washed and precipitated by adding 1 mL chloroform and 2 mL
acetone. After that, the products were separated by centrifu-
gation at 6000 rpm for 5 min. The purification process was
repeated twice. Finally, the precipitates were collected and dis-
persed in 1 mL chloroform.

2.7. Characterization

Transmission electron microscopy (TEM) images were
obtained by using a JEM-2100F electron microscope at an
acceleration voltage of 200 kV. An energy-dispersive X-ray
spectroscopy (EDX) detector coupled with TEM was used for
elemental analysis. Atomic force microscopy (AFM) tapping
mode measurements were performed with a Nanoscope IIla
scanning probe microscope (Digital Instruments) using a
rotated tapping mode etched silicon probe tip. X-ray diffrac-
tion (XRD) investigations were carried out on a PANalytical
B.V.-Empyrean Diffractometer using Cu Ko radiation (1 =
1.5418 A). Matrix-assisted laser desorption/ionization time of
flight (MALDI-TOF) mass spectra were recorded on a Bruker
Autoflex speed TOF/TOF, where THF and trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylideneJmalononitrile were
used as the solvent and matrix to dissolve the samples. UV-vis
absorption spectra were obtained using a Shimadzu 3600
UV-VIS-NIR spectrophotometer. X-ray photoelectron spectro-
scopy (XPS) was investigated with a VG ESCALAB MKII
spectrometer.

3. Results and discussion

3.1. Chloride-directed orientated self-assembly of
Cu nanoclusters

The Cu nanoclusters employed to fabricate self-assembled
architectures are prepared in mixtures of LP and BE using

This journal is © The Royal Society of Chemistry 2017
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CuCl, and CuAc, as the Cu sources and DT as the capping
ligand at room temperature. Then the Cu nanocluster solution
is heated to 120 °C. By altering the CuCl,-to-CuAc, molar feed
ratio from 0/10, 0.5/9.5, 1/9, 2/8, 3/7, 5/5 and 7/3 to 10/0,
Cu nanocluster self-assembled architectures with different
morphologies are fabricated. In general, with the increase of
CuCl, ratio, the self-assembled architectures convert from 1D
SANWs to 2D SANRs and SASs (Fig. S11). Fig. 1 shows the TEM
images of SANWSs, SANRs, and SASs, which are prepared with
CuCl,-to-CuAc, ratios of 0/10, 2/8, and 10/0. The high magnifi-
cation TEM images show that the SANWs, SANRs, and SASs
are composed of small clusters with diameters below 2 nm
(Fig. S2f). By combining the TEM observation, MALDI-TOF
mass spectra, UV-vis absorption spectra, and XPS measure-
ments, it is concluded that the composition of the nano-
clusters in SANWs, SANRs, and SASs is the same, which is
Cu(0)4Cu(1);oDTy, (Fig. $2-S51).*” To confirm the existence of
chloride, the SANWSs, SANRs, and SASs are purified and
characterized by XPS (Fig. S57), which shows the increase of
chloride from SANWs to SANRs and SASs. This tendency is
further proved by EDX analysis (Fig. S61). There is no chloride
in the SANWSs, while the Cu-to-Cl atomic ratio is 6.89 and
3.55 in SANRs and SASs, respectively. This means that there
are about two and four Cl™ ions adsorbed on the Cu nano-
clusters in SANRs and SASs. The aforementioned results imply
the influence of chloride on the morphologies of Cu nano-
cluster self-assembled architectures.

The SANWSs, SANRs and SASs are further characterized by
XRD. Both the small-angle and wide-angle XRD patterns indi-
cate that the self-assembled architectures are composed of
ordered and small building blocks (Fig. S71). By comparing
with the small-angle and wide-angle XRD patterns of CuAc,,
the influence of the local structures of CuAc, on self-
assembled architectures is excluded (Fig. S8t). According to

Fig.1 TEM images of the self-assembled architectures of Cu nano-
clusters that are prepared with CuCl,-to-CuAc, molar feed ratios of
0/10 (a), 2/8 (b) and 10/0 (c).

This journal is © The Royal Society of Chemistry 2017
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our previous studies,*'***” the self-assembly of Cu nano-
clusters is determined both by the dipolar attraction between
Cu nanoclusters and the vdW attraction between the capping
ligand DTs. The small-angle XRD patterns present the first
order peak at 2.51° and 2.61° for SANWs and SASs, respect-
ively. But the SANRs show two peaks at 2.54° and 2.64°. As for
SANWs and SASs, the sole small-angle XRD peak means that
there is only one dominant distance between the composed
Cu nanoclusters, implying that the self-assembly of Cu nano-
clusters is favored only along one direction.’" By combining
the TEM observation (Fig. 1), the self-assembly direction of
SANWs should be along the “axis”, while it is along the
“plane” direction of the SASs. For the SANRs, the two small-
angle XRD peaks indicate that the self-assembly involves two
directions,?' thus generating ribbon structures. In addition,
with the increase of chloride, the tendency of self-assembly
along the “axial” direction decreases and the self-assembly
along the “plane” direction increases. So, we propose that the
adsorption of ClI” is mainly in the axial direction, namely
along the direction of the dipole.** This leads to a redistribu-
tion of DT alkyl chains by bending to the “plane” direction.
The favorable distribution of DT in the “plane” direction in
return suppresses the nanocluster assembly along the “axial”
direction by decreasing the dipolar attraction, promoting the
self-assembly with 2D tendency.*’** This consideration is
proved by the small-angle XRD data that the inter-nanocluster
distance along the “axial” direction decreases and that along
the “plane” direction increases, because the DT alkyl chains
along the “axis” bend toward the “plane” (Fig. S7at). In the
absence of chloride, the strong dipolar attraction between the
neighboring Cu nanoclusters drives the self-assembly along
the “axial” direction, producing 1D SANWs. With the addition
of chloride, the bent DT alkyl chains toward the “plane” direc-
tion decrease the dipolar attraction but increase the vdw
attraction along the “plane” direction through the overlapping
of DT alkyl chains. Besides, the adsorbed Cl™ also suppresses
the self-assembly along the “axial” direction, because of static
repulsion. As a result, the strong dipolar attraction drives the
self-assembly of Cu nanoclusters into 1D SANWs along the
“axial” direction in the absence of chloride. With lower Cl~
adsorption, the nanocluster self-assembly along the “axial”
direction is suppressed and the self-assembly along the
“plane” direction is favored, thus producing SANRs. With
higher Cl™ adsorption, the self-assembly along the “plane”
direction is dominant, which produces SASs.

3.2. Transformation of SANWs to Cu,_,S nanorods

On heating the Cu nanocluster SANWs at 220 °C for 120 min,
Cu,_,S nanorods are prepared. The transformation process
from Cu SANWs to Cu,_,S nanorods is monitored by TEM
(Fig. 2). Note that the Cu SANWs are prepared at 120 °C using
CuAc, as the Cu source in the absence of chloride. When the
SANW solution is heated to 160 °C, the morphology of 1D
SANWs remains unchanged. The size of the clusters remains
at 1.9 + 0.3 nm, which is the same as that of Cu nanoclusters
at 120 °C. Further increasing the temperature to 210 °C and

Nanoscale, 2017, 9, 10335-10343 | 10337
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Fig. 2 The process tracking TEM images of Cu,S nanorods at 160 °C (a), 210 °C (b), 220 °C (c), 220 °C for 10 min (d), 220 °C for 40 min (e) and
220 °C for 120 min (f). (g) and (h) are the high magnification TEM images of (a) and (c). (i) is the HRTEM image of (f). The inset pictures in (d), (e), (g)

and (h) are their corresponding size distributions.

finally to 220 °C, the morphology of nanowires is destroyed
and the small clusters start fusing into larger ones. The size of
the clusters reaches 2.5 + 0.6 nm at 220 °C, which means the
fusion of two or three clusters into one at this time. Small-
angle XRD data show the shift of the first order peak from
2.51° to 2.48° and 2.45° at 160 °C, 210 °C and 220 °C
(Fig. S9at). The calculated inter-nanocluster distances are 3.52,
3.56 and 3.61 nm."” The increase of inter-nanocluster dis-
tances results from the size increment of the clusters. No
obvious diffraction peaks are observed in the wide-angle XRD
region, indicating that the Cu SANWs do not transform into
highly crystalline Cu,_,S before 220 °C (Fig. S9bt)."® These
results reveal that the SANWs are stable at 160 °C, but the DT
will decompose and release S to support the growth of Cu,_,S
over 200 °C."*° As a result, the small Cu nanoclusters gradually
fuse into bigger ones and react with the released S.

On prolonging the duration at high temperature, the
decomposition of DTs is greatly facilitated, which accelerates
the growth of Cu,_,S nanocrystals by supplying more S.*° This
is like the nucleation stage of Cu,_,S nanocrystals according to
the classic growth process of colloidal nanocrystals. First, the
Cu nanoclusters fuse and react with S into 2.5 + 0.6 nm Cu,_,S
nuclei at 220 °C. Then the Cu,_,S nuclei grow into
2.8 + 0.7 nm quasi-spherical particles after 10 min at 220 °C.
After 40 min, these Cu,_,S particles grow up to 7.0 + 1.2 nm
particles. Finally, these small Cu,_,S nanoparticles transform
into Cu,_,S nanorods as maintained at 220 °C for 120 min
(Fig. 2). The nanorods are about 72.5 + 29.1 nm in length and
9.9 + 1.1 nm in width. Fig. S10f shows the UV-vis absorption
spectra during the growth of Cu,_,S nanorods. In comparison
with the quasi-spherical particles, the Cu,_,S nanorods show
enhanced absorption around 500 nm, which consists with the
previous report.”® The small-angle XRD peaks, which corres-

10338 | Nanoscale, 2017, 9, 10335-10343

pond to the inter-nanocluster distance of Cu SANWs, start to
disappear, and the wide-angle XRD peaks, which correspond
to the lattice spacing, start to appear after heating at 220 °C for
10 min (Fig. S91). This implies the transformation of Cu nano-
clusters to Cu,_,S nanocrystals.>® In addition, the EDX result
reveals the Cu-to-S molar ratio of Cu,_,S nanorods as 2:1,
showing the composition of Cu,S (Fig. S111). The wide-angle
XRD patterns also indicate that the diffraction peaks of the
nanorods consist with hexagonal Cu,S (chalcocite, JCPDS no.
26-1116). The high-resolution TEM (HRTEM) images show that
the (002) crystal facets are dominant both for the Cu,S nano-
particles and nanorods (Fig. S121). According to the oriented
attachment mechanism of nanorod growth,’" the formation of
Cu,S nanorods is considered through the attachment and
fusion of small Cu,S nanoparticles along the [002] direction,
which also corresponds to the “axial” direction of Cu SANWs.

3.3. Transformation of SANRs to Cu,_,S nanodisks

The morphology of Cu,_,S nanocrystals greatly depends on the
morphology of the original Cu nanocluster self-assembled
architectures. On heating the Cu SANRs at 220 °C for 120 min,
the final products obtained are Cu,_,S nanodisks (Fig. 3).
Similar to the growth of Cu,_,S nanorods, the formation of
Cu,_,S nanodisks also starts with the fusion of Cu nano-
clusters after continuously heating. The difference is the
adsorption of ClI™ on the as-assembled Cu nanoclusters. In the
presence of chloride, the fusion of Cu nanoclusters shows
obvious anisotropy. It can be seen from the TEM images that
after heating to 220 °C, there exist stripes in the intermediates,
which are the fused nanoclusters (Fig. 3¢ and hf). These mean
the presence of intermediates between the nanoclusters and
nanocrystals or the nanocrystals with poor crystallinity during
the formation of Cu,_,S nanodisks. In the wide-angle XRD

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The process tracking TEM images of Cu,S nanodisks at 160 °C (a), 210 °C (b), 220 °C (c), 220 °C for 10 min (d), 220 °C for 40 min (e) and
220 °C for 120 min (f). (g), (h) and (i) are the high magnification TEM images of (a), (c) and (d).

pattern, a weak peak at about 46° is found when the tempera-
ture rises to 220 °C (Fig. S13bt), which corresponds to the
(110) facets of hexagonal Cu,_,S nanocrystals.>>>* This peak
significantly enhances after heating at 220 °C for 10 min.
No other Cu,_,S diffraction peaks are observed, implying the
tiny structure of the Cu,_,S. After heating at 220 °C for
120 min, the Cu,_,S further evolves into nanodisks (Fig. 3f).
The EDX result of Cu,_,S nanodisks reveals the Cu-to-S molar
ratio of 2:1, presenting the composition of Cu,S (Fig. S147).
The nanodisks are determined as hexagonal Cu,S by XRD
(chalcocite, JCPDS no. 26-1116). HRTEM images indicate that
the top and bottom surfaces of the nanodisks are dominant by
the interplanar spacing of 0.199 nm, while the sides are domi-
nant by the interplanar spacing of 0.337 nm (Fig. S157). This
result implies that the CI~ may adsorb on the (002) facets,
which suppresses the growth and fusion of small Cu,S along
the [002] direction, thus producing Cu,S nanodisks.

Fig. S13at shows the small-angle XRD patterns as the trans-
formation from Cu SANRs to Cu,S nanodisks occurs. The
gradual decrease of the small-angle XRD peaks means the
destruction of the Cu nanocluster self-assembled architec-
tures. When Cu SANRs are heated to 160 °C, 210 °C and
220 °C, the first order peak shifts from 2.49° to 2.47° and
2.44°, which is similar to the evolution of Cu SANWs. This
reveals the increase of the distance between nanoclusters
during the fusion. The difference is the appearance of a strong
diffraction peak at 1.76° after heating at 220 °C for 10 min,
corresponding to the distance of 5.02 nm, which is attributed
to the closely packed tiny Cu,S disks (Fig. 3d and 1i). After
heating at 220 °C for 120 min, these tiny disks grow into nano-
disks with 35.5 + 4.9 nm width and 11.6 + 0.7 nm thickness.
The UV-vis absorption spectra are almost the same at 160 °C,
210 °C and 220 °C (Fig. S167). The unchanged peaks below
400 nm mean the existence of Cu nanoclusters. After heating

This journal is © The Royal Society of Chemistry 2017

at 220 °C for 120 min, a strong absorption peak appears
around 500 nm, showing the formation of thick Cu,S nano-
disks and consisting with the previous reports.>>>® By analyz-
ing the transformation process from Cu SANRs to Cu,S nano-
disks, it can be safely mentioned that the adsorbed CI™ influ-
ences both Cu nanocluster self-assembly and their fusion into
Cu,_,S nanocrystals. Cl™ is capable of suppressing the self-
assembly and further fusion of nanoclusters along the Cl™-
adsorbed direction.

3.4. Transformation of SASs to Cu,_,S nanosheets

As mentioned above, the Cu nanocluster SASs are prepared
using CuCl, as the Cu source, which leads to the adsorption
of more Cl~ on nanoclusters than SANRs. The transformation
of Cu nanocluster self-assembly architectures to Cu,_,S
nanosheets is similar to that of nanorods and nanodisks.
With the increase of temperature, the nanoclusters show 2D
fusion first (Fig. 4). Then the fused nanoclusters transform
into tiny and thin nanosheets at 220 °C for 10 min. Finally,
the small tiny nanosheets grow into larger ones with pro-
longed heating duration. The size of the final nanosheets is
about 93.4 + 24.8 nm in width and 4.4 nm in thickness
(Fig. S177). According to the discussions about the chloride-
directed growth of Cu,S nanodisks, the formation of
thinner Cu,_,S nanosheets results from the adsorption of
more CI” on the top and bottom surfaces of Cu,_,S nano-
sheets, thus facilitating the growth with a 2D feature. The first
order peak in small-angle XRD patterns shifts from 2.61° to
2.51° and 2.51° at 160 °C, 210 °C and 220 °C, which shows the
change of the inter-nanocluster distance (Fig. S181). The
small-angle XRD peak at 1.99° is still strong after heating at
220 °C for 10 min, which is caused by the distance between
the packed tiny nanosheets.”’ The calculated distance of
4.44 nm is shorter than that of the intermediates for prepar-

Nanoscale, 2017, 9, 10335-10343 | 10339
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220°C—120mid

Fig. 4 The process tracking TEM images of Cuy gS nanosheets at 160 °C (a), 210 °C (b), 220 °C (c), 220 °C for 10 min (d), 220 °C for 40 min (e) and
220 °C for 120 min (f). (g), (h) and (i) are the high magnification TEM images of (a), (c) and (d).

ing Cu,_,S nanodisks, which is 5.02 nm. This means that the
intermediates of nanosheets are thinner than that of nano-
disks, representing the role of adsorbed CIl™ in directing the
facet-selective growth. The wide-angle XRD data also show the
transformation from Cu nanoclusters to Cu,_,S nanocrystals
at 220 °C, because of the appearance of the peak at about
46°.°>7* This peak becomes obvious after heating at 220 °C
for 10 min. Hexagonal Cu,S nanosheets are found after
40 min (chalcocite, JCPDS no. 26-1116), but transform into
hexagonal Cu, gS nanosheets after 120 min (digenite, JCPDS
no. 23-0962). The Cu, gS nanosheets show enhanced absorp-
tion compared to Cu,S nanosheets (Fig. S19t). Note that the
single diffraction peak at 46° corresponds to the hexagonal
(110) facets of ultrathin Cu,_,S nanosheets, while the (102)
and (103) facets are not found.>* Since the (002) facets are ver-
tical to the (110) facets, we propose that the growth along the
(002) facets is strongly suppressed. By HRTEM observation, it
can be concluded that the top and bottom surfaces of Cu,_,S

CuCl,+CuAc, A@
\ 120°C
Self-assembly

Cu nanocluster

() Cu atom

e S atom

nanosheets are (002) facet-terminated (Fig. S20t). The adsorp-
tion of CI” on the (002) facets suppresses the growth and
thereby leads to the 2D growth of nanosheets. So, with the
increase of chloride, the thickness of Cu,_,S nanocrystals
becomes thinner (Fig. 5).

CuBr, and Cul are also employed as Cu sources to direct
the self-assembly of Cu nanoclusters and the subsequent
growth of Cu,_,S nanocrystals. According to the TEM obser-
vation (Fig. S227), the roles of Br~ and I” are different from
CI™. When the Cu source is CuBr,, the as-assembled Cu nano-
clusters appear as a mixture of sheets and star-like balls. In
the following growth of Cu,_,S, the products are ultra-long
nanorods. When the Cu source is Cul, the morphology of the
Cu nanocluster self-assembled architecture is irregular. The
following growth of Cu,_,S also produces irregular nano-
crystals. These results mean that chloride is specific for
directing the morphology evolution of Cu nanocluster self-
assembled architectures and Cu,_,S nanocrystals.

ACt \:i

Fig. 5 Schematic illustration of the influence of chloride on the morphologies of Cu nanocluster self-assembled architectures and Cu,_,S

nanocrystals.
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To monitor the chloride-directed morphology and spectral
evolution of Cu,_,S nanocrystals, the CuCl,-to-CuAc, molar
feed ratio is adjusted from 0/10 to 0.5/9.5, 1/9, 2/8, 3/7, 5/5, 7/3
to 10/0 (Fig. 6a-h and S217). The size and diameter-thickness
ratios are calculated and indicated in Table S1{ and Fig. 6i,
where the diameter and thickness are obtained from TEM
observation except that the thickness of Cu;gS nanosheets is
measured by atomic force microscopy (Fig. S17f). The
diameter-thickness ratio increases with the increase of chlor-
ide. According to the wide-angle XRD data (Fig. 7), the (102)
and (103) peaks of Cu,_,S fall off with the increase of chloride.
On the one hand, the variation of the intensity of the (102)

1 —=— Diameter along (001)
—e— Thickness along [001]
90 —a— Diameter-thickness ratio

E 60
()
N
7
30
0 htt——t—t - :<'
0 10 20 30 40 50 60 70 80 90 100
CuCl,/CuCl,+CuAc, (%)

Fig. 6 TEM images of Cu,_,S nanocrystals that are prepared with
CuCl,-to-CuAc, molar feed ratios of 0/10 (a), 0.5/9.5 (b), 1/9 (c), 2/8 (d),
3/7 (e), 5/5 (f), 7/3 (g) and 10/0 (h). The insets in (f) and (g) are the cross
section TEM images. (i) Cu,_,S size evolution versus CuCl,/CuCl, +
CUACz.
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Fig. 7 Wide-angle XRD patterns of Cu,_,S nanocrystals with different
CuCl;,-to-CuAc, molar feed ratios.

and (103) peaks indicates the change in the thickness of
Cu,_,S.”” On the other hand, the decrease of the XRD peaks at
37° and 46° and the increase at 23° and 32° reveal the trans-
formation from hexagonal Cu,S to hexagonal Cu, S,*® which
is the same as the transformation from small Cu,S nanosheets
to ultrathin Cu,gS nanosheets after heating at 220 °C for
120 min. The transformation from Cu,S to Cu,gS is analyzed
by comparing their atomic arrangement (Fig. $23 and S247).>°
In comparison with Cu,gS, the unit cell of Cu,S is much
simpler. The unit cell of Cu;sS contains twenty seven
Cu atoms and fifteen S atoms. The missing process of three
Cu atoms is shown in Fig. S24.1 Accordingly, the unit cells of
Cu,S and Cu, gS are packed into an integrated period to reveal
the change in the atom arrangement. In this context, the
Cu and S atoms in Cu,S are regular in the same plane. The
structure and composition of different planes are the same
with only an atomic dislocation configuration. The atom
arrangements along the ¢ axis are shown in Fig. S23b and
S24b.t It is found that they are the same along the ¢ axis.
However, great changes are found along the b axis of CuygS.
The plane structure of Cu and S is destroyed, though the same
plane atoms are found in the packed structure of Cu, gS. Only
half of the Cu atoms in two planes are pushed out regularly.
The calculated result indicates that there are 10% Cu atoms
missing in the pushing process, consisting with the compo-
sition change from Cu,S to Cu, gS. These results show that the
transformation from Cu,S to Cu, ¢S lowers the regularity of the
Cu atom arrangement. In addition, the process of Cu missing
also relates to the thickness of nanocrystals, since thinner
structures are beneficial to push Cu away. This also explains
the transformation from Cu,S to Cu, ¢S with the increase of
chloride. After transformation, the bond length also changes
obviously. The bond lengths of Cu,S are 2.245 A in plane and
3.335 A out of plane. For Cu,gS, the bond lengths reduce to
2.269, 2.292, 2.407, 2.779 and 2.888 A. The shortening of the
average bond lengths increases the thermodynamic stability of
nanocrystals.
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4. Conclusions

In summary, we demonstrate the analogous chloride-directed
Cu nanocluster self-assembly and the subsequent growth of
Cu,_,S nanocrystals. As to self-assembly, the adsorbed Cl™
lowers the dipolar attraction between the neighboring nano-
clusters and leads to the redistribution of the DTs on nano-
clusters. As a result, the morphology of Cu nanocluster assem-
blies changes from 1D SANWSs to 2D SANRs and SASs with the
increase of chloride. The following growth of Cu,_,S nano-
crystals is attributed to the fusion of Cu nanoclusters and the
reaction with the S from DT decomposition. The CI™ selectively
adsorbs on the (002) facets of Cu,_,S nanocrystals and sup-
presses the growth along the [002] direction. Consequently, the
morphology of Cu,_,S changes from 1D nanorods to 2D nano-
disks and nanosheets with the increase of chloride. The ana-
logous Cu nanocluster self-assembly and the growth of Cu,_,S
nanocrystals in the presence of chloride give the hope to find
new methods for directing nanocluster self-assembly by virtue
of the existing approaches to control the morphologies of col-
loidal nanocrystals.
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