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ABSTRACT: Heteronanostructures have attracted intensive
attention due to their electronic coupling effects between
distinct components. Despite tremendous advances of
nanostructure fabrication, combining independent polymorphs
by forming heterojunction is still challenging but fascinating,
such as copper sulfides (Cu,_,S), exhibiting varying band gaps
and crystal structures with various stoichiometries. Herein,
self-coupled Cu,_,S polymorphs (Cu, ,S-CuS) by a facile one-
pot chemical transformation route have been reported for the
first time. Unprecedentedly, a manganous precursor plays a
crucial role in inducing and directing the formation of such a
dumbbell-like architecture, which combines 1D Cu,4,S with

2D CuS. During the transformation, Mn®** ions mediate the Cu’ ions diffusion and phase conversion process particularly.
Furthermore, this self-coupled polymorphic structure exhibits significantly enhanced photoelectrochemical properties compared
with the individual Cu,o,S nanocrystals and CuS nanoplates, originating from the unique heterointerfaces constructed by
intrinsic band alignment and the enhanced contact between high conductivity hexagonal planes and the working electrode
revealed by density functional theory (DFT) calculations. So we anticipate this emerging interfacial charge separation could
provide useful hints for applications in optoelectronic devices or photocatalysis.

B INTRODUCTION

Semiconductor nanocrystals,1 as an important branch of
nanomaterials, have attracted extensive interest from research-
ers in chemistry, physics, material science and other fields.”
This is because the chemical and physical properties of
semiconductor nanocrystals depend strongly on their size,
shape, and crystal structure.”* Recently, as a new class of
nanoscale building blocks, heteronanostructures have gained
tons of attention due to containing two or more chemically
distinct components in one single structure with multi-
functionalities or novel properties induced by the hetero-
interfaces.”™® These ideas are representatively demonstrated in
semiconductor-metal hybrids as coupling strongly plasmonic
effects with photogenerated carrier separation and transport.”
Pioneering work on semiconductor-metal hybrids with “real
metal or alloy”, for instance, Au-Zn0," Au—Pt—Fe304,ll Ag—
Fe@Fe,0,,'” PdPt-Fe;0,,"’ PtNi-CdS,"* ZnS-(CdS/Au)" and
Ag/Bi-based heteronanostructures,'® has been systematically
studied, while reports on using metallic chalcogenide as the
“metal domain” are rare.'” So it would be a great supplement to
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nanostructure synthesis and electronic coupling effects if we
could fabricate such an interface.

Copper sulfides (Cu,_,S), as one of excellent p-type
materials due to copper vacancies in the lattice, possess
localized surface plasmon resonances (LSPR)'® and an x-
dependent bandgap energy varying from about 1.2 eV for
chalcocite (x = 0) to 2.0 eV for covellite (x = 1) (E, = 1.2 eV
for Cu,S, 1.5 eV for CuysS and 2.0 eV for CuS), matching
extremely well with the solar spectrum.'” Owing to these
unique properties, enormous efforts have been devoted to the
synthesis of diverse Cu,$*°™>* and CuS$**~*° nanocrystals and
Cu,_,S based ternary and quaternary structures (e.g, CulnS,
and Culn,Ga,_,S,).”" However, current research was mainly
focused on single phase of Cu,_,S, thus further combining
different polymorphs by forming heterojunction will be indeed
an exciting rather challenging task in regard to achieving special
and robust functionalities.
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Herein, for the first time we report a facile one-pot chemical
transformation route to the synthesis of self-coupled Cu,_,S
polymorphs (Or rather, Cu, 4,S-CuS by further analysis). As the
intermediate products of the phase transformation and shape
evolution process from monoclinic egg-like Cu,o,S nanocryst-
als to hexagonal CuS nanoplates mediated by a manganous
precursor, the obtained self-coupled Cu,_,S polymorphs are
stable and can be isolated. We believe this approach can be a
powerful supplement to the general tool bench with
introducing foreign ion precursors as potential morphology
and phase regulators for nanostructure fabrication.

B RESULTS AND DISCUSSION

The sample of self-coupled Cu,_,S polymorphs was synthesized
in a 25 mL three-necked flask by using CuCl and
Mn(S,CNEt,), as precursors in oleylamine (OLA) at 125 °C
(see detailed information in Experimental Section). Represen-
tative scanning and transmission electron microscopy (SEM
and TEM) images displayed in Figure la and 1b demonstrate

Figure 1. (a) SEM image, (b) TEM image, (c,d) HRTEM images and
(e) STEM-EDS elemental mapping images of the self-coupled Cu,_,S
polymorphs (inset c is the corresponding crystal structures of the self-
coupled Cu,_,S polymorphs. Red ball represents Cu atom and yellow
for S atom).

that each structure is dumbbell-like in shape with a length of
about 100 nm and a diameter of about 20 nm. The
corresponding X-ray diffraction (XRD) pattern is shown in
Figure S1, indicating that the sample is composed of crystalline
phases of Cu;4S (JCPDS No. 23—0959, monoclinic, a =
26.897 A, b = 15745 A, ¢ = 13.565 A) and hexagonal Cu$
(JCPDS No. 65-3561). Moreover, high-resolution TEM
(HRTEM) confirms the orientational relationship between
Cu;44S and CuS components as shown in Figure 1c and 1d.
The analysis of the lattice spacing reveals that the (8 0 0) planes
(d = 3.37 A) of Cu, o,S are coincident with the (1 0 0) planes
(d = 333 A) of CuS. Further the STEM-EDS elemental
mapping was applied to obtain elemental distribution of Cu,
Mn and § in the structure. Figure le displays that elemental Cu
and S are uniformly distributed within the structure, while no
presence of elemental Mn is detected. So it is merely composed
of elemental Cu and S. In conclusion, we confirmed that the
self-coupled Cu,_,S polymorphs are Cu, ¢,S-CuS heteronanos-
tructures.

To determine the exact formation process of the self-coupled
Cu,_,S polymorphs, a series of experiments with different
reaction time were performed. When the temperature reached
125 °C, it was just egg-like nanocrystals obtained at the
beginning which could be indexed as monoclinic Cu,g,S
(Figure S2). As shown in Figure 2a, the elemental Mn did not
exist in the nanocrystals from the mapping analysis. As the

S

Figure 2. STEM-EDS elemental mapping images of (a) the
monoclinic egg-like Cu,¢,S nanocrystals and (b) the hexagonal Cu$S
nanoplates (inset a and b are the corresponding crystal structures of
the Cu, ¢,S nanocrystals and CuS nanoplates. Red ball represents Cu
atom and yellow for S atom).

reaction processed for 10—15 min, as the color of the solution
changed from brown to dark green, the egg-like nanocrystals
grew into dumbbell-like architectures as mentioned above.
Further increasing the reaction time to about 60 min, the
middle parts of the structures disappeared and hexagonal Cu$
nanoplates (Figure S3) formed finally. However, the elemental
Mn did not exist in the nanoplates (Figure 2b) either.
Previous findings proved that certain metal ion precursors
played crucial role in controlling the morphology of
nanostructures. For example, Cabot et al. and Pan et al
manipulated the formation of Cu;Se, nanocubes and CuSe
nanosheets with the assistance of AI** ions due to its promoting
crystal growth in specific direction or combining with certain
ions to regulate the nucleation and growth rate of another
phase.””** So we did a series of control experiments under the
same conditions except for using other precursors. When
Zn(S,CNEt,), used, dumbbell-like ZnS-Cu;o,S heterostruc-
tures were obtained, as shown in Figure S4, consisting with our
previous study.”* Using Cd(S,CNE,), instead, according to
the TEM images of Figure 3a, CdS-Cu,S, heterostructures were

Figure 3. TEM images of the products (a) using Cd(S,CNE,),, (b)
using Ni(S,CNEt,),, and (c) using Cu(S,CNEt,), instead of
Mn(S,CNEt,),.

prepared, which was further confirmed by XRD and STEM-
EDS elemental mapping analysis (Figure SS and $6). If
Ni(S,CNEt,), or Cu(S,CNEt,), used, we could only get
Cu, o4S nanocrystals according to the characterization of TEM
images (Figure 3b and 3c) and XRD patterns (Figure S7 and
S8). On the basis of the experimental results above, it is evident
that Cu, ,S nanocrystals are the sole products at the beginning
of every experiment and only the manganous precursor can
produce self-coupled Cu,_,S polymorphs. At the same time, we
also explored the influence of halide ions on our experiment. As
shown in Figure 4a, 4b and 4c, when CuBr used, we could also
get egg-like nanocrystals, self-coupled polymorphs, and nano-
plates similar to that of CuCl. As for Cul used, according to
Figure 4d, 4e and 4f, we got nanofloriated crystals first, but they
transformed to the self-coupled polymorphs and nanoplates
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Figure 4. TEM images of the (a) Cu,o,S nanocrystals, (b) self-
coupled Cu, o,S-CuS polymorphs, (c) CuS nanoplates using CuBr
instead of CuCl; (d, e, f) are the corresponding products using Cul
instead.

eventually. Therefore, we could all get similar phase trans-
formation and shape evolution process using different cuprous
precursors. Thus, it can be conclusively presumed that it is the
manganous precursor that mediates the whole conversion
process from monoclinic Cu, ¢,S nanocrystals to hexagonal CuS
nanoplates.

To theoretically examine the effect of the manganous
precursor, we employed density functional calculation (DFT,
see Experimental Section and Supporting Information for
computational details) to calculate the binding energies
between metal jons and ligands (-S,CNEt,). Obviously,
according to Table S1, Cu(S,CNEt,) is the least stable and
Cu" ions are prior to reacting with ligands in the medium, then
Cu, oS were formed initially via decomposition. In addition,
the lowest crystallization temperature of Cu,g,S is also a key
factor for this occurrence. As for Cd(S,CNEt,), or Zn-
(S,CNEt,),, Cd** or Zn*" ions are comparable reactive and can
partially compete with Cu" ions through cation exchange, thus
ZnS/CdS-Cu,_,S were formed after generation of Cuyg,S,
while Cu** or Ni** ions are not favorable to react as the
Cu(S,CNEt,), or Ni(S,CNEt,), are relatively stable and only
Cu,,S were obtained, which was in agreement with our
experimental observations.

Thus, we propose the underlying mechanism as shown in
Scheme S1: Mn(S,CNEt,), has the most suitable binding
energy (marked by a red circle in Table S2) between Mn®* ions
and ligands for appropriate cation exchange with Cu” ions and
control the decomposition to Cu,g,S nanocrystals. Detailed
thermal decomposition pathway is illustrated in reaction (1).*°
Besides Cu,,S, tetraethylthiourea (SCN,CgH,,) and carbon
disulfide (CS,) were formed as secondary sulfur sources,
especially CS,.* According to reaction (2) and (3), it can in
situ generate H,S and Sq free radicals as active ingredients37 and
further react with oleylamine solvent to form thioamides and
alkylammonium polysulfides as intermediate reactants in line
with reaction (4), which has been deeply studied by Ozin et
al.*® Compared with Cu,S, monoclinic Cu,¢,S has more
cationic vacancies, thus with high cationic mobility.”” Cu, ;S
nanocrystals then react with aforementioned sulfur species to
form CuS$ nanoplates (reaction (5)). To verify this speculation,
we separated the self-coupled polymorphs from the reaction
medium to a fresh oleylamine system. As the former
transformation (from Cu,g,S to Cu,¢,S-CuS) is too fast
happening in just a few seconds, we could only explore the
latter one (transformation from Cu, ¢,S-CuS to CuS). We note
that the shape and phase evolution does not occur under this

condition, meaning this transformation process needs active
species to motivate. However, if a trace amount of sulfur
powder is added, the reaction happens rapidly to form CuS
nanoplates (Figure S9), which is in accordance with what we
propose in reaction (S). Additionally, Pradhan et al. discovered
that Mn*" ions could insert or eject from the structure causing
rever51ble phase transformation by controlling atomic diffu-
sion.” On account of this view, we hold that Mn?* ions
mediate the Cu” ions diffusion and phase conversion process
particularly, as shown in Scheme 1. First Cu" ions at both tips

Scheme 1. Synthetic Pathway for Preparation of Cu, ,S
Nanocrystals, Self-Coupled Cu,_,S Polymorphs and CuS
Nanoplates Mediated by the Manganous Precursor
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of the egg-like Cu,o,S nanocrystals were preferable to reacting
with sulfur species to form CuS nanoplates because the tips of
the Cu, ¢,S nanocrystals mainly exposed two sets of high-index
facets ((731) and (804)) with high reactivity. The formed Cu$S
nanoplates would stabilize the tips of the Cu;q,S and more
orientational and stable facets between Cu,,S and CuS were
retained. Then the transformation process transferred to the
middle part due to its full exposure to Mn** ions, as shown in
Figure S10. It is obvious that Cu,¢,S as the dumbbell handle
was slowly consumed and the pure CuS nanoplates would form
eventually. Similarly, we did an experiment in the same
situation except for the absence of Mn”* ions. Without Mn*"
ions, we could only get the CuS nanoplates with relatively
smaller size rather than the self-coupled polymorphs when the
color changed from brown to dark green immediately (Figure
S11). This further convinces that Mn>* ions could retard the
phase transformation and shape evolution process from Cu, ¢,S
nanocrystals to self-coupled Cu,_,S polymorphs.

Furthermore, we carried out XPS analysis to investigate the
valency evolution of Cu and S during the whole process. As for
Cu, the oxidation state was basically +1 with little change
during the whole transformation process according to Figure
Sa. While for S, several interesting changes were observed
(Figure Sb), which was described in detail by deconvolution in
subcomponents (Figure S12). It is composed of two doublet
peaks, one is sulfide, changing from 161.5 to 161.0 eV due to
the decrease of average length of Cu—S bond, the other is
disulfide, emerging at 161.9 eV, which is the characteristic of
S—S bond.*' So the XPS changes well illustrated the phase
transformation from Cu, oS to CuS. Lately Manna et al. and
Zhang et al. have both achieved the conversion from CuS to
Cu,S using a Cu (I) complex wh11e mamtamlng the previous
framework of the CuS nanoplates.”**® However, realizing the
inverse process is rather challenging as lacking an appropriate
“redox regulator”. As far all we know, this is the first report on
the successful evolution from Cu,S to CuS that transforming
from one with low density of free carriers and poor LSPR to a
metallic and strongly plasmonic material mediated by a
manganous precursor. Thus, we believe our finding may pave
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Figure 5. XPS spectra of (a) Cu 2p region and (b) S 2p region, (c)
UV—vis—NIR absorption spectra, (d) photocurrent response of the
Cu, o4S nanocrystals (black line), self-coupled Cu,_,S polymorphs (red
line) and CuS nanoplates (blue line).

the way to a novel family of chemical transformation and bring
researchers to a deep understanding of the delicate details
inside.

The optical absorption spectra of the different obtained
nanostructures show signiﬁcant absorbance across the solar
spectrum and a broad near-infrared (NIR) absorption between
800 and 2500 nm (Figure Sc). Using the direct band gap
method,"” as shown in Figure S13, the band gaps of Cu, o,S and
CuS are estimated to be 1.07 and 1.57 eV, which are rather
suitable for photovoltaic and optoelectronic applications. The
broad NIR absorption shown in spectra is derived from the
intraband absorbance of free carries, more specifically of holes
associated with the presence of Cu vacancies.””** To elucidate
the origin of the optical properties of Cu,o,S and CuS, DFT
calculations were performed to analyze their electronic
structures. As for Cu; S nanocrystals (Figure 6a), its Fermi
level is 0.26 eV below the valence band maximum (VBM)
under the impact of Mossec-Burstein effect™ and the optical
band gap between Fermi level and the conduction band
minimum (CBM) is 0.77 eV (Figure 6b). In the case of CuS
nanoplates (Figure 6¢), GGA + U calculation shows the Fermi
level is 0.99 eV below the VBM and the theoretical optical band
gap is 1.18 eV (Figure 6d). Although GGA + U calculation
underestimates the band gaps, it gives reasonable results of their
electronic structures, which are consistent with results of
HSEO06 calculation (Figure S15). Typically, CuS with the Fermi
level 0.99 eV below the VBM, which is much larger than the
case in Cu,q,S, even shows a metallic behavior of electrical
transport due to the high density of charge carriers.*®

To evaluate the potential of the self-coupled polymorphs for
optoelectronic applications, we performed photoelectrochem-
ical measurement using a three-electrode system comprising the
sample film on the FTO as the working electrode, a Pt-coil
counter electrode and a Ag/AgCl reference electrode. Figure 5d
shows the time-dependent photoresponse of the three products
at a constant bias voltage of —0.8 V (vs Ag/AgCl) and at the
light-on and light-off time of 10 s. Under the same condition,
we can see that among all the three samples, self-coupled
Cu,_,S polymorphs exhibit the best photoresponse properties
with the light current density of 0.12 mA/cm? (Figure S14). It
means that the self-coupled polymorphs have superior charge

2
_3
4

T MK 'A LH A

Figure 6. (a), (c) are the atomic arrangement representations and (b),
(d) are the GGA + U band structures of Cu, ¢,S and CuS. Fermi levels
are set to zero and marked as red dash lines. The high-symmetry
points in Brillouin zone of Cu, 4,S are I'(0, 0, 0), Y(0,1/2,0), C(0, 1/2,
1/2),Z(0,0,1/2),B(=1/2,0,0) and A(—1/2, 1/2, 0), where those of
CusS are I'(0, 0, 0), M(0, 1/2, 0), K(—=1/3, 2/3, 0), A(0, 0, 1/2), L(0,
1/2, 1/2) and H(=1/3, 2/3, 1/2).

separation and transport than individual Cu,¢,S nanocrystals
and Cu$ nanoplates under light irradiation.

In terms of the electronic structures of the Cu,q,S (100)-
CuS (100) interfaces, potential analysis (Figure S16 and S17)
show that the work function of Cu,4,S(100) (ca. 4.56 €V) is
lower than that of CuS(100) (ca. 5.24 eV), which suggests that
the electrons flow from Cu,g,S to CuS. This is also supported
by their differential charge density, Ap = p(Cu;,S-CuS) —
p(CuyosS) — p(CuS) (Figure S18). The differential charge
density analysis demonstrate that the charge transfer from
Cu, o4S to CuS is 1.2 electrons, namely, about 6.0 X 107> e/A*
at the interface. The partial density of states (PDOS) and
simulated charge distributions of the interface were shown in
Figure 7a and 7b, and its band alignment from the PDOS is of
an emerging type I, realizing the electron—hole separation in
such heterointerfaces. According to Figure 7c, when two phases
acquire an equalized Fermi level after contact, a potential
difference from Cu;¢,S to the CuS will be established.
Meanwhile, the energy bands of Cu,o,S will shift downward,
while the energy bands of CuS (100) will shift upward.
Consequently, the CBM of Cu, ,S will become lower than that
of CuS. As CuS and Cu;S absorb photons, the valence
electrons will be excited to the CB and will leave holes in the
VB. The photogenerated electrons produced by CuS will be
injected into the CB of Cu, o,S. Moreover, the photogenerated
holes are effectively collected in the VB of CuS due to the
contact potential difference, and readily transferred to working
electrode due to the unique structure of the self-coupled
polymorphs, which shows a strong anisotropic 2D character
with better conductivity along the hexagonal planes, forming an
emerging junction transporting holes. Thus, it can be greatly
enhanced in dumbbell-like architecture due to the better
contact of highly conductive hexagonal planes of CuS to the
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Figure 7. (a) Calculated partial density of states (PDOS) for the
Cu,0,S (100) and CuS (100) fragments of the heterojunction. (b)
Simulated charge distributions at the Cu;q,S (100)-CuS (100)
heterojunction interface. (c) Schematic illustration of the band
alignment and charge separation at the interface of the self-coupled
Cu,_,S polymorphs. ®, Vac, E, E¢ are the work function, vacuum
level, conduction band minimum, Fermi level, respectively. Eg is the
optical band gap between the conduction band minimum and Fermi
level.

electrode, thereby promoting the flow of photogenerated holes.
Therefore, the probability of electron—hole recombination was
reduced. Taking electronic structures and geometric config-
urations into account, the photoresponse property of the self-
coupled polymorphs was significantly enhanced compared with
the individuals.

B CONCLUSIONS

In summary, unique self-coupled Cu,_,S polymorphs (Cu, ¢,S-
CuS) with dumbbell-like architecture were synthesized for the
first time by the regulation of a manganous precursor. The self-
coupled polymorphs can be isolated as the intermediate
products of the phase transformation and shape evolution
process from monoclinic Cu, ,S nanocrystals to hexagonal CuS
nanoplates by controlling the reaction time. In addition, the
self-coupled polymorphs as an emerging charge separation
junction exhibit enhanced photoelectrochemical property
compared with individual Cu;¢,S nanocrystals and CuS
nanoplates. As such, this colloidal method may provide a new
avenue for controllable synthesis of a family of metal
chalcogenide heteronanostructures and novel insights into the
rational tuning of nanostructures with unique properties for
application in optoelectronic devices or photocatalysis.

B EXPERIMENTAL SECTION

Chemicals. The chemicals sodium diethyldithiocarbamate (Na-
(S,CNEt,)), MnSO,4H,0, ZnSO,7H,0, CdCl,2.5H,0, CuCl,:
4H,0, NiCl,-:6H,0, CuCl, CuBr and Cul were purchased from
Shanghai Reagent Company (P. R. China). Oleylamine (OLA, 70%)
was purchased from Sigma-Aldrich. All chemicals were used as
received without further purification.

Synthesis of Mn(S,CNEt,), and Other Precursors. In a typical
reaction for Mn(S,CNE, ),, Na(S,CNEt,) (3 g) was dissolved in 100
mL distilled water (Solution 1) and MnSO,-4H,0 (3 g) was dissolved
in S0 mL distilled water (Solution 2), respectively. Then Solution 2
was added into Solution 1 in a 250 mL beaker under stirring for 1 h.
Finally the resulting dark brown precipitate was centrifuged (2000
rpm, S min), washed five times with distilled water, and dried under
vacuum at 60 °C. As for Zn(S,CNEt,),, Cd(S,CNEt,), Cu-
(S,CNEt,), and Ni(S,CNEt,),, ZnSO,-7H,0, CdCl,-2.5H,0,
CuCl,-4H,0 and NiCl,-6H,O were used instead of MnSO,-4H,0.

Synthesis of the Self-Coupled Cu,_,S Polymorphs and Other
Structures. In a typical procedure for the self-coupled Cu,_,S
polymorphs, CuCl (0.015 g) (CuBr 0.02 g, Cul 0.025 g),
Mn(S,CNEt,), (0.025 g) and S mL OLA were mixed together in a
25 mL three-necked flask, and degassed under vacuum for 20 min.
Then the reaction solution was heated under nitrogen to 125 °C at a
rate of 10 °C/min, and kept for about 15 min (CuBr 10 min, Cul 3—$
min) and stopped when the color of the solution changed from brown
to dark green. As for Cu, ¢,S nanocrystals, the reaction time was about
10 min (CuBr 7 min, Cul 1 min). As for hexagonal Cu$S nanoplates,
the reaction time was about 60 min (CuBr 30 min, Cul 10 min). Lastly
the obtained product was collected by centrifugation (8000 rpm, 3
min) and washed three times with hexane and ethanol for further
characterization.

Instrumentation. The product was characterized by X-ray power
diffraction (XRD), using a Philips X'Pert PRO SUPER X-ray
diffractometer equipped with graphite monochromaticized Cu K
radiation (4 = 1.54056 A). The operation voltage and current were
kept at 40 kV and 400 mA, respectively. TEM and HRTEM were
performed on Hitachi H-7650 and JEOL-F2010 with an acceleration
voltage of 200 kV respectively. HAADF-STEM and STEM EDS
element mapping was carried out on Oxford Inca equipped on JEOL-
F2010. Optical absorption spectra of samples dispersed in tetrachloro-
ethylene were measured at room temperature using a DUV-3700
UV—vis—NIR spectrometer (Shimadzu).

Photoelectrochemical Measurement. Samples were coated on
the FTO electrodes as follows: the products were dispersed in toluene
with a concentration of 2.5 mg/mL, then 2 mL of the solution were
spindropped on the 1.5 X 2 cm® FTO electrodes at 1500 r.p.m. for 30s
by a desktop spin coater. After that the FTO electrodes were annealed
at 450 °C for 1 h under Ar—H, gas mixture. The electrodes were
immerged in 0.5 M Na,SO, electrolyte. Current—time curves were
acquired by an electrochemical analyzer system, Auto Lab workstation
(PGSTAT302A) in a three-compartment cell with a working
electrode, a platinum plate counter electrode, and a Ag/AgCl
reference electrode under a bias voltage of —0.8 V using the excitation
light of a 150 W Halogen lamp (DOLAN JENNER Model 150
Iluminator) as the light source.

DFT Calculations. Density-functional theory was applied to
optimize geometries of free ligands, metal ions and their comflexes
in the Gaussian09 software.”” B3LYP/genecp level of theory**
used with Lanl2dz basis set chosen for transition metal ions and 6-31g
(d) for C, H, N, S atoms, respectively. SMD model was used to
simulate the solvation effect®® of oleylamine. All SMD computations
were conducted at T = 298.15 K. SMD runs were all single point
calculations with geometry optimizations in the gas phase. The binding
energy is calculated as follows:

AEBE =E Eqn — E[igand

total — ion

where AEyg is the difference between electronic energy of the complex
and components (metal ions and free ligands), while E,,,, Ejjgana and
Eora are the energy of the free metal ions, ligands and their complex,
respectively. The Vienna ab initio simulation package (VASP)*' with
plane-wave basis set was used for geometry optimizations and
electronic structure calculations of the interface. The projector
augmented wave (PAW) method in conjunction with a generalized
gradient approxunatxon (GGA)*? of exchange-correlation functional in
the PBE form®* were adopted. A plane-wave cutoff of 400 eV was used
for all calculations. The energy and residual force convergence
criterion were set to 107° eV and 0.01 eV/A for geometry, respectively.
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The spin-polarized calculations were tested for CuS and Cu, ¢,S, both
found the nonspin-polarized states were the ground state. A Hubbard
correction term>> for the 3d electrons of copper was applied to the
PBE calculation (DFT + U).*® GGA + U calculations were performed
in the simplified rotationally invariant approach, and the values of the
exchange term J and coulomb term U were kept at 1.00 and 6.00 eV in
all of the calculations.”” The more details for Cu,,S-CuS model-
building, band structures, surface potential diagram, differential charge
density analysis and relevant references are provided in the Supporting
Information.
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