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ABSTRACT: Copper sulfide nanoparticles are extensively employed in the
field of functional materials. However, synthesizing the desired nanoparticles
in a controlled manner is challenging due to the variety of copper sulfide
phases and their potential transformations. Here, we utilize a unified
theoretical approach combining a high-throughput computational workflow,
ab initio atomistic thermodynamics, and the Wulff theorem to study the
thermodynamic stability of copper sulfide nanoparticles. Theoretical size-
dependent phase diagrams are constructed for the first time, considering
various sulfur chemical potentials. This study unveils the evolution of crystal
morphology under varying external conditions and underlines the crucial role
of surface energy in maintaining the stability of copper sulfide nanoparticles.
Our findings offer a theoretical guide for experimental endeavors aimed at synthesizing the desired surface morphology and phases of
copper sulfide nanomaterials.

1. INTRODUCTION
Due to their exceptional physical properties, copper sulfides
(CuxSy) constitute an important class of functional materials
widely used in photocatalysis, solar cells, thermoelectric
materials, and resistive switching devices.1−4 Serving as
nanomaterials, their performance is closely associated with
factors such as the chemical composition, crystal phase,
morphology, and particle size, among others. Therefore,
uncovering the structure−property relationship, followed by
meticulous design and synthesis of the intended structure, is a
crucial prerequisite for achieving materials with exceptional
performance.
Because of the high mobility of copper within the sulfur

sublattice, there are numerous copper sulfide phases which can
easily undergo switchable transformation even under ambient
conditions.5 To date, various CuxSy from copper-rich to sulfur-
rich phases have been observed in experiments,6−8 and their
transformations have been extensively investigated experimen-
tally. For copper-rich phases, Cu2S is known to exhibit a
monoclinic phase (low chalcocite) at temperatures below 104
°C. It undergoes a transformation to a hexagonal phase (high
chalcocite) between 104 and 436 °C, and it further transitions
into a cubic phase (cubic chalcocite) above 436 °C.9−12 It has
also been proven that the hexagonal covellite CuS with space
group P63/mmc is thermodynamically stable at room temper-
ature. However, below 55 K, a transformation to an
orthorhombic structure (CuS-Cmcm) occurs.13−15 Between
278 and 354 °C, covellite can decompose into Cu7S4, which
ultimately converts into Cu2S above 500 °C.16 For sulfur-rich
phases, villamaninite (CuS2) can be preserved at room
temperature and ambient pressure, even though it is

synthesized under high temperature and pressure conditions.
In the presence of air, it tends to decompose into covellite
(CuS) between 200 and 300 °C and into chalcocite (Cu2S)
and sulfur when the temperature increases to 400−475 °C.17,18
Although many experimental studies have been conducted, a

complete understanding of the phase transition patterns of
copper sulfide nanomaterials has not yet been established.
Indeed, for CuxSy nanoparticles, the stability and phase
transformations also depend on their morphology and
size19,20 due to the substantial contribution of the surface
energy to their total free energy. To achieve the controllable
synthesis of single crystals with the desired surface
morphology, it is therefore essential to clarify the impact of
morphology and size on the nanoparticle stability. However,
synthesized nanoparticles are typically polycrystalline, and their
surface structures and morphologies are highly sensitive to
their surroundings. State-of-the-art methods, such as environ-
mental transmission electron microscopy (ETEM), are unable
to capture the evolution of the surface structure and
morphology under varying external conditions.21−23 Besides,
measuring the surface energy is also a significant challenge by
experimental methods. Therefore, the experimental measure-
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ments are statistical in nature, capturing solely aggregated
information.
In this framework, condition-free theoretical calculations,

specifically density functional theory (DFT) combined with
the Wulff theorem, have become an important complement for
experiments. They have been widely utilized to discern the
evolution of surface structure and morphology under
experimental conditions.24,25 In contrast with experiments,
theoretical calculations provide more intrinsic information
about the structures and properties of materials. In this work,
we use a high-throughput DFT calculation workflow, ab initio
atomistic thermodynamics, and Wulff construction to inves-
tigate the evolution of surface morphology under various
conditions and the effect of size on the thermodynamic
stability of copper sulfide nanoparticles. This work provides a
universal theoretical pattern for investigating the thermody-
namic stability of the nanomaterials.

2. COMPUTATIONAL DETAILS
2.1. Methods. The calculation workflow is presented in

Figure 1. All DFT calculations were performed using the

Vienna Ab initio Simulation Package (VASP).26,27 The
interaction between the ion nuclei and the electrons was
described using the projector augmented wave (PAW)
potential.28 The exchange-correlation energy was approxi-
mated using the regularized-restored strongly constrained and
appropriately normed (r2SCAN)29 functional within the meta-
GGA framework. This functional typically predicts more
accurate thermodynamic properties compared to SCAN and
PBEsol for solid materials.30 A plane wave cutoff energy of 450
eV was chosen for the calculations. During the optimization of
the bulk phase, both the lattice parameters and atomic
positions were allowed to relax. For the surface energy
calculations, the lattice parameters were kept fixed at their
bulk values, allowing only for the atomic positions to relax. For
all of these relaxations, the tolerance on the forces acting on
the system was used as the convergence criterion, setting a
threshold of 0.03 eV/Å. For the electron self-consistent
iterations, the energy convergence criterion was set to 10−5

eV. For the sampling of the Brillouin zone, k-point grids were
generated automatically using a KSPACING value of 0.3 Å−1.

2.2. Models. In this work, we focused on eight
experimental observed copper sulfides going from copper-
rich to sulfur-rich phases, namely, two Cu2S (c- and t-), one
Cu7S4, one Cu9S5, two CuS (o- and h-), and two CuS2 (c- and
o-) phases. The different polymorphs are distinguished using a

prefix letter indicating the lattice symmetry: c for cubic, t for
tetragonal, h for hexagonal, and o for orthorhombic. Their
atomistic crystal structures are reported in Figure 2, as

visualized with the VESTA software.31 For surface energy
calculations, slab models were generated for all the possible
orientations up to a maximum Miller index of 2 using
pymatgen,32 and all the possible terminations were taken into
account. To eliminate the effect of surface polarization on the
surface energy, (1 × 1) slabs with inversion symmetry were
chosen with a thickness of at least 15 Å. Very large slab models
with more than 200 atoms, particularly for higher Miller index
facets, had to be discarded due to the huge computational cost.
A vacuum separation of 15 Å was used to eliminate the
interactions between periodical slabs in the direction
perpendicular to the surface. The detailed information for
surface models is provided in Table S1.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure of Copper Sulfides Predicted

with r2SCAN. The calculated lattice parameters (and the
corresponding volumes) are reported in Table 1 for the eight
selected phases. The crystal structures of Cu2S are somewhat
complicated. Its tetragonal polymorph (t-Cu2S) can be seen as
a variation of monoclinic α-chalcocite with reduced symmetry.
The structure of this tetragonal phase was elucidated and
documented by Janosi,33 revealing a P43212 space group with
lattice parameters a = b = 3.996 Å and c = 11.287 Å. The
corresponding calculated values with r2SCAN are a = b = 4.059
Å and c = 10.590 Å. The lattice constant in the c direction is
underestimated with a relative error (RE) of 6.2% (which is
more important than in typical DFT calculations). Cu2S also
shows a cubic (anti)fluorite structure with a space group of
Fm-3m for temperatures above 743 K. The lattice constant has
been measured to be a = b = c = 5.735 Å,10 while our
calculated value is 5.553 Å (hence showing a RE of 3.2%). In
experimental conditions, defect formation in Cu2S crystals
inevitably leads to the formation of Cu2−xS phases. Two
representative phases are Cu1.8S (also known as Cu9S5) and
Cu1.75S (also known as Cu7S4). Digenite (Cu9S5) presents the
R-3m space group and is a metastable phase similar to
tetragonal Cu2S, which can be produced in ambient
atmosphere,34,35 while Cu7S4 has an orthorhombic structure
and shows the Pnma space group, where the copper atoms are

Figure 1.Workflow for formation energy calculation of nanoparticles.

Figure 2. Crystal structures of the eight different copper sulfide
phases. The prefixes c, t, h, and o indicate cubic, tetragonal, hexagonal,
and orthorhombic polymorphs, respectively.
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located in the interstitial sites of the face-centered cubic
framework, which is approximately formed by the sulfur
atoms.36 The calculated lattice constants are a = 7.831, b =
7.882, and c = 10.782 Å. Compared to the experimental values
of a = 7.38 Å, b = 7.89 Å, and c = 10.77 Å,37 there is a slight
overestimation (RE of 6.1%) in the a direction. Compared to
Cu2S, the crystal structure CuS is more established with only
two reported polymorphs: hexagonal (h-CuS) and orthorhom-
bic (o-CuS). In the study of Fjellvg et al., powder X-ray and
neutron diffraction methods were used to determine that the h-
CuS phase is more stable at low temperatures. A crystal
distortion and phase transformation can occur from h-CuS to
o-CuS at approximately 55 K.38 The lattice parameters are
found to be very similar for both phases of CuS. Available
experimental data show that for h-CuS, a = b = 3.795 Å and c =
16.34 Å, while for o-CuS, a = 3.75 Å, b = 6.55 Å (which is
3.782 3 ), and c = 16.29 Å. The calculated results using
r2SCAN are consistent with the experimental values.39 Pyrite
(c-) and marcasite (o-) CuS2 share common features in terms
of local coordination. In both crystal structures, each copper
atom is surrounded by six nearest-neighbor sulfur atoms in a
distorted octahedral environment. Additionally, each sulfur
atom bonds to one sulfur and three copper atoms. The lattice
parameter for c-CuS2 was observed experimentally to be 5.790
Å,40 while for o-CuS2, the measured values are of a = 4.651 Å, b
= 5.793 Å, and c = 3.532 Å.41 Our calculations (Table 1) show
that the r2SCAN functional accurately reproduces the lattice
parameters for both CuS2 phases. Based on the analysis above,
r2SCAN underestimates the lattice parameters for two phases
of Cu2S and Cu7S4, with a relative error ranging from 3% to 6%.
However, for other copper sulfides, this provides reasonable
predictions when compared to experimental values.

3.2. Thermodynamic Stability of Bulk Phase. To
evaluate the thermodynamic stability of the eight copper
sulfide phases, we calculated their formation energy per copper
atom (Ebulk, eV/Cu) as shown in eqs 1 and 2, where ECu Sx y

is
the total energy of the unit cell of the bulk CuxSy phase
calculated by DFT, ECu

ref is the calculated energy per Cu atom in
the pure copper crystal (−10.818 eV with r2SCAN functional),
and ES

ref is the energy per S atoms in the α-S8 crystal (−8.033
eV with r2SCAN functional). In reaction conditions, the free
energy of sulfur, termed the sulfur chemical potential (μS), also
varies with the change of ambient temperature and gaseous
pressure. As a result, the formation free energy of CuxSy (Ωbulk)
can be calculated according to eq 3. The more Ωbulk is negative,
the more the formation of CuxSy is thermodynamically favored.
The change of sulfur chemical potential (ΔμS) is defined as
shown in eq 4. The range of the sulfur chemical potential is
defined as μS

min ≤ μS ≤ μS
max, where μS

min is the minimum sulfur
chemical potential in the eight CuxSy crystals while μS

max is the
sulfur chemical potential in pure sulfur crystal. This means that
if μS is lower than μS

min, then the CuxSy would be decomposed
into elementary copper and sulfur. According to this criterion,

ΔμS was selected to be comprised between −0.30 and 0 eV;
details are given in Table S2.

xCu yS Cu Sx y+ (1)

E
x

E E
y
x

E
1

Cu S Cu Sbulk
ref ref

x y
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E E
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Cu S Cu Sbulk
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x y

=
(3)

S S S
ref= (4)

The variation of the formation free energy with the sulfur
chemical potential was calculated for the eight bulk copper
sulfides, as represented in Figure 3. As Ωbulk linearly decreases

with increasing ΔμS, the formation of copper sulfides becomes
more thermodynamically favored at higher sulfur chemical
potentials. Furthermore, the slope remains constant for phases
with identical stoichiometric ratios. Within the considered
range of the sulfur chemical potential, the Ωbulk of the two CuS
phases (h-CuS and o-CuS) are nearly identical and lower than
that of all the other phases. This indicates that CuS is the
ground state, in agreement with previous calculations of the
convex hull of the Cu−S system.42 For two polymorphs of
CuS2, the Ωbulk of the orthorhombic one is always more lower
than that of the cubic one during the sulfur chemical potential
considered, indicating that the o-CuS2 phase is more stable
than c-CuS2. When the ΔμS < −0.13 eV, the Ωbulk of Cu7S4 is
lower than that of two CuS2 phases. However, when ΔμS is
above −0.12 eV, the two CuS2 atoms (c- and o-) become more
stable than Cu7S4. Because the CuS2 formula has the largest
sulfur content, therefore the negative slope of Ωbulk with ΔμS is
larger than that of the other phases. At the critical sulfur
chemical potential (ΔμS = 0 eV), the formation free energy of
the o-CuS2 phase is, however, still slightly higher than those of
the two CuS phases (−0.52 vs −0.56 eV/Cu). The stability of
two Cu2S phases is inferior to that of Cu7S4, and the Ωbulk of
the tetragonal phase (t-Cu2S) is approximately 0.11 eV/Cu

Table 1. Calculated Lattice Parameters for the Eight Copper Sulfide Phases

c-Cu2S t-Cu2S Cu9S5 Cu7S4 o-CuS h-CuS c-CuS2 o-CuS2
space group Fm-3m P43212 R-3m Pnma Cmcm P63/mmc Pa3 Pnnm
a (Å) 5.553 4.059 3.874 7.831 3.759 3.770 5.782 4.697
b (Å) 5.553 4.059 3.874 7.882 6.559 3.770 5.782 5.808
c (Å) 5.553 10.590 48.217 10.782 16.284 16.282 5.782 3.600
vol (Å3/unit) 42.807 43.624 208.873 166.371 33.463 33.389 48.334 49.095

Figure 3. Variation of the formation free energy of bulk copper
sulfides (Ωbulk, eV/Cu) with the sulfur chemical potential.
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lower than that of the cubic Cu2S phase (c-Cu2S), while the
formation energy of Cu9S5 is intermediate between the two
Cu2S phases, which is not as stable as Cu7S4.

3.3. Surface Energy and Equilibrium Crystal Morphol-
ogy. For nanoparticles, the thermodynamic stability is related
not only to the composition but also to the morphology and
the particle size.19,20 This is because the contribution of the
surface tension cannot be ignored, especially for small particles
with a large specific surface area. From a theoretical standpoint,
the size-dependent formation free energy of nanoparticles
(ΩNPs) can be obtained through an expression similar to the
Gibbs−Thomson equation according to eq 5, which was
developed by Sun et al.:43

d
d

( , ) ( )
2

( ) ( )S S S SNPs bulk= +
(5)

In this equation, Ωbulk is the bulk formation free energy
calculated with eq 3, d is the diameter of nanoparticles (nm), ρ
is the volume normalized per copper atom, η is the
dimensionless shape factor (area/volume2/3), and γ̅ is the
averaged surface free energy (J/m2). The values of η and ρ can
be obtained through the Wulff construction based on the
calculated surface energy. This approximation has been
successfully employed to predict the phase transformation of
molybdenum and tungsten carbide nanoparticles.44 To
evaluate the thermodynamic stability of copper sulfide
nanoparticles, it is necessary to calculate the surface free
energy (γ) for different directions and to establish the
corresponding Wulff construction. The surface free energy
can be calculated using eq 6:
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S Sslab x y
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(6)

where Eslab represents the total energy of the slab models, ECu Sx y

corresponds to the energy associated with a unit cell of bulk
copper sulfide, NCu and NS are the number of Cu and S atoms
in the slab models, and A is the cross-sectional area of the slab
models. In this work, we utilized the automatic workflow
provided by Pymatgen to calculate the surface energies and to
establish the related Wulff construction. Figure 4 and Figure S1
present the surface energy calculated using eq 6 for the eight
copper sulfides for different orientations and terminations. In
what follows, we will consider only two CuS and two CuS2
polymorphs as examples to illustrate the variation of the
surface energy with the sulfur chemical potential. The
calculation results show that the surface free energy of the
sulfur-rich (sulfur-poor) surfaces increases (decreases) gradu-
ally with increasing sulfur chemical potential. For surfaces with
stoichiometric ratios, the surface free energy remains
unaffected by the ambient sulfur chemical potential.
For the o-CuS phase, we calculated the surface energy for 13

orientations with all of their possible terminations (i.e., a total
of 70 combinations), as reported in Figure 4a. According to
these calculations, when the change of the sulfur chemical
potential (ΔμS) is lower than −0.15 eV, the (100) surface is
the most stable surface with a surface energy of 0.436 J/m2.
Note that this surface has only one possible termination. When
ΔμS is above −0.15 eV, the surface energy of the (111) facet
becomes lower than that for other orientations and
terminations, though it is close to the surface energy of the
(101) orientation. For the h-CuS phase (Figure 4b), we
calculated the surface energy for 8 orientations with all their
possible terminations (i.e., a total of 34 combinations). The
most thermodynamically stable surface within the considered
sulfur chemical potential range is the (001) surface with a
stoichiometric ratio termination. The corresponding calculated
surface energy is 0.173 J/m2. Ángel Morales-Garciá and co-

Figure 4. Variation of the calculated surface energy (γ, J/m2) with the sulfur chemical potential (ΔμS, eV) for (a) o-CuS, (b) h-CuS, (c) c-CuS2, and
(d) o-CuS2. The coloring scheme for the different orientations and terminations (indicated by the suffix with “T”) is reported on the right-hand side
of each plot.
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workers also previously calculated the surface energy of h-CuS
using PBE + U (Ueff = 5.0 eV). Likewise, they found that the
(001) surface is the most stable, with a calculated surface
energy of 0.16 J/m2,45 which is consistent with our results with
r2SCAN.
With regard to the pyrite c-CuS2 phase (Figure 4c), we

calculated the surface energies for 6 orientations with all their
possible terminations (i.e., a total of 33 combinations). Our
results indicate that the (100) orientation with a stoichiometric
ratio termination has the lowest surface energy (0.284 J/m2),
followed by the (210) orientation (0.419 J/m2). Interestingly,
while previous studies have systematically investigated the
surface stability of pyrite FeS2

46,47 and CoS2,
48 the surface

energy of c-CuS2 had not been reported so far. Therefore, this
study provides a valuable complement to the surface science of
pyrite-type compounds. For the o-CuS2 phase (Figure 4d), 19
different orientations with all of their possible terminations
(i.e., a total of 71 combinations) were cleaved from the bulk
crystal structure and used to calculate the surface energy. For
all of the considered sulfur chemical potentials, the (001)
orientation with a stoichiometric ratio termination is
thermodynamically preferable, with a surface energy of 0.295
J/m2. When ΔμS < −0.05 eV, the second-lowest surface energy
is that of the (110) orientation with a stoichiometric ratio
termination. Its surface energy of 0.345 J/m2 is only slightly
higher than that of the (001) surface. However, when ΔμS >
−0.05 eV, the (211) orientation becomes more stable than the
(110) one. When the critical sulfur chemical potential is
reached (ΔμS = 0 eV), the surface energy of the (211)
orientation is as low as 0.32 J/m2, which is very close to the
surface energy of the (001) facet. To the best of our
knowledge, this work represents the first systematic study of
the surface thermodynamic properties of copper sulfides. It can
serve as a valuable reference for future studies on
corresponding surface properties.
Utilizing the calculated surface energies and the Wulff

theorem, we constructed thermodynamic equilibrium crystal
morphologies for the selected eight phases of copper sulfide, as
illustrated in Figure 5a. The corresponding percentage
contribution of each facet to the total surface area is detailed
in Table S3. For c-Cu2S in a high sulfur chemical potential
environment, the morphology is an octahedron, and the
exposed area entirely consists of (111) facets. This is
consistent with TEM images obtained in experiments, as
shown in Figure 5b,c.49 However, when the sulfur chemical
potential is decreased, the morphology of the octahedron gets
truncated and (100) facets appear. When ΔμS is decreased to
−0.30 eV, the percentages of (111) and (100) facets with
respect to the total surface area are 94.7% and 5.3%,
respectively. For the t-Cu2S polymorph at low ΔμS, the
nanoparticles have an irregular octahedral morphology, their
surface being dominated by the (102) and (001) facets,
accounting for 96% and 4%, respectively. However, at higher
ΔμS, the (001) facets disappear, exhibiting a trend similar to
that of c-Cu2S.
The morphology of Cu9S5 and Cu7S4 at thermodynamic

equilibrium appears to be biconical (Figure 5d), as observed
experimentally.50 In the case of Cu9S5, only (212) facets are
present on the exposed surface when ΔμS = −0.30 eV.
However, when ΔμS ≥ −0.15 eV, the (212) facets disappear
and the entire surface is occupied by (101) facets. The exposed
surface of Cu7S4 is dominated by (001), (101), (110), and
(112) facets for all of the considered ΔμS. As ΔμS increases,

the percentage of (101) facets slightly increases from 70.4% to
78.3%, while that of (112) facets decreases from 13.8% to
1.7%. In contrast, the percentages of (001) and (110) facets
are almost unaffected by the sulfur chemical potential.
For o-CuS nanoparticles, the (011), (111), and (112) facets

dominate, accounting together for 80% of the total surface
area. The proportion of (112) facets decreases from 38.9% to
34% as ΔμS increases from −0.30 to 0 eV, while the proportion
of (011) and (111) facets increases with increasing sulfur
chemical potential. The (021) and (100) facets only appear at
lower sulfur chemical potentials, and their proportions are both
below 10%. The detailed information can be found in Table
S3. A single crystal of h-CuS has been successfully synthesized
and characterized using TEM technology.51 The crystal
appears as a 2D plate, as shown in Figure 5e, which is
consistent with our predicted morphologies under different
sulfur chemical potentials. Our calculations indicate that the
surface of h-CuS particles is dominated by (001) and (2 1 2)
facets, with an almost equal exposed percentage. Our
calculations show that cubic pyrite CuS2 has a morphology
resembling a Rubik’s cube, with the (210) facets occupying the
entire surface (Figure 5a). Interestingly, the shape of CuS2
microcrystals obtained by He and co-workers using the
sacrificial template method (see the scanning electron
microscopy image52 in Figure 5f) is very similar to our
predicted Wulff morphology. The exposed surface of
orthorhombic CuS2 is dominated by (001), (110), and (211)
facets, which together cover over 90% of the total surface area.
The contribution of (120) facets is independent of the sulfur
chemical potential, and it only occupies 0.9% of the total
surface, while the (011), (210), (012), and (101) facets only
start to appear at higher sulfur chemical potentials. The
corresponding ratios can be found in Table S3.
As is well-known, the chemical potential is associated with

the external temperature and gaseous pressure. Therefore, our
systematic study of the surface energy and crystal morphology
at different sulfur chemical potentials provides a theoretical

Figure 5. (a) Crystalline morphology evolution of copper sulfides
with respect to the sulfur chemical potentials. (b−f) TEM and SEM
images for copper sulfides. (b, c) Cu2S. Reproduced with permission
from ref 49. Copyright 2012 Royal Society of Chemistry. (d) Cu2−xS.
Reproduced with permission from ref 50. (e) Hexagonal CuS.
Reproduced with permission from ref 51. Copyright 2021 Wiley. (f)
Pyrite CuS2. Reproduced with permission from ref 52. Copyright 2020
Elsevier B.V..
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guideline for experiments to modulate the crystal morphology
by adjusting the synthesis conditions.

3.4. Phase Evolution of Copper Sulfide Nanopar-
ticles. Using the calculated Wulff construction, we can
determine the shape factor (η) and average surface energy
( ) at various chemical potentials (Table 2). With these
parameters, the size-dependent formation energy of the
nanoparticle (ΩNPs) was calculated by using eq 5. Figure 6a
shows the phase evolution of copper sulfide nanoparticles at
different sulfur chemical potentials and particle sizes. Based on
our calculations, the particle size has a significant effect on the
thermodynamic stability of CuxSy nanoparticles due to the
substantial contribution of the surface energy to the total free
energy of the nanoparticles, particularly for small-sized
particles with a high area-to-volume ratio.
Figure 6a shows that when the particle diameter is smaller

than 2 nm, the formation of Cu9S5 is thermodynamically
preferable over all of the other phases, even when varying the
sulfur chemical potentials. The t-Cu2S phase can be formed
under a low sulfur chemical potential (ΔμS < −0.13 eV) when
the particle diameter is between 2 and 6 nm. For the sulfur-rich
phases, the o-CuS2 phase is thermodynamically preferred at
high sulfur chemical potentials (ΔμS > −0.05 eV) for
intermediate particle sizes with diameters between 2 and 14
nm. When the particle size is increased, their formation
requires higher sulfur chemical potentials. It is worth noting
that the h-CuS phase may appear for a wide range of sizes and
of sulfur chemical potentials. This is especially true when the
particle diameter is beyond 14 nm, as the formation of h-CuS is
favored over all of the other phases. According to these
calculations, we find that the trend of phase evolution for
nanoparticle is different from that for bulk phase in Figure 3,

which shows that the o-CuS and h-CuS is the most stable
phases, the reason is that for copper-rich phases, such as Cu9S5
and t-Cu2S, the surface energy of their facets is usually lower
than that of other phases, especially for o-CuS and h-CuS,
resulting in the enhanced stability of small-size copper-rich
nanoparticles. Various methods have been used to synthesize
copper sulfide nanoparticles in experiments. Upon reviewing
the literature, it was found that the reported particle size for h-
CuS is typically over 10 nm.53−56 Sithole reported a one-step
synthesis of Cu9S5 nanoparticles ranging from 1.0 to 2.6 nm.

57

The size distribution for Cu2S nanoparticles ranges from 4 to
18 nm.58,59 The size of the nanoparticles is influenced by many
factors in the synthesis process. The CuxSy particles described
in all of these experiments are well aligned with our
predictions, suggesting that controlling the particle growth is
significantly influenced by the thermodynamic formation
energy.
Figure 6b shows the variation of the formation free energy of

5 nm diameter CuxSy nanoparticles as a function of the sulfur
chemical potential. When ΔμS < −0.26 eV, the t-Cu2S
nanoparticles have the lowest ΩNPs. When −0.26 eV < ΔμS

< −0.02 eV, the h-CuS nanoparticles are preferred. Finally,
when ΔμS > −0.02 eV, the o-CuS2 nanoparticles have the
lowest ΩNPs and can thus be formed. In Figure 3, it was shown
that the Ωbulk of o-CuS and h-CuS is lower than that of the
other phases for all the considered sulfur chemical potentials.
This suggests that from bulk phase to nanoparticles the
stability can be modulated by the contribution of the surface
free energy.

Table 2. Shape Factor (η), Averaged Surface Energy (γ̅, J/m2), and Volume (ρ) of the Different Copper Sulfides Investigated
Here at Different Sulfur Chemical Potentials

shape factor η averaged surface energy γ̅ (J/m2) volume ρ (Å3/Cu)

ΔμS (eV) ΔμS (eV) −
−0.30 −0.15 0 −0.30 −0.15 0 −

c-Cu2S 5.562 5.703 5.719 0.342 0.244 0.153 21.403
t-Cu2S 5.644 5.715 5.728 0.190 0.104 0.020 21.812
Cu9S5 10.357 9.665 9.665 0.021 0.018 0.017 23.208
Cu7S4 6.316 6.419 6.884 0.333 0.295 0.212 23.767
o-CuS 5.544 5.612 5.693 0.522 0.481 0.430 33.463
h-CuS 6.207 6.047 5.891 0.311 0.298 0.283 33.389
c-CuS2 6.000 6.000 6.000 0.284 0.284 0.284 48.334
o-CuS2 5.812 5.911 5.775 0.331 0.333 0.323 49.095

Figure 6. (a) Phase evolution of copper sulfide nanoparticles with the particle size and the sulfur chemical potential. (b) Variation of the formation
energy of copper sulfide nanoparticles (ΩNPs, eV/Cu) with the sulfur chemical potential when the diameter of nanoparticles is 5 nm.
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4. CONCLUSIONS
In this study, we employed a unified high-throughput DFT
computational workflow, coupled with ab initio atomistic
thermodynamics and Wulff theory, to investigate the
thermodynamic stability of the bulk, surface, and nanoparticles
of eight copper sulfides at varying sulfur chemical potentials.
For the bulk, the formation energies of two CuS phases are
similar and much lower than those of all the other compounds.
The surface free energy and the crystal morphology vary with
the change of the sulfur chemical potential. Considering the
contribution of the surface energy to the total free energy of
nanoparticles, the phase diagram of CuxSy shows that Cu9S5
nanoparticles could be stabilized when the diameter is below 2
nm. The t-Cu2S phase appears at lower sulfur chemical
potential when the particle diameter is between 2 and 6 nm.
The o-CuS2 phase exists at a higher sulfur chemical potential
when the size is moderate. When the particle diameter is >14
nm, the formation of h-CuS is thermodynamically more
favorable than all other phases.
This study not only provides a clear graphical representation

of the evolution of the surface structure and crystal
morphology of CuxSy under changing external conditions but
also elucidates the pivotal role of the particle size, particularly
through the surface energy, in nanoparticle stability. This
insight offers valuable guidance for experiments targeting the
synthesis of desired phases through the modulation of particle
size and experimental conditions.
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