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ABSTRACT: Metal chalcogenides based on heterometallic Ge−
Cu−S offer dual attractive features of lattice stabilization by high-
valent Ge4+ and band gap engineering into solar region by low-
valent Cu+. Herein via cationic amine intercalation, we present
three new copper-rich materials with the Cu-to-Ge ratio as high
as 3. Two different patterns of Cu−Ge−S distribution could be
achieved within each honeycomb sheet. The decoration of such honeycomb sheet by −Cu−S− chain or self-coupling between
two honeycomb sheets leads to two layer configurations with different thickness and band gaps. The band gap of these new
phases (2.06−2.30 eV), tuned by the layer thickness and the Cu/Ge ratio, represents a significant red shift over known Cu−Ge−
S phases with lower Cu/Ge ratios.

■ INTRODUCTION

Synthesis of advanced materials, from porous materials for fuel
storage to semiconducting materials for solar energy con-
version, lies at the foundation of emerging technologies.1 Under
structure-directing and charge-density-matching considerations,
a new family of metal chalcogenides with various compositions,
cluster sizes, and topologies have been developed.2 In addition
to tetrahedral clusters and their assembly, layered metal
chalcogenides with controllable layer composition and thick-
ness are attractive due to the fact that atomic two-dimensional
(2D) sheets can allow tailoring of the optoelectronic character-
istics of advanced materials.3 For example, the photo-
electrochemical performance of MoS2 can be modulated by
controlling the layer thickness.4 Compared to graphene, metal
chalcogenides are much more diverse in compositions and
structures and possess properties that cannot be obtained from
graphene whose properties are limited to its unique
composition and structure.5 Furthermore, layered chalcoge-
nides can also serve as platforms for intercalation chemistry,
enabling their applications ranging from adsorbents for
removing hazardous radionuclides to solid electrolytes for fast
ionic conduction.6

In developing chalcogenide materials with novel composi-
tional and topological features, the heterometallic composition
has proven fruitful. A number of combinations such as M3+/
M2+ (e.g., In/Zn), M3+/M+ (e.g., In/Cu) have been studied
with the goal of manipulating the size of semiconducting
clusters for engineering band structures and framework
topologies. In this work, we are interested in a much less
studied combination between the high-valent (Ge4+) and the
low-valent (Cu+) ions for the following reasons. Because the
lattice energy increases with the charge of the metal ion,
tetravalent Ge4+ cations should lead to enhanced stability,
compared to, for example, CdS. On the other hand, sulfides

based purely on Ge4+ tend to have a large band gap, making
them less suitable for applications involving solar energy
conversion.7 As evidenced by earlier studies such as the doping
of copper in Cd−In−S nanocluster to enhance photoelectric
response,8 the incorporation of monovalent Cu+ into main
group metal sulfides should lead to a significant red shift in the
band gap. Moreover, Cu+, with various coordination modes,
can help generate a variety of structural modes.
The Ge−Cu combination is synthetically more challenging,

because the large difference between the charge of metal ions
(+4 vs +1) tends to promote the macroscopic phase separation.
Still it is possible to achieve nanoscale or even cluster-level
separation to yield heterometallic crystalline materials in which
different metal ions play complementary roles. So far, only a
few extended framework types of Cu−Ge−S are known. Two
germanium-rich open frameworks built of T2-clusters
[Ge4S10]

4− linked by Cu+ or Cu2
2+ bridges have been reported

with a Cu/Ge ratio of 0.50 and 1.00, respectively.9 Copper-rich
framework sulfides containing icosahedral [Cu8S12]

16− clusters
bonded to each other via Ge4+ or [Ge2S6]

4− units are also
known, and they exhibit Cu/Ge ratios of 2.67, 2.0, and 1.6,
respectively.7,10

Here we report three heterometallic Cu−Ge−S materials
(denoted OCF-91, -92, and -93) based on honeycomb sheets
intercalated with cationic amines. One unusual feature is the
high concentration of low-valent cuprous sites. To our
knowledge, the Cu/Ge ratio of 3 is the highest among open-
framework materials. Such a high Cu/Ge ratio has a dramatic
effect on its electronic and optical properties, because of the
significant orbital contribution from Cu+ to the band structure.
Another unusual feature is two different Cu/Ge ratios in the
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graphene-like sheet. OCF-91 has charge-neutral 2Cu:1Ge:3S
six-membered rings, while OCF-92 and -93 consist of two types
of six-rings: 3Cu:3S and 2Cu:1Ge:3S. Such two different ring
configurations create two different mechanisms to satisfy the
tetrahedral coordination of Ge sites located within the
honeycomb sheet: −Cu−S− chain decoration versus self-
coupling to form double-deck. As a result, polymorphic layers
with different layer configuration and thickness are obtained.

■ EXPERIMENTAL SECTION
Materials and General Methods. All reagents and solvents

employed in the synthetic study were commercially available and used
as supplied without further purification. Solid-state diffuse reflectance
spectrum was recorded on a Shimadzu UV-3101PC UV−vis−NIR
Scanning Spectrophotometer by using BaSO4 powder as 100%
reflectance reference. Powder X-ray diffraction (XRD) pattern was
collected using a Bruker D8-Advance powder diffractometer operating
at 40 kV, 40 mA with Cu Kα (λ = 1.540 56 Å) radiation (2θ range, 4−
40°; step, 0.02°; scan speed, 2 s/step).
Synthesis of OCF-91. (Cu3GeS4-0.5H2DAP). A mixture of copper

powder (Cu, 0.044 g, 0.6 mmol), germanium powder (Ge, 0.050 g, 0.7
mmol), sulfur powder (S, 0.110 g, 3.4 mmol), and 1,3-diaminopropane
(DAP, 2.09 g) was prepared and stirred in a 23 mL Teflon-lined
stainless steel autoclave for 0.5 h. The vessel was sealed and then
heated at 190 °C for 8 d. The autoclave was subsequently cooled to
room temperature. Light red crystals were obtained in a yield of ∼30%
based on Cu.
Synthesis of OCF-92. (Cu3GeS4-0.5H2DAP). A mixture of

Cu(OAc)2·H2O (0.254 g, 1.3 mmol), GeO2 powder (0.100 g, 0.9
mmol), sulfur powder (S, 0.348 g, 10.9 mmol), and 1,3-
diaminopropane (DAP, 2.06 g) was prepared and stirred in a 23 mL
Teflon-lined stainless steel autoclave for 1 h. The vessel was sealed and
then heated at 190 °C for 8 d. The autoclave was subsequently cooled
to room temperature. Light red block crystals were isolated with a
yield of ∼34% based on Cu.
Synthesis of OCF-93. (Cu3GeS4-0.5H2PR, where PR = piperazine,

produced by the decomposition of 1-(2-aminoethyl)piperazine). A
mixture of Cu(OAc)2·H2O (1.533 g, 7.6 mmol), GeO2 powder (0.100
g, 0.9 mmol), sulfur powder (S, 0.367 g, 11.5 mmol), and 1-(2-
aminoethyl)piperazine (AEP, 4.16 g) was prepared and stirred in a 23

mL Teflon-lined stainless steel autoclave for 1 h. The vessel was sealed
and then heated at 190 °C for 8 d. The autoclave was subsequently
cooled to room temperature. Light red block crystals were isolated
with a yield of ∼35% based on Ge.

Single-Crystal X-ray Diffraction. Single-crystal X-ray analysis was
performed on a Bruker SMART APEX II CCD area diffractometer
with nitrogen-flow temperature controller using graphite-monochro-
mated Mo Kα radiation (λ = 0.710 73 Å), operating at 50 kV and 30
mA and in the ω and φ scan modes. The SADABS program was used
for absorption correction. The structure was solved by direct methods
and refined by full-matrix least-squares on F2 using SHELXTL
software suite.11 Non-hydrogen atoms were refined with anisotropic
displacement parameters during the final cycles. Solvent molecules in
the lattice of OCF-92 could not be resolved from Fourier maps due to
the high degree of positional disorder.

■ RESULTS AND DISCUSSION

Phase Control with Inorganic Precursors and Organic
Structure-Directing Agents. Solvothermal reaction of
copper powder, germanium powder, and sulfur powder in a
nonaqueous solvent of 1,3-diaminopropane (DAP) led to light
red crystals of OCF-91. OCF-92 and OCF-93 were synthesized
similarly. Replacement of copper and germanium powders used
for OCF-91 with Cu(OAc)2·H2O and GeO2 gave OCF-92 with
the same framework formula [Cu3GeS4]

−. On the basis of the
OCF-92’s reaction condition, OCF-93 was synthesized by
substituting DAP with 1-(2-aminoethyl)piperazine (AEP, which
decomposed into protonated piperazine to serve as counter-
ion). Crystal structures of all three phases were determined by
single-crystal XRD (Table 1). The phase purity was supported
by powder XRD. It is also worth noting that the same template
can be used to access different structure types, as evidenced by
OCF-91 and OCF-92, both of which are directed by DAP
cations. The syntheses of OCF-91 and OCF-92 show that the
nature of precursor binding of metal ions can be used to alter
the self-assembly process of metal chalcogenides.

Enhancing Cu/Ge Ratio through −Cu−S− Chain
Decoration of 2Cu−Ge−3S Honeycomb Sheets. OCF-

Table 1. Crystallographic Data and Structure Refinements for Grapheme-like CuGeS Composites

compound reference OCF-91 OCF-92 OCF-93

chemical formula Cu3GeS4·(H2DAP)0.5
a Cu3GeS4·(H2DAP)0.5

a Cu3GeS4·(H2PR)0.5
a

formula mass 429.56 429.56 435.58
crystal system orthorhombic monoclinic monoclinic
a/Å 6.4955(2) 20.7857(7) 18.6330(4)
b/Å 18.4218(4) 7.4656(2) 7.3801(14)
c/Å 20.1841(4) 13.1562(5) 13.2110(3)
α/deg 90.00 90.00 90.00
β/deg 90.00 116.428(2) 101.299(13)
γ/deg 90.00 90.00 90.00
unit cell volume/Å3 2415.21(10) 1828.20(10) 1781.5(7)
temperature/K 150(2) 150(2) 150(2)
space group Pbca C2/c C2/c
Z 8 8 8
no. of reflections measured 11 113 6378 8304
no. of independent reflections 2431 1600 1839
Rint 0.1024 0.0315 0.0444
final R1

a values (I > 2σ(I)) 0.0320 0.0399 0.0291
final wR(F2)a values (I > 2σ(I)) 0.0687 0.1271 0.0792
final R1

a values (all data) 0.0488 0.0484 0.0366
final wR(F2)a values (all data) 0.0718 0.1338 0.0834
goodness of fit on F2 0.978 1.036 1.049

aDAP = 1,3-diaminopropane, PR = piperazine, R1 = ∑∥F0| − |Fc∥/∑|F0|, wR = {∑w[(F0)
2 − (Fc)

2]2/∑w[(F0)
2]2}1/2.
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91 contains a unique 2D anionic sheet, [Cu3GeS4]
−, with

protonated DAP molecules in the interlayer void. As depicted
in Figure 1, each sheet consists of two parts: −S−Cu−S−
zigzag chains and a wavelike layer with a honeycomb-type
lattice. The chain is composed of repeating Cu−S units linked
by vertex sharing. The undulating graphene-like net is
constructed by trigonal CuS3 units sharing vertices to form a
2D crown-like structure, whose cavities are occupied by Ge4+

ions. As a result, each six-ring unit in the graphene-like net is
built of two Cu+, one Ge4+, and three bridging S2−. Because of
the requirement for tetrahedral coordination by Ge4+, a S2−

anion must be capped onto one side of each Ge-site, leading to
a decorated honeycomb layer formed by interconnection of
[CuS]− chains and the [Cu2GeS3] net through the coordina-
tion of Ge to S and weak Cu−Cu interactions (with the
shortest distance of 2.760 Å).
Self-Coupling of Copper-Rich Honeycomb Sheets.

OCF-92 is composed of double atomic layers of [Cu3GeS4]
−

separated by the same organic amine DAP as in OCF-91. In
each planar individual layer, there are two kinds of six-ring
building units in a 3:1 ratio. The first type is built of two Cu+

and one Ge4+ spaced by three S2− anions, while the second type
consists of three Cu+ ions and three S2− anions. Thus, the
composition of each single honeycomb layer in OCF-92 is
different from that in OCF-91. Also, to meet the tetrahedral
coordination of Ge4+ ion, two such individual honeycomb nets
are coupled together via Ge−S to give a bilayer arrangement
(Figure 2). OCF-93 has the same double-layer structure;

however, layers are separated by charge-balancing protonated
piperazine cations instead.
Apart from these layered structures, a three-dimensional

(3D) open-framework Cu−Ge−S phase was also isolated under
reaction conditions similar to those used for OCF-92 and -93,
except that ethylenediamine (en) was used. This 3D open-
framework (CuGeS-en) reported earlier7 is based on anionic
icosahedral [Cu8S12]

16‑ clusters cross-linked by tetrahedral
[GeS4]

4− and dimeric [Ge2S6]
4− units (Figure 3). CuGeS-en

has the Cu+/Ge4+ molar ratio of 1.6, much lower than that of
the layered structures in this work (Cu+/Ge4+ = 3), highlighting
the great effect of structure-directing agents. It is of interest to
note that the metal-to-sulfur ratio of all three layered phases
synthesized herein is 1, a value that is between 2 and 0.5 for
Cu2S and GeS2, respectively.

Red Shift in Optical Band Gaps Tuned by Layer
Thickness and Cu/Ge Ratio. Diffuse-reflectance spectra of
OCF-91, -92, and -93, together with 3D CuGeS-en, were
recorded at room temperature on a Shimadzu UV-3101PC
double-beam, double-monochromator spectrophotometer in
the wavelength range of 250−800 nm. The purity of the
samples was examined by powder XRD prior to the
measurement (Figure 4a), and the presence of amine template
molecules between layers was supported by Fourier transform
infrared (FT-IR) spectroscopy (Figure 4b). As shown in Figure
4c, the optical absorption data derived from the reflectance data
show an optical transition with a band gap of 2.30 eV for OCF-
91, 2.06 eV for OCF-92, and 2.10 eV for OCF-93. The latter

Figure 1. (a, b) Top and side views of 2D undulated honeycomb layer [Cu2GeS3]; (c) side view of a Cu−S chain; (d, e) top and side views of the
Cu−S decorated layer in OCF-91 showing zigzag [CuS]− chains on both sides of 2D [Cu2GeS3] layers.

Figure 2. (a, b) Top and side views of 2D honeycomb sheet [Cu3GeS4]
−; (c, d) top and side views of double-layer in OCF-92 and -93.
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two values are close due to their similar double layers. These
band gaps lie in the energy range suitable for visible-light
applications. For the layered structures, the band gap of OCF-
91 differs significantly from that of OCF-92 (or 93) as a result
of the change in the configuration of layers. An increase in the
layer thickness in OCF-92 and -93 results in a red shift in the
optical absorption. Compared with 3D open-framework phase
CuGeS-en (2.47 eV), the band gaps of these layered
compounds are significantly red-shifted, which can be mostly
ascribed to the contribution of more Cu+ sites (with higher
Cu+/Ge4+ molar ratio of 3 in layered phases vs 1.6 in the 3D
CuGeS phase) in the lattices.

■ CONCLUSIONS
In conclusion, a new family of copper-rich Cu−Ge−S hybrid
materials with the unprecedented layer configurations have
been synthesized, and their crystal structures and optical
properties have been characterized. These atomically thick
layered materials, bearing Cu+/Ge4+ molar ratio as high as 3,
exhibit a low electronic band gap. Significantly, it is
demonstrated that the Cu/Ge ratio and layer thickness can

be engineered to tune the band structure. The phase sensitivity
of the resulting new materials to the chemical nature of metal
precursors and structure-directing agents, as demonstrated in
this work, reveals the possibility for a rich family of metal
chalcogenides in this fascinating heterometallic system.
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