Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Monocopper Doping in Cd-In-S Supertetrahedral Nanocluster via
Two-Step Strategy and Enhanced Photoelectric Response

Tao Wy, *™* Qian Zhang,Jr Yang Hou,* Le Wang,;t Chengyu Mao,* Shou-Tian Zheng,§ Xianhui Bu,®

and Pingyun Feng*’fF

TCollege of Chemistry, Chemical Engineering and Materials Science, Soochow University, Jiangsu 215123, China
iDepartment of Chemistry, University of California, Riverside, California 92521, United States
SDepartment of Chemistry and Biochemistry, California State University, Long Beach, California 90840, United States

O Supporting Information

ABSTRACT: We apply a two-step strategy to realize
ordered distribution of multiple components in one
nanocluster (NC) with a crystallographically ordered
core/shell structure. A coreless supertetrahedral chalco-
genide Cd-In-S cluster is prepared, and then a copper ion
is inserted at its void core site through a diffusion process
to form a Cu-Cd-In-S quaternary NC. This intriguing
molecular cluster with mono-copper core and Cd-In shell
exhibits enhanced visible-light-responsive optical and
photoelectric properties compared to the parent NC.

D oping and post-synthetic modification are important and
effective tools in materials design and have been shown to
promote the rapid development of practical materials, e.g,
alloys,1 metal oxides,” metal chalcogenides,3 and even hybrid
metal—organic frameworks,* by tuning their molecular and
electronic structures to achieve some intriguing physical and
chemical properties. In general, dopant atoms are prone to be
randomly distributed in the host lattice. It is difficult to realize
precise doping and accurate positioning of dopant atoms in 3D
frameworks of dense or porous materials, especially in
amorphous or polycrystalline form. A better understanding of
doped structures will make it possible to establish structure/
activity relationships for materials design from a theoretical
perspective rather than trial-and-error experimental approaches.

There are several reasons for the increasing interest in the
doping chemistry of nanosized cluster-based molecular com-
pounds that could be characterized by single-crystal X-ray
diffraction (SCXRD): (1) the distinct atomic environment (e.g.,
core, vertex, edge, and face sites) in a nanosized cluster induces
site selectivity for dopant atoms; (2) the possibility of obtaining
materials in high-quality crystal form facilitates precise probing of
doping positions; (3) doped nanoclusters (NCs) could enhance
or tune the intrinsic properties of the host frameworks or
introduce novel properties. Some successful examples have been
observed in transition-metal-ion-doped gold NCs,> endohedral
metallic fullerene NCs,® and lanthanide-ion-doped Zintl NCs.”
However, thus far, introducing specific dopants to desired
positions at atomic scale to realize their ordered distribution
remains a challenge in different NC systems. Toward this goal,
new synthetic methods and strategies are needed.
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We® and other research groups’ have made significant
advances in size and compositional tuning in nanoscale
supertetrahedral chalcogenide clusters during the past decade.
These clusters (denoted as Tn, where n = number of metal sites
along the edge of the tetrahedron), being structurally precise
fragments of the well-known cubic ZnS-type semiconductors,
can be regarded as the smallest semiconductor nanoparticles and
exhibit size-dependent optical properties.'® Unlike typical
colloidal nanoparticles, these clusters can be analyzed via
SCXRD, which could provide insight into various structure/
property relationships. Recent studies on doping behavior in
supertetrahedral clusters demonstrate that multiple factors affect
the doping chemistry at different sites. For a T4-ZnGaSe cluster
with 20 metal sites and 35 nonmetal sites, we successfully realized
the site-selective and ordered distribution of two types of
dopants (S and Sn) in a pentanary T4-ZnGaSnSe$ cluster via
synergistic effects of hard/soft acid/base theory and Pauling
electrostatic valence sum rule.'" The currently largest super-
tetrahedral cluster, TS with 35 metal sites and 56 nonmetal sites
(~2 nm in dimension), offers a unique opportunity to study the
intriguing doping chemistry of NCs. So far, only the ternary (Cu/
Cd/Zn)-(In/Ga)-S systems are known, and they exist either in
an inter-connected pattern in 3D open frameworks'* or in
discrete molecular form with organic ligands as terminal groups
in the crystal lattice.'”'® Perhaps due to the relative difficulty in
synthesizing discrete TS clusters, no quaternary TS cluster with
compositionally ordered distribution has been known prior to
this work. Our years of synthetic efforts have demonstrated that
direct synthesis is ineffective in creating large quaternary TS
clusters with an ordered metal distribution.

Here we demonstrate a two-step strategy to realize ordered
distribution of multiple components in a nanoscale super-
tetrahedral chalcogenide cluster with well-defined structure. A
ternary molecular compound (denoted as ISC-10-CdInS, with
ISC = isolated supertetrahedral cluster), composed of isolated
coreless TS-CdInS clusters, is prepared for the first time, and
subsequent diffusion of a single copper cation into its void core
site forms a monocopper-doped quaternary ISC-10-CuCdInS
phase (Figure 1). The presence of copper ion in the central site of
the cluster is confirmed by SCXRD. The single copper ion in the
TS-CuCdInS cluster dramatically changes the electronic
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Figure 1. Two-step strategy for creating the quaternary T5-CuCdInS
cluster with ordered site distribution; the templates are protonated
organic molecules (H"-DBN and H'-PR).

structure of the parent cluster and allows it to exhibit an
enhanced photoelectric response, especially in the visible-light
region. Such precise doping behavior and an atomically ordered
distribution rule are hard to imagine in doping chemistry of
quaternary Cu,ZnSnS, colloidal nanocrystals similar in size to
the TS cluster."*

An octahedral crystal of ISC-10-CdInS was synthesized by
solvothermal reaction of Cd(NO;),, indium, and sulfur in the
mixed solvents of 1,5-diazabicyclo[4.3.0]non-5-ene (DBN),
piperidine (PR), and water at 190 °C for 12 days. Crystal
structure refinement gave negatively charged isolated super-
tetrahedral TS clusters, packed together with organic counter-
ions in the crystal lattice with I4,/amd space group (Table S1).
The resulting molecular formula was derived as [H*-DBN]-[H*-
PR],-[CdgInysSs,(SH),] "> by elemental analysis (Table S2) and
structural refinement. Its phase purity was confirmed by powder
XRD (PXRD; Figure S1).

The most prominent structural feature of ISC-10-CdInS is the
isolated coreless TS cluster with four -SH™ terminal groups and
one core atom missing. In an ideal discrete TS cluster, there is a
tetrahedral MS, core, and all other atoms are located on faces,
edges, and corners. But in ISC-10-CdInS, the central metal atom
bonded to four tetrahedrally coordinated S*~ sites is missing. TS
clusters without a core site were also reported by Li et al.
([CdgInygSs,]™7)** and us ([Ing,Ss,]°7);"** however, both types
of clusters were part of 2D or 3D frameworks through corner-
sharing, instead of existing in a discrete molecular form. The
coreless cluster reported here is also different from our recently
reported one, in which TS-CdInS cluster are capped by organic
ligar}(c)ls serving as terminal group without the loss of its core
site.

The occurrence of a TS cluster with or without a central metal
site is determined by the specific reaction environment: (1) only
one type of clusters exists in the solution which eventually gets
crystallized or (2) two types of clusters with different negative
charge coexist in solution. The cluster obtained in the final crystal
could be mainly controlled by the reaction conditions (e.g,
additional amount of core atom source, type of template
molecules, and reaction temperature), which dictate the resulting
crystallization process of various clusters. To better understand
the factors affecting the occurrence of coreless TS-CdInS, we
carried out a series of control experiments by systematically
tuning the additional amount of Cd source while keeping other
reactants unchanged (Table S3). Crystal structural refinement
shows that crystals with the same structure are still obtained but
their surfaces are coated with a tiny amount of hard-to-remove
yellow CdS powder, identified through UV/vis absorption
(Figure S2). Interestingly and unexpectedly, 2 new compound
(denoted as OCF-43-CdInS, where OCF organically
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templated chalcogenide framework) is obtained when the
amount of Cd source is >7-fold the original amount. OCF-43-
CdInS has a 2D layer structure built from corner-sharing coreless
TS-CdInS cluster layers (the same cluster as in ISC-10-CdInS)
with the organic template molecules inserted between layers
(Figure S3). The above control experiments suggest that the
overall reaction condition, instead of the Cd amount, controls the
coreless nature of the T5-CdInS cluster in ISC-10-CdInS.

Interestingly, the void core site in coreless TS-CdInS cluster
could be expected to be filled with a third metal ion (Cu" here)
with smaller ionic radius than the two previously existing ones
(Cd** and In*"). A new quaternary sample (denoted as ISC-10-
CuCdInS) was prepared through a relatively mild solvothermal
reaction of ground ISC-10-CdInS powder with CuCN and KCN
in the mixed solvents (DBN, PR, and H,0) at 150 °C for S days
(Table S4). Brown crystals with an original octahedral shape and
smooth surface were obtained and identified to contain isolated
TS5-CuCdInS cluster, with the formula [H-DBN/DBN ] [H*-
PR/PR];:[CuCdgIn,gSs,(H,0),]”” based on elemental analysis
and structural refinement (Table S2, Figure $4). The central core
site in this new discrete cluster is unmistakably filled with one
copper ion, and the four corner sites are occupied by four water
molecules instead of -SH™ groups. It is likely that -SH is replaced
by H,O because the -SH™ group has a higher reactivity, relative to
other S sites in the cluster, which makes them easier removed,
e.g., by formation of Cu,S. In addition, replacement of -SH™ with
H,O can reduce the charge on the cluster, which could further
stabilize the cluster.

To study the feasibility and rationality of diffusion of a copper
ion into the core site from a structural perspective, a detailed
comparison of the structural data around the tetrahedral MS,
core for the reported T clusters is carried out. As summarized in
Table S, the average distance between the central position and
four adjacent S*~ sites in all coreless TS clusters is ~2.22 A, much
shorter than the Cd—S bond length in ISC-9-CdInS (2.37 A)."°
When this site is partially occupied by Cu*, with a site occupancy
of 0.4, the distance increases slightly to 2.25 A, and reaches up to
2.30 A for the fully occupied case, which is very close to the
corresponding Cu—S bond length (2.31 A) in other TS-CulnS
clusters. This comparison shows that the void space in the
preformed coreless TS cluster in ISC-10-CdInS is too small to
hold one Cd*" ion but could “breathe” to hold one Cu* ion,
which has a relatively smaller ionic radius than Cd**.

The diffusion of a single copper cation into the core of TS
clusters cannot be monitored in situ with our available techniques
because of the use of a hydrothermal method that occurs in a
“black box”. The primary thermodynamic driving force for
copper ion diffusion could be charge reduction, which is regarded
as a key point in stabilizing large clusters with highly negative
charge. The charge of the T5-CdInS cluster in ISC-10-CdInS was
drastically reduced by 5 when the cluster was transformed into
T5-CuCdInS with four negatively charged -SH™ replaced by
neutral water molecules and the core site filled with one positive
charge.

The discrete form of the coreless TS cluster plays a crucial role
in allowing copper diffusion to proceed and be characterized by
SCXRD, which leads to the precise doping behavior. Previously,
we envisioned that the two aforementioned compounds®™'**
with coreless TS clusters were good candidates to undergo the
two-step strategy for embedding one small-sized metal ion (here
Cu') into its core site, yet that strategy was unsuccessful. One
possible reason is that TS clusters in 2D or 3D rigid frameworks
are less likely to be exposed to the copper ions to permit
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complete diffusion of freely moving metal cations in the whole
micrometer-sized crystals. In addition, forming or maintaining
high-quality crystals during the doping process under solvo-
thermal treatment is more problematic for 2D or 3D covalent
crystals. For 2D and 3D frameworks, poor crystallinity makes it
difficult to determine the precise doping site through the SCXRD
technique, although copper ions in the resulting products could
be identified through elemental analysis and the sample color
change from pale yellow to brown. Unlike the above two
compounds, ISC-10-CdInS shows certain solubility in reaction
solution due to its molecular nature, as confirmed by two
recrystallization processes where the ground fine power could
recover its octahedral-shaped crystal after solvothermal treat-
ment in fresh reaction solvent and the Cu-doped TS clusters
display a different packing pattern in ISC-10-CuCdInS since the
cell parameters are distinct from those of its parent crystals.
Clearly, the intrinsic solubility and dispersibility of the isolated
coreless TS cluster facilitate the copper-diftusion-based doping
process.

To better understand the effects of copper doping on the
properties of ISC-10-CdInS and ISC-10-CuCdInS, we also
prepared ISC-10-CulnS pure phase without a Cd component
under reaction conditions similar to those used for ISC-10-
CdInS. This formed brown crystals also feature a discrete TS
cluster with the formula of [H*-DBN],-[H*-PR]-
[CusInggSs,(SH),] "™ as evidenced by PXRD and elemental
analysis. Even though no good-quality crystals were obtained for
determination of its core site through structural refinement, the
ratio of Cu:In (5:30) was in good agreement with the typical TS-
CulnS cluster, indicating that the core site is loaded with copper
ion instead of being empty.

Solid-state diffuse reflectance UV/vis spectra were studied by
using crystalline samples of ISC-10’s. In general, Cu-containing
In-S systems exhibit a red-shifted absorption band compared to
that of the parent frameworks.'> This is also observed in the
current case. From the absorption edges (Figure 2), the band
gaps as determined using Kubelka—Munk methods are 3.01 eV
for ISC-10-CdInS, 2.11 eV for ISC-10-CuCdInS, and 2.29 eV for
ISC-10-CulnS. The results indicate that the three cluster-based
molecular compounds have band absorption behavior similar to
that observed in 2D or 3D extended solid semiconductor
materials of similar chemical compositions. Notably, ISC-10-
CdInS exhibits band gaps similar to those of OCF-43-CdInS
(3.01 eV) and Li’s cluster (3.00 eV),” both of which have
extended 2D frameworks with the same coreless TS-CdInS
cluster. These results show that the nature of the cluster plays a
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Figure 2. Normalized solid-state diffuse reflectance spectra of ISC-10’s.

more dominant role in the optical property than their
connectivity modes in the solid structure of the materials. This
is further supported by the data for the T5-CulnS cluster. The
band gap of ISC-10-CulnS is comparable with that of the
reported molecular compound (228 eV)'® and its extended
framework (2.20 eV)'® based on the T5-CulnS$ cluster. All of
them exhibit blue-shifts compared with the band gap of bulk
CulnS, (1.53 eV), which has an elemental composition and
metal ion coordination environment similar to those found in the
T5-CulnS NC."” The precise copper doping in the T5-CuCdInS
cluster significantly altered the electronic structure and optical
property and made its absorption edge much lower than that of a
T5-CdInS cluster without copper, even lower than that of a T5-
CulnS cluster with more copper ions.

To further investigate the semiconducting property of these
cluster-based molecular compounds, we studied the visible-light-
driven photoelectric response of ISC-10 materials. We fabricated
photoanodes by using direct current electrophoretic deposition
(ED) to modify a F-doped SnO, (FTO) electrode with a thin
layer of ground ISC-10 samples, which were pre-dispersed in
isopropanol with a small amount of Mg(NOs;), electrolytes.
These modified electrodes have similar thickness (~10 gm) and
morphology and retain their original frameworks of film
materials during the process of ED, as characterized and
confirmed by PXRD and EDS (Figures S1 and SS). A standard
three-electrode system was then applied to detect the transient
photocurrent density of the above three modified electrodes
under visible-light irradiation (wavelength >420 nm). (See SI for
details of preparation and measurement, Scheme S1.) The
photocurrent traces in Figure 3 show a rapid response and good
reproducibility for all ISC-10 electrodes at the start and end of
illumination. The photocurrent density of the ISC-10-CuCdInS
electrode is almost 10-fold that of ISC-10-CdInS and half that of
ISC-10-CulnS. Higher photocurrent density indicates better
generation and separation of photoinduced electron/hole pairs
in FTO electrodes with Cu-doped samples; furthermore, only a
small amount of dopant atom led to significant differences. We
also measured the current—voltage curves of ISC-10’s in the dark
and under visible-light illumination (Figure S6). All electrodes
show negligible current under dark conditions. Upon irradiation,
both ISC-10-CuCdInS and ISC-10-CulnS show higher photo-
current and much more rapid increase compared with ISC-10-
CdInS. The appearance of the anodic photocurrent su§gests that
ISC-10’s are typical n-type semiconductor materials."

In addition to charge separation, the charge-transfer capability
of photoelectrodes with different ISC-10’s could also be affected
by the presence of copper ions in TS clusters. We conducted
alternating current impedance experiments to study differences
in the electron transport behavior. The enhanced electrical
conductivity of electrodes with Cu-doped materials is confirmed
by electrochemical impedance spectroscopy (EIS) at low
frequencies. Figure 3b shows Nyquist plots. It is known that
the radius of each arc in a Nyquist plot is associated with the
charge-transfer process at the corresponding electrode, and a
smaller radius is correlated with a lower charge-transfer
resistance.’”” A reduced charge-transfer resistance under
irradiation was found for all the studied photoelectrodes because
the arc radius under irradiation is consistently smaller than that in
the dark (Figure S7). This could be attributed to the improved
current density as a result of the rich photogenerated electron/
hole pairs on the electrodes. The ISC-10-CuCdInS electrode
shows a much smaller radius of the semicircle than does the ISC-
10-CdInS electrode both in the dark and under irradiation. By
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Figure 3. (a) Transient photocurrent density versus time plotted for the
electrodes functionalized with the ground materials of ISC-10’s. (b)
Nyquist plots of the three electrodes (inset, enlarged plot).

fitting EIS to a simulated model of the simple equivalent circuits
(as shown in Table S6), we find that the charge-transfer
resistance in ISC-10-CuCdInS electrode is much lower than in
ISC-10-CdInS electrode (400.9 vs 3732 Q), indicating an
effective transfer of photogenerated electron/hole pairs at
electrodes with Cu-doped samples. The increased photocurrent
density could likewise account for the ameliorative electrical
conductivity behavior. Higher electrical conductivity was also
observed on the ISC-10-CulnS electrode (133.1Q) with more
copper content; however, it exhibits only a slight improvement
compared to the ISC-10-CuCdInS electrode. Although the solid
samples of ISC-10’s are not good conducting materials, their
electrical conductivity values show a similar trend as observed
above (Table S7). From these results, it is clear that precise
doping of one copper ion at a specific position (the core site in
this case) in the supertetrahedral-cluster-based molecule
compound may cause a big difference in its photoelectric
response performance.

In conclusion, we have successfully realized the first ordered
distribution of multiple components in one nanoscale super-
tetrahedral chalcogenide cluster with a well-defined structure
through a two-step synthetic strategy. A single transition-metal
cation, Cu’, is shown to be capable of diffusing into the core site
of an isolated coreless TS cluster. The precise doping behavior
and accurate positioning prompted us to probe the electronic
structure and optical properties of these compositionally tunable
semiconducting clusters. This study highlights the possibility of
cation diffusion for accessing the center of a nanosized cluster
with hollow structure at the atomic scale, and it presents a special

route toward the fine modification of photoelectrical properties
of semiconductor materials.
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