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Bismuth sulphide nanocrystal-polymer hybrid layers are of interest for various optoelectronic,
thermoelectric or sensing applications. In this work, we present a ligand-free in situ route for the

formation of Bi,S3 nanorods directly within a polymer matrix. For this purpose, we introduce a novel

bismuth xanthate (bismuth(i) O-3,3-dimethylbutan-2-yl dithiocarbonate), which is highly soluble in non-

polar organic solvents. The analysis of the crystal structure revealed that the prepared bismuth xanthate
crystallises in the monoclinic space group C2/c and forms dimers. The bismuth xanthate can be
converted into nanocrystalline Bi,Ss with an orthorhombic crystal structure via a thermally induced solid
state reaction at moderate temperatures below 200 °C. In combination with the high solubility in non-

polar solvents this synthetic route for Bi,Ss is of particular interest for the preparation of Bi,Ss—polymer

) nanocomposites as
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exemplarily
poly(3-hexylthiophene-2,5-diyl) (P3HT) nanocomposite layers. Atomic force and transmission electron

investigated on Bi,Ss—poly(methyl methacrylate) and Bi,S3—

microscopy revealed that Bi,Ss nanorods are dispersed in the polymer matrix. Photoluminescence
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hybrid layer.

1. Introduction

Organic-inorganic hybrid materials are a highly interesting and
versatile class of materials that offer a plethora of applications
due to their variety of physical and chemical properties. These
can be tailored in a wide range by using different material
combinations, morphologies and nanostructures. Of particular
interest are nanocrystal-polymer hybrid materials, often called
nanocomposites, in which inorganic nanocrystals with specific
properties e.g. concerning light emission or light absorption are
integrated into a polymer matrix. This allows combining the
advantages of easy processing and structural flexibility of poly-
mers, with the optical properties and stability provided by the
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experiments showed a quenching of the P3HT fluorescence with increasing Bi,S3 content in the

inorganic material." Semiconducting quantum dots offer the
unique possibility of tuning their properties by controlling their
size and shape.” Organic-inorganic nanocomposites find
applications, for example, in photochromic devices,®> non linear
optics (NLO),* electroluminescent devices,” hybrid optical
sensors® and also in polymer-nanoparticle hybrid solar cells.”®

Bismuth sulphide (Bi,S;) is a non-toxic semiconductor,
consisting of abundant elements, with a direct band gap of 1.3
to 1.7 eV, and a high absorption coefficient in the order of
10° em ™. This makes Bi,S; also an interesting candidate for a
variety of applications, e.g. for polymer-nanoparticle hybrid
solar cells. There are already some reports discussing Bi,S; as
an acceptor material in bulk-heterojunction hybrid solar
cells;"* however, the efficiencies are still relatively low.
Furthermore, Bi,S; nanoparticles and nanocomposites can find
numerous applications in thermoelectric devices," memory
devices,' photodetectors,” as electrode materials in lithium-
ion batteries,'® as well as in electronic, optoelectronic and gas
sensor devices.'”?°

Several synthetic methods to prepare Bi,S; nanostructures
exist starting from metal salts and a sulphur source®"** or single
source precursors.”*?* Thus, an obvious and common way to
prepare bismuth sulphide-polymer nanocomposites is to syn-
thesise Bi,S; nanostructures first and then mix them in a
second step with a polymer to obtain the organic-inorganic
hybrid nanocomposite. Following this strategy several types of
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nanoparticle syntheses have been applied so far. A quite
common approach is the synthesis of Bi,S; nanoparticles via a
colloidal synthesis using metal salts, a sulphur source and
ligands stabilizing the nanoparticles. Wang et al,® for
example, used Bi(NO;); with sodium octanoate and elemental
sulphur to form Bi,S; nanoparticles, which were subsequently
mixed with a conjugated polymer.** In further approaches, the
polymer matrix was polymerised in the presence of Bi,S;
nanoparticles,* or pre-formed nanostructured Bi,S; layers
were coated with a polymer.””

All these approaches are rather tedious and require several
steps. In contrast, in this work we discuss a convenient and fast
route to prepare metal sulphide-polymer nanocomposites by
synthesising Bi,S; nanocrystals directly within a polymer matrix
in the solid state without the necessity of a separate nanoparticle
synthesis step. This method is based on metal xanthates, which
are highly soluble in a variety of organic solvents depending on
the alkyl moiety of the xanthate group. The good solubility makes
this route very versatile in terms of selecting the matrix polymers,
which are also inherently different in solubility and, even more
crucial, it provides the prerequisite for a homogeneous distribu-
tion of both materials in the nanocomposite. A second beneficial
property of metal xanthates in this regard is that they decompose
at low temperatures (100-200 °C) and the side products of the
decomposition are volatile, which leads to tidy layers without
impurities.>® Thus, this method is well suited for the preparation
of metal sulphide nanostructures in a polymer matrix at
low temperatures, which also allows using thermally less stable
conjugated polymers as matrix without harming their optoelec-
tronic properties. Metal sulphide-conjugated polymer nano-
composites, prepared via metal xanthates, can be applied as
absorber layers in polymer-nanoparticle hybrid solar cells.
This has recently been demonstrated for several nanocomposite
materials® containing CdS,**** CulnS, (ref. 28 and 32) or Sb,S;
(ref. 33) nanoparticles and conjugated polymers or small
molecules.*

The synthesis of bismuth xanthates with methyl, ethyl, i-
propyl, n-butyl, cyclohexyl and benzyl-moieties has been
reported in the literature several decades ago.*** Quite
recently, some of these compounds have been applied for the
synthesis of Bi,S; nanowires and nanoparticles.”*® In this
contribution, we introduce a new bismuth xanthate (bismu-
th(m) O0-3,3-dimethylbutan-2-yl dithiocarbonate, BiHexXan),
which is highly soluble in non-polar organic solvents due to its
asymmetric, branched alkyl side chain. Therefore, this
compound is well suited for the preparation of Bi,S;—polymer
nanocomposite materials. The formation of Bi,S; from this
precursor is investigated in detail and first Bi,S;-polymer
nanocomposites are prepared and studied.

2. Experimental

2.1. Synthesis

All chemicals were purchased from Sigma-Aldrich and used
without further purification. Potassium xanthate (potassium
0-3,3-dimethylbutan-2-yl dithiocarbonate) was prepared accord-
ing to the literature,?® for further information see the ESLt
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Synthesis of bismuth(m) O-3,3-dimethylbutan-2-yl dithiocar-
bonate: bismuth(m) chloride (3.64 g, 11.6 mmol, 1.0 eq.) was
dissolved in 125 mL of deionised water. A solution of potassium
xanthate (8.0 g, 37.0 mmol, 3.2 eq.) in 40 mL deionised water
was added dropwise under stirring and a sticky brown solid was
formed immediately. After the reaction solution was stirred for
3 hours, the brownish-orange precipitate was filtered and dried
under vacuum. The residue was dissolved in 30 mL chloroform
and the insoluble side products were removed by filtration.
After recrystallisation (chloroform) orange crystals were
obtained which were dried in vacuum (yield: 7.1 g, 83%).

’H NMR (300 MHz, 20 °C, CDCl;, §): 5.46-5.39 (q, 1H, CH),
1.37-1.35 (d, 3H, CH3), 0.98 (s, 9H, 3x CHg, tert-butyl) ppm. °C
NMR (75 MHz, 20 °C, CDCl;, 6): 225.5 (CS,0), 91.1 (CH), 35.3
(C(CH3)), 25.9 (3C, C(CHj)s), 14.5 (CH-CH;) ppm. IR (on
Si-wafer): 2965, 2873, 1479, 1397, 1378, 1366, 1340, 1235, 1211,
1113, 1074, 1049, 1018, 879 cm ‘. Elem. anal. calc. for
Bi,S1,06CasH-g: C 34.08, H 5.31, S 26.00; found: C 32.45, H 5.04,
S 25.09%.

Preparation of Bi,S;-polymer nanocomposite layers: nano-
composite layers were prepared on different substrates (NaCl
substrates for transmission electron microscopy images (TEM),
CaF, substrates for optical measurements and silicon wafers for
IR-measurements) by spin coating a polymer-bismuth-xanthate
chloroform solution, followed by a thermal heating step (heating
rate 11 °C min~" to 195 °C, holding time 15 min). The concen-
tration of the polymer was 5 mg mL ™' and the weight ratio of
polymer : Bi,S; was 1 : 5. For the preparation of the TEM samples,
poly(3-hexylthiophene-2,5-diyl) (P3HT) was used as a polymer and
the thermal heating step was performed in a tube furnace
(Hereaus RO 4/25). For optical measurements and IR measure-
ments, PMMA was used as a transparent matrix polymer, and the
conversion was accomplished on a programmable heating plate
(CAT Ingenieurbiiro M. Zipperer GmbH, Germany).

2.2. Characterisation

'"H NMR and "C NMR spectra were recorded on a Bruker
Ultrashield 300 MHz spectrometer. Referencing the NMR
spectra to the corresponding values given in the literature was
done by using solvent residual peaks (CDCl;: 'H NMR: 7.26
ppm; >C NMR: 77.16 ppm). Elemental analyses were carried out
on a Universal CHNS Elemental Analyzer Vario EI III.

FT-IR spectra were acquired using a Perkin-Elmer Spectrum
One instrument. All FT-IR spectra of the samples were recorded
in transmission mode (films on silicon wafers, spectral range
between 4000 and 800 cm™ ).

X-ray crystallography: a suitable crystal for single crystal X-ray
diffractometry was removed from a Schlenk flask under a
stream of N, and immediately covered with a layer of silicone
oil. A single crystal was selected, mounted on a glass rod on a
copper pin, and placed in the cold N, stream provided by an
Oxford Cryosystems cryometer. Single crystal data collection
was performed on a BRUKER APEX II diffractometer with the
use of Mo Ko. radiation (A = 0.71073 A) and a CCD area detector.
Empirical absorption corrections were applied using
SADABS.*** The structure was solved with the use of direct
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methods in SHELXS and refined by the full-matrix least-squares
procedures in SHELXL.* The space group assignments and
structural solutions were evaluated using PLATON.** Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were located in calculated positions corresponding to standard
bond lengths and angles. Attempts to model disorder around
one of the xanthate ligands and the solvent of crystallisation
CHClI; resulted in unstable refinement.

Crystal data: C43H,5Bi>Cl406S1,, M = 1635.53 g mol ', orange
block, crystal size 0.20 x 0.10 x 0.10 mm, monoclinic, space
group C2/c: a = 24.5050(8) A, b = 9.0961(3) A, ¢ = 29.5784(10) A, «
=90°, 8 = 105.123(2)°, v = 90°, V = 6364.7(4) A*>, Z = 4, D, =
1.707 Mg m ™3, F(000) 3240, u = 6.123 mm %, T = 100(2) K, 43 646
reflections (0max = 25°), 5602 unique (Rj = 0.0261), 329
parameters, 0 restraints, R1 (all data) = 0.0396, wR2 (all data), =
0.0867 largest difference peak and hole: 1.716 and —1.927 e A >,

The X-ray powder diffraction profiles were obtained on a
Siemens D 501 diffractometer in Bragg-Brentano geometry oper-
ated at 40 kV and 30 mA, using Cu Ka. radiation ( = 1.54178 A)
and a graphite monochromator at the secondary side.

Thermogravimetric measurements were performed on a
Netzsch Jupiter STA 449C. All measurements were carried out in
a helium atmosphere and at a heating rate of 10 °C min'. High
resolution mass spectra (EI, 70 €V; Pion source = 1.05 x 107°
mbar; mass range: 50-800 Da; 1 spectrum per s) were recorded
on a Waters GCT Premier equipped with a direct insertion probe
(temperature program of the DI: start at 40 °C, 10 °C min~* to
260 °C). Raman spectra were recorded on a Perkin-Elmer Raman
Station 400F with a 350 mW 785 nm near infrared laser.

Transmittance and reflectance spectra for the determination
of the optical absorption coefficient as well as absorption
spectra were recorded on a Perkin-Elmer Lambda 35 equipped
with an integrating sphere. The optical band gap was estimated
from the (ahv)® versus hv plots by extrapolating the linear part of
the function. PL-quenching studies were performed on a Fluo-
rescence Spectrophotometer F-7000 from Hitachi.

Layer thicknesses were specified on a Bruker DekTak XT
surface profiler. Atomic force microscopy (AFM) of the prepared
films was performed under ambient conditions using a Nano-
surf Easyscan 2 scanning probe microscope in tapping mode.
Bi,S;-PMMA layers for AFM measurements were prepared via
doctor-blading on glass substrates and Bi,S;-P3HT layers were
prepared on PEDOT:PSS coated glass/ITO substrates.

Transmission electron microscopy images were acquired on
a Tecnai F 20 microscope (FEI Company) equipped with a
Schottky emitter, an energy dispersive X-ray spectrometer and a
high resolution Gatan imaging filter (HR-GIF) with an Ultra-
ScanCCD camera. TEM specimens were prepared by spin
coating a solution of polymer and precursor on NaCl single
crystals, annealing at 200 °C, subsequent dissolution of the
NaCl crystal in deionised water and transfer of the nano-
composite layer, floating on the water surface, to a TEM grid.

3. Results and discussion

The synthesis of new bismuth(u) O0-3,3-dimethylbutan-2-yl
dithiocarbonate (BiHexXan) was performed in analogy to

This journal is © The Royal Society of Chemistry 2013
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previously reported Cu and In xanthates, see Scheme 1. The
prepared Bi-xanthate complex was analysed with 'H, ">C-NMR
and IR spectroscopy and by elementary analysis (see Section
2.1.). The NMR spectra are in agreement with the proposed
structure with a chemical shift of 225.5 ppm for the quaternary
carbon of the xanthate group in the *C NMR spectrum.

Single crystals of BiHexXan have been obtained from solu-
tions in chloroform and were used for determination of the
crystal structure, depicted in Fig. 1.

The BiHexXan compound crystallises in the monoclinic
space group C2/c. The crystal structure contains residual
amounts of chloroform as the solvent of crystallisation. The Bi
central atom is surrounded by six sulphur atoms derived from
the three asymmetrically bound xanthate ligands. An additional
interaction with a bridging sulphur atom from the neighbour-
ing Bi(xanthate); unit results in the formation of a dimer
complex with a Bi-S interatomic distance of 3.205(2) A which
is significantly longer than the direct chelating Bi-S bonds
(Table 1). Thus, the environment of the bismuth atom is seven-
coordinate, and a four membered ring is formed between the
bismuth metal and the bridging xanthate ligand, with all angles
close to 90°. Similar dimeric structures with a bridging sulphur
bond have been found for Bi(S,COCH3); (ref. 36) as well as for
the dithiocarbonate Bi[S,CN(C,Hs),]s.** In contrast, a polymeric
structure caused by a similar bridging Bi-S-interaction has been
found in tris(O-isopropylxanthato)-bismuth(m) presented by
B. F. Hoskins et al.*”

In Table 1, the selected interatomic distances for BiHexXan
are listed. The Bi-S distances vary between 2.6032(15)-
2.9772(14) A. All measured interatomic distances correlate very
well with the distances found for other reported Bi-xanthates. It

¢ -?“}_é Bk Bfﬁ*‘}_é

3-2
BiHexXan
apolar
solvents
&
stable coating solutions
e.g. in chlorobenzene
J + polymer
substrate
BiHexXan - polymer thin films
J 195 °C
A—} e R A
Al =192
substrate

Bi,S3-nanorod-polymer
hybrid thin films

Scheme 1 Synthesis of BiHexXan and Bi;Ss—polymer hybrid materials.
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Fig. 1 Crystal structure of BiHexXan (Bi;S1,06C42H78).

Table 1 Selected interatomic distances (A ( ) and angles (°) for BiHexXan
Bi(1)-S(1) 2.7782(15) Bi(1)-S(2) 2.9772(14)
Bi(1)-S(3) 2.7134(15) Bi(1)-S(4) 2.8350(16)
Bi(1)-S(5) 2.6032(15) Bi(1)-S(6) 2.9614(16)
Bi(1)-S(2a) 3.205(2) S(1)-C(1) 1.692(6)
S(2)-C(1) 1.709(6) C(1)-0(1) 1.308(7)
0O(1)-C(2) 1.503(9) S(3)-C(8) 1.702(7)
S(1)-C(1)-S(2) 123.2(4) S(1)-Bi(1)-S(2) 62.51(4)
S(3)-C(8)-S(4) 122.7(4) S(3)-Bi(1)-S(4) 64.79(5)
S(5)-C(15)-S(6) 124.0(4) S(5)-Bi(1)-S(6) 64.65(4)
S(2)-Bi(1)-S(2a) 90.53(2) Bi(1)-S(2)-Bi(1a) 89.22(2)

is noticeable that there are two groups of Bi-S distances; one
group exhibits short M-S bonds and the other long M-S ones,
due to the intermediate mode of coordination of the xanthate
ligand.*® The C-O bonds of the S,CO-group (e.g. C(1)-O(1)) show
interatomic distances of approx. 1.31 A typical of carbonate type
bonding, whereas the C-O bonds to the alkyl moiety exhibit
significantly larger values of 1.50 A (e.g. O(1)-C(2)).

View Article Online

In a next step, the thermal decomposition of the BiHexXan
complex was investigated. Thermogravimetric analysis revealed
that the onset of decomposition is at approximately 150 °C (see
Fig. 2A). The observed weight loss of 65.6% is in good agree-
ment with the calculated one (67.2%) for the formation of Bi,S;.
An additional minor mass loss can be detected at a temperature
of 120 °C, which does not stem from the decomposition of the
xanthate but from the evaporation of the remaining solvent, as
indicated from the crystal structure. In addition, this was
confirmed by high resolution mass spectrometric (HRMS)
investigations using a direct insertion probe (DI) and electron
impact ionisation (EI). For this, volatile products were contin-
uously monitored, while a sample of BiHexXan was heated from
40 °C to 250 °C directly in the mass spectrometer. Starting
approximately at 150 °C COS, CS, and 3,3-dimethylbut-1-ene
were detected which are the typical species of the decomposi-
tion of xanthates via the Chugaev rearrangement.** Addition-
ally, fragment ions containing Bi e.g Ci4;H,60,S,Bi" and
C,H,0,S,Bi" were identified. This means that BiHexXan partly
evaporates under the high vacuum conditions in the mass
spectrometer (for more details see the ESIT).

To confirm that Bi,S; was successfully formed by the solid-
state reaction induced by the thermal decomposition of
BiHexXan, a sample annealed at 195 °C for 30 min was sub-
jected to X-ray powder diffractometry. Fig. 2B shows the XRD
pattern of the obtained nanocrystalline Bi,S;. The diffraction
peaks (main peaks: 25°, 28.5°, 31.8°, 46.6° and 52.7° 26)
correlate very well with the reference diffractions of a pure
orthorhombic Bi,S; phase (e =1.114 nm, b =1.130 nm and ¢ =
0.3981 nm; PDF 17-320). No additional peaks which would
indicate impurities or secondary phases could be detected.
The broadening of the peaks reveals the nanocrystalline
character in the order of 25-29 nm (estimated from the 211,
220 and 120 reflections using the Scherrer formula). The
Raman spectrum (Fig. 2C) of the Bi,S; nanoparticles exhibits
three broad Raman peaks which correspond to the A, (187, 237
cm ') and By, (259 cm™ ') Raman modes and are consistent
with literature data.**™*®

In Fig. 3A the absorption coefficient of a 30 nm thick Bi,S;
film formed at 195 °C is plotted, exhibiting values higher than 1
x 10° em™'. The optical band gap (E,) was determined by
plotting the straight line of («hv)* against v, revealing a band

Al — B ° c™ g @ —BiS,
90 / ——Bi,S, (195°C) =200 ‘ T (18650
80 onset "’ . 4004 Bi,S,-reference (“ 2 soo0 )
< 70] 150°C | weightloss: | 3 z R}
% 60 ' B84 % 200 émoo_ %
§ 504 , E < 2000
40+ ‘, = 0 i 5 1000
0 100 200 300 400 10 20 30 40 50 60 70 o 200 300 400

Temperature / °C

Fig. 2
17-320) and (C) Raman spectrum of the in situ prepared Bi,S3 nanoparticles.
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(A) Thermogravimetric curve of the bismuth xanthate BiHexXan, decomposition temperature: 150 °C, weight loss: 65.6%; (B) XRD pattern (reference data: PDF
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Fig. 3 (A) Optical absorption coefficient and band gap determination of a pure

Bi,Ss layer; (B) UV-Vis spectra of BiHexXan before (BiHexXan—-PMMA) and after
heating to 195 °C (Bi,S3-PMMA) in the PMMA matrix.

gap of 1.65 eV which is in the range of the values (1.3-1.7 eV)
commonly reported in the literature.***

The low conversion temperature of BiHexXan and the
formation of a pure Bi,S; layer were encouraging to explore also
the formation of polymer-nanoparticle hybrid materials
following this solid state in situ formation route (see Scheme 1).
For the optical characterisation of the hybrid nanocomposite
formation poly(methyl methacrylate) (PMMA) was used as the
matrix polymer because of its transparency in the near UV and
visible wavelength range.

In Fig. 3B, the UV-Vis spectra of BiHexXan before (BiHexXan-
PMMA) and after heating to 195 °C (Bi,S;-PMMA) in the PMMA
matrix are depicted, which clearly illustrate the differences in
optical properties of the material before and after thermal
conversion. In the BiHexXan sample, an intensive absorption in
the UV-range between 250 and 450 nm is observed. This distinct
UV absorption vanishes after the thermal treatment and a
typical absorption profile of Bi,S; nanoparticles with an
absorption onset between 800 and 900 nm is visible in the
spectrum. PMMA, which was used as the matrix polymer for the
nanocomposite formation, does not exhibit significant
absorption in this wavelength range.

A comparison of the FTIR spectra of the pristine BiHexXan—
PMMA sample, the Bi,S;-PMMA sample (annealed at 195 °C)
and pure PMMA is shown in Fig. 4. In BiHexXan-PMMA typical

100
o 801 s
> 5
- | o
8 60- s
c 2
Q 2
=
= 40
€ J
: |
® 50| —PMMA |~ ¢
= —— BiHexXan/PMMA T8
——Bi,S,/PMMA g 8
T T T T T
3000 2700 1800 1500 1200 900

Wavenumber / cm™

Fig. 4 IR spectra of BiHexXan before (BiHexXan-PMMA) and after heating to
195 °C (Bi;S3—PMMA) in the PMMA matrix.
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vibrations of xanthates are detected. The most intense peaks at
1238 and 1203 cm™ ' can be attributed to the asymmetric C-O-C
stretching vibrations, and the bands at 1047 and 1017 cm™ " to
the C-S stretching vibrations (for more details see the ESI, Table
S11).*” After the annealing step, all vibrational bands of
BiHexXan fully vanish and the spectrum of Bi,S;-PMMA
resembles the pure PMMA spectrum with its most prominent
peak at 1732 cm ' attributable to the carbonyl stretching
vibration.

Considering possible applications, nanocomposite layers
containing the conjugated polymer P3HT as a matrix material
were also prepared similar to the Bi,S;-PMMA samples. The
absorption spectrum of the Bi,S;-P3HT hybrid layer is charac-
terised by the absorption of both components, a broad
absorption peak of P3HT around 560 nm and the absorption
profile of Bi,S; nanoparticles with an onset wavelength between
800 and 900 nm (see the ESIT).

The morphology of the prepared Bi,S;-polymer nano-
composite layers was characterised by atomic force microscopy
(AFM). Fig. 5 shows surface images of a Bi,S;~PMMA layer as
well as of a Bi,S;-P3HT layer. The images of the prepared layers
reveal that the polymer forms a few 100 nm large domains,
which can be clearly seen in the topographic image as well as in
the phase contrast image. In the Bi,S;-PMMA layers structures
with smaller sizes of about 50 nm are also visible, which can be
ascribed to the Bi,S; nanostructures present in the nano-
composite. These smaller structures are not observed in the

Fig.5 AFM images ((A and B) topography; (C) phase contrast) of a Bi;S3—-PMMA
hybrid layer and a Bi,S3—P3HT layer ((D and E) topography; (F) phase contrast).
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AFM image of the Bi,S;-P3HT hybrid layer, which might be due
to surface-energetically preferential diffusion of P3HT-rich
phases towards the air-film interface and thus formation of a
P3HT-rich cover layer at the surface of the nanocomposite film.
For further investigation of this issue, transmission electron
microscopy (TEM) measurements of the in situ prepared Bi,S;-
P3HT layers were performed.

Bright field TEM images of the Bi,S;-P3HT sample at
different magnifications are shown in Fig. 6, which exhibit that
nanorods are formed in the conjugated polymer matrix. The
Bi,S; nanorods reveal regular shapes with a diameter of 7-
22 nm and a length of 40-70 nm. The formation of nanorods in
the matrix of a conjugated polymer via a ligand-free in situ
process in the solid state is a highly interesting result, as it was
not possible before to realise nanorod structures via ligand-free
in situ processes.”>*® Until now, only spherical particles could be
obtained. In particular, nanorods are very desirable, thinking of
a possible application of the nanocomposites as absorber layers
in hybrid solar cells, because they inherently facilitate charge
transport through the layer, while retaining a high polymer-
nanoparticle interfacial area.*® Current record power conversion
efficiencies of hybrid solar cells of 4.7% are also reached using
nanorods of CdSe instead of spherical nanoparticles in combi-
nation with the low band gap polymer PCPDTBT.*°

The reason for the formation of Bi,S; nanorods in this solid
state reaction is most presumably the predominant growth of
the orthorhombic Bi,S; nanocrystals along the [001] direc-
tion.'*** Therefore, these elongated nanostructures are quite
common in solution grown Bi,S; nanocrystals and there exist
several publications reporting on Bi,S; nanorods or nanowires
yielded by different synthetic approaches.'"'*?%2453

A further interesting aspect is that no aggregation of the
nanorods and thus phase separation between the organic and
inorganic phase occurs. The Bi,S; nanorods are homogeneously
distributed over the whole layer. A possible explanation for that
could be that the Bi,S; nanorods are formed directly in the
polymer matrix from a homogeneous mixture of bismuth
xanthate and polymer. Nevertheless, the nanorods are in close
proximity to each other; therefore, continuous pathways should
be present in both phases.

To investigate the optical properties of the prepared P3HT-
Bi,S; nanocomposites in more detail, we performed

— 50 NM

Fig. 6 TEM images of Bi,S3 nanorods in a P3HT matrix at different
magnifications.
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photoluminescence (PL) quenching measurements on P3HT-
Bi,S; nanocomposites with different contents of the inorganic
component. The PL of the P3HT is found to be strongly
quenched when Bi,S; is present in the composites. The detailed
results of the PL-quenching study are summarised in Fig. 7,
which shows the PL spectra of pure P3HT and P3HT-Bi,S;
nanocomposite layers with different polymer : Bi,S; weight
ratiosof1:3,1:6,1:9and 1 : 12. To obtain reliable results, we
increased the thickness of the layers with increasing Bi,S;
content to ensure that the polymer content was equal in each
sample. Optical excitation of the pristine P3HT film at 560 nm
resulted in the appearance of an emission band at 670 nm. This
emission is quenched after introduction of the Bi,S; nanorods
into the polymer film (see Fig. 7A). The PL emission was
quenched to 22% of the initial emission intensity at a
P3HT : Bi,S; weight ratio of 1 : 3 and is further reduced to 6%
(P3HT : Bi,S; = 1: 6), to 3% (P3HT : Bi,S; = 1: 9) and to 0.4%
(P3HT : Bi,S; = 1 : 12) of the original level (see Fig. 7B). It has to
be considered that part of the reduction of the PL intensity may
stem from absorption of the emitted light by the Bi,S; nano-
rods. However, the qualitative quenching of the PL of P3HT by
the Bi,S; nanoparticles in the nanocomposite seems to be quite
efficient and is comparable to or even higher than PL quenching
efficiencies which were obtained by PL quenching studies on
other polymer-nanoparticle hybrid materials used in hybrid
photovoltaics.?®%3>*

The photoluminescence quenching study suggests good
suitability of the prepared Bi,S;-P3HT nanocomposite layers
as an absorber material in polymer-nanoparticle hybrid solar
cells. Thus, we prepared polymer-nanoparticle hybrid solar
cells with Bi,S;-P3HT nanocomposite layers as an absorber
material in the configuration glass/ITO/PEDOT:PSS/
P3HT:Bi,S;/Al with different P3HT : Bi,S; ratios. However, all
prepared solar cells were short-circuited and no diode charac-
teristics could be observed. To prevent short circuits in the solar
cells we introduced additional interlayers between electrodes
and the absorber layer. Also with this improved geometry, we
could not realise working solar cells with the in situ prepared
Bi,S;-P3HT hybrid layers so far, even though Bi,S;-P3HT
hybrid solar cells with a power conversion efficiency of 1% were
already reported with a similar device architecture using pre-
synthesised Bi,S; nanoparticles.*®
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Fig. 7 (A) Photoluminescence quenching in P3HT-Bi,S3 nanocomposites; (B)
normalised integrated PL vs. Bi,S3 volume ratio in the nanocomposite.
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4. Conclusions

The novel bismuth xanthate, bismuth(ui) O-3,3-dimethylbutan-
2-yl dithiocarbonate, is a valuable precursor for the preparation
of Bi,S; at temperatures below 200 °C. In combination with the
high solubility in non-polar organic solvents caused by the
branched alkyl side chains, this synthetic route for Bi,S; is of
particular interest for the preparation of Bi,S;-polymer nano-
composites. By mixing the xanthate with PMMA as well as with
the conjugated polymer P3HT in a solvent, coating of precursor
layers and heating them to 200 °C in an inert atmosphere, Bi,S;3
nanorods are formed within the polymer matrix by a ligand-free
solid state in situ reaction pathway. Such metal sulphide
nanorods may be of special interest for application in hybrid
solar cells as nanorods facilitate charge transport and also
provide a high interfacial area towards the conjugated polymer.
Studying Bi,S;-P3HT nanocomposites concerning their appli-
cability in hybrid solar cells, it was not possible to realise
working solar cells using the in situ prepared Bi,S;-P3HT hybrid
layers, even though we observed that the fluorescence of the
conjugated polymer is efficiently quenched by the Bi,S; nano-
rods, which points to an efficient charge transfer at the hybrid
interface.
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