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Abstract: Conventional polymer additives have a substantial
impact on synthetic inorganic chemistry, but critical short-
comings remain; for example, low solubility in organic solvents
and potential thermodynamic aggregates. Poly(ionic liquid)s
have now been used as efficient additives that enable a high
level control of bismuth sulfide crystals with significant size
and morphological diversities. The bismuth sulfides exhibit
tunable band structure as a result of the quantum size effects.
Moreover, poly(ionic liquid)s are able to couple with as-
synthesized bismuth sulfides chemically and endow a modified
surface electronic structure, which allows resultant products to
possess outstanding electrocatalytic performance for water
oxidation, although its commercial counterpart is catalytically
inert.

The creation of inorganic materials with tailored structures
and morphologies has continued advancing materials chemis-
try by offering new properties and applications.[1] Previous
synthesis using polymers as stabilizers and crystal growth
modifiers has achieved substantial success in making systems
with targeted properties.[2] For instance, double hydrophilic
block copolymers have proven to be efficient additives for
accessing inorganic micro-/nanoobjects with controlled mor-
phologies and superstructures, where the single functional
blocks can modulate specific polymer–crystal interactions.[2]

However, shortcomings, such as low solubility in organic
solvents and potential thermodynamic aggregates,[3] place
limits on the use of these polymers. Recently, a new family of
polymers, namely poly(ionic liquid)s (PILs), was obtained
from ionic liquid monomers,[4] which combine the unique
features of ionic liquids, including high ionic conductivity,
high thermal and chemical stabilities,[4a,b] together with
polymer properties, such as multivalency, multifunctionality,
intrinsic dimensions, and ease of processing.[4, 5] These merits,
coupling with their good solubility in organic solvents,
suggested that the use of PILs as additives in inorganic

synthesis might lead to methods of creating newly structured
materials, which, however, has remained unexplored.

We wanted to illustrate this prospect by applying PILs as
additives for the morphogenesis of transition-metal chalco-
genides, because they are fundamentally and technologically
attractive for a variety of applications.[1a,6] As a highly photo-
conductive semiconductor, bismuth sulfide (Bi2S3) has
a direct band gap (Eg) of about 1.3 eV, approaching to the
idea value (1.34 eV) for maximum photovoltaic efficiency.[7]

This material was also described to substantially impact across
diverse research fields such as thermoelectric cooling,[8] gas
sensing,[9] biomolecule detection,[10] thermoradiotherapy,[11]

and X-ray computed tomography imaging.[12] Bi2S3 often
crystallizes in a layered structure that leads to strong
anisotropy in electronic and lattice properties.[13] Present
approaches for making Bi2S3 described overwhelmingly one-
dimensional (1D) structures,[10, 14] because of its highly aniso-
tropic crystal structure consisting of infinite chains of
covalently bound atoms.[15] This is on the one hand very
attractive, but also limits the further development of Bi2S3,
particularly regarding the integration of the nanoscale
materials in devices, where the electronic and semiconductor
properties are known to be morphology- and size-depend-
ent.[7b, 14a, 16] Therefore, effective strategies that enable the
morphogenesis of Bi2S3 with unique structures, high-pure
phase, and good crystallinity are appealing both scientifically
and technologically for applications.

Herein, we report the first use of PILs as effective
additives to modify the nucleation and growth of Bi2S3

materials from organic solvents, which leads to unique crystals
with highly tailored sizes, dimensions, and architectures, and
in consequence a tunable Eg owing to the quantum-size effect.
A broad set of characterization techniques confirms that the
participation of PILs can not only control the synthesis but
also enable surface electronic structure modulation, endow-
ing the resultant Bi2S3 to show highly enhanced electro-
catalytic performance. This was illustrated by an important
but difficult reaction, that is, the anodic water oxidation
reaction of water electrolyzers, where it can compete with the
reference RuO2 catalyst, while its commercial counterpart is
almost catalytically inactive. It is assumed that PIL additives
can be generalized to the morphogenesis of a wide range of
other functional materials, giving access to a broader tuning of
new functionalities and properties.

We selected commercially available or readily synthesized
PILs, including poly(1-methyl-3-(4-vinylbenzyl)-imidazolium
chloride) (PIL-1), poly(diallyldimethylammonium bis(tri-
fuoromethanesulfonyl)imide) (PIL-2), and poly(3-ethyl-1-
vinylimidazolium bromide) (PIL-3), as additives for experi-
ments, which all show exceptional solubility in N,N-dimethyl-
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formamide (DMF), a polar organic solvent that is commonly
used for conducting the synthesis of transition-metal chalco-
genides.[6a, 17] The syntheses were performed in a simple
solvothermal system, composing of mixtures of DMF, Bi-
(NO3)3, CH4N2S, and PILs in appropriate ratios, which were
then heated at desired temperature to induce crystallization
(Figure 1; see also the Supporting Information for exper-

imental details). Notably, the almost same synthesis with the
three PIL additives resulted in a significant morphological
diversity of the achieved materials, owing to their different
cations, anions, and backbone architectures that selectively
couple with specific crystal faces, to modulate and even
template consecutive growth, strongly evidencing the effec-
tive role of PILs in modifying the crystal growth pattern
(Figure 1). X-ray diffraction (XRD) patterns in Figure 2a
support the formation of a pure orthorhombic Bi2S3 phase
(JCPDS 170320), while lack of the PIL additive caused
impurities in the final product (Supporting Information,
Figure S1), suggesting the capability of PILs to suppress
other crystallization events.

We used various characterization techniques to identify
the morphology, crystal structure, and chemical composition
of as-prepared Bi2S3 crystals (Figure 2b–j, Supporting Infor-
mation, Figures S2–S7). Transmission electron microscopy
(TEM) image of Bi2S3 controlled by PIL-1 (Figure 2b) reveals
the presence of three-dimensional networks composed of
ultralong Bi2S3 nanowires (up to tens of micrometers).
Corresponding selected-area electron diffraction (SAED)
pattern shows polycrystalline features owing to the nano-
wires-constructed microstructure (Figure 2 b, inset). High-
angle annular dark-field scanning TEM (HAADF-STEM)
image in Figure 2c shows that the nanowires are flexible,
smooth and thin with diameter of about 12 nm. A high-

resolution TEM (HRTEM) image demonstrates the high
crystallinity of our Bi2S3 nanowires with resolved lattice
fringes of (211) and (220) planes, indicating that they grow
along the [110] direction (Figure 2d). Similar to some
previously reported 1D Bi2S3 nanostructures,[14a,b] this
growth direction deviates from the c axis. STEM elemental
mapping shows a uniform spatial distribution of Bi and S
(Supporting Information, Figure S2d). Furthermore, energy-
dispersive X-ray (EDX) spectroscopy reveals the presence of
N and Cl coming from PIL-1 (Supporting Information,
Figure S2c), indicating its participation in modifying the
Bi2S3 growth. Intriguingly, these Bi2S3 nanowires readily
form free-standing membranes as well as very thin film on
appropriate substrates, such as glass (Supporting Information,
Figure S3).

When the PIL-1 used in the Bi2S3 nanowire synthesis was
replaced by PIL-2, hexagonal Bi2S3 plates with edge lengths
ranging from 500 nm to1 mm were achieved (Figure 2e and f).
The SAED pattern of a typical Bi2S3 plate exhibits sixfold
symmetry and single-crystalline character (Figure 2 e, inset).
No defects or disorders are observed on the high-crystalline
Bi2S3 plates (Figure 2g), demonstrating the generation of very
high-quality crystals. STEM elemental mapping confirms the

Figure 1. High-quality Bi2S3 crystals with significant morphological
diversity are created by using various PILs as synthetic additives. Inset
in the red dotted circle shows the crystal structure of Bi2S3 projected
onto the (001) plane. Purple and yellow spheres indicate Bi and S
atoms, respectively.

Figure 2. a) XRD patterns of as-prepared Bi2S3 nanowires, Bi2S3 hexag-
onal plates, and Bi2S3 mesoporous sheets. b) TEM, c) HAADF-STEM,
and d) HRTEM images for Bi2S3 nanowires. Inset in panel (b) shows
the corresponding SAED pattern. e) TEM, f) HAADF-STEM, and
g) HRTEM images for Bi2S3 hexagonal plates. Inset in panel (e) shows
the SAED pattern taken on a typical plate. h) TEM, i) HAADF-STEM,
and j) HRTEM images for Bi2S3 mesoporous sheets. Inset in panel (h)
shows the SAED pattern taken on a typical mesoporous sheet.

Angewandte
ChemieZuschriften

13005Angew. Chem. 2016, 128, 13004 –13008 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


presence of Bi and S with uniform spatial distribution
(Supporting Information, Figure S4a), while the N and F
signals detected by EDX again reflect the presence of the
PIL-2 additive (Supporting Information, Figure S4b). As
mentioned above, the growth of Bi2S3 is highly 1D anisotropic
owing to its intrinsic crystal lattice symmetry.[15] The forma-
tion of the new 2D Bi2S3 structure therefore indicates strong
structural control enabled by the PIL-2, which can regulate
the growth rate of different crystallographic faces via selective
adsorption,[2] leading to the inhibition of 1D growth, as
confirmed by the observation of PIL-2 binding on the
achieved products (Supporting Information, Figure S5).

Interestingly, when the additive was switched to PIL-3,
very unusual mesoporous Bi2S3 sheets were formed, here in
the mixture solvent of DMF and ethanol, with lateral sizes of
up to 2 mm (Figure 2h). Close-up inspection of these crystals
shows that they are actually an assembled superstructure of
tiny Bi2S3 flakes (Figure 2 i, Supporting Information, Fig-
ure S6) with a mesopore size distribution between 2 to 4 nm
and Brunauer–Emmett–Teller (BET) surface area of
68 m2 g@1 (Supporting Information, Figure S7). HRTEM
image clearly confirms the presence of mesopores between
highly crystalline Bi2S3 nanocrystals (Figure 2 j). SAED taken
from a large area of a Bi2S3 sheet produces single-crystal
diffraction pattern (Figure 2h, inset), indicating the long-
range vectorial alignment of the crystalline flakes, which leads
to a new mesoporous single crystal,[2d] and it is, to the best of
our knowledge, the first such example for Bi2S3. In contrast, in
the absence of PIL additives, the exact same synthesis
produced microsized aggregates with impure Bi2S3 phase
(Supporting Information, Figure S1). Taken together with
studies described above, our results highlight the efficient role
of PILs in mediating the nucleation and growth of inorganic
materials in a size and shape specific fashion, that is,
morphosynthesis.

It is well-documented that bulk Bi2S3 displays an Eg of
about 1.3 eV and it has been intensively explored as a photo-
voltaic material.[7] However, for some applications such as
photocatalytic water splitting, this narrow Eg is not suffi-
ciently large to drive the uphill reactions with theoretical
energy requirements> 1.23 eV plus the known overpotentials
(Supporting Information, Figure S8). Our PILs-controlled
Bi2S3 crystals show a striking increase of the Eg (Figure 3),
presumably due to the quantum size effects arising from
a reduction of the crystal size.[18] An ultraviolet–visible (UV/
Vis) spectrum (Figure 3) reveals that the Bi2S3 nanowires
show an intrinsic semiconductor-like absorption in the red
region of the visible spectrum with an Eg of 1.95 eV
(Supporting Information, Figure S9). The Eg values of 2D
Bi2S3 mesocrystalline sheets and hexagonal plates are esti-
mated to be 1.73 and 1.54 eV, respectively, where the primary,
nanoscale flake-like assembly units of the mesoporous sheets
lead to more profound quantum size effects and thus larger Eg

value (Figure 3; Supporting Information, Figure S9). It is
noteworthy that PILs themselves do not contribute to the
observed Eg tunability (Supporting Information, Figure S10).
Photographs of the three as-made Bi2S3 crystals dispersed in
ethanol display varied colors (Figure 3, inset). Of note, the
Bi2S3 nanowires and hexagonal plates can form very stable

dispersions in ethanol, because of the electronic/steric pro-
tection resulting from residual PILs on crystal surfaces[19]

(Supporting Information, Figure S11), while Bi2S3 mesopo-
rous sheets in ethanol cause sediment, owing to only little
PILs maintained after synthesis, which will be discussed
beneath.

Fourier-transform infrared (FTIR) spectra (Supporting
Information, Figure S12) further confirm the formation of the
Bi2S3 phase, and moreover, show that certain PIL-1 and PIL-2
were retained after synthesis, in agreement with EDX and
HRTEM results (Supporting Information, Figure S2c, Fig-
ure S4b, Figure S5a,b). However, when PIL-3 was used, the
synthesis led to Bi2S3 mesostructures with very little additives
left on the surface (Supporting Information, Figure S12c),
which is because that the usage of PIL-3 was significantly
smaller as compared to those of PIL-1 and PIL-2 (see
Methods in the Supporting Information). Early reports have
demonstrated that polymer additives left at the surface, if with
an appropriate amount, can bring beneficial structural and
electronic regulations, offering modified crystal facets, defect
sites, or charged surfaces that enable promoted properties.[20]

Such a promotional effect is supposed to be remarkably
profound on PILs-modified materials, considering the pres-
ence of charged groups (cation and anion)[4a,c] that could allow
for superior charge-structure modulation.[21]

We thus examined the change of surface chemical bonding
of our prepared Bi2S3 crystals, with commercial Bi2S3 (Sup-
porting Information, Figure S13) for comparison, by means of
X-ray photoelectron spectroscopy (XPS) (Figure 4; Support-
ing Information, Figure S14 and S15). The binding energy of
the S 2s electrons decreases by about 0.6 eV (referenced to
the C 1s peak at 284.5 eV) for the three PILs-controlled
samples relative to that of commercial Bi2S3 (Figure 4, left). In
the Bi region (Figure 4, right), two sets of peaks correspond-
ing to 4d5/2 (441.9 eV) and 4d3/2 (465.5 eV) core levels are
observed for commercial Bi2S3, agreeing perfectly with
previously reported results.[22] The Bi 4d signals shift towards
higher energies, with increases by approximately 0.95, 0.41,

Figure 3. UV/Vis diffuse reflectance spectra of the as-prepared Bi2S3

crystals. Insets: photographs of corresponding Bi2S3 crystals dispersed
in ethanol.
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and 0.19 eV at 4d5/2 for PIL-1, PIL-2, and PIL-3 modified
Bi2S3, respectively (Supporting Information, Figure S14).
Previous experimental and computational studies showed
that charge transfer can occur from Bi to S and leads to
increased energy on Bi and decreased energy on S, respec-
tively, owing to the ionic feature of Bi2S3 crystal.[13] In the case
of PILs-modified Bi2S3, the energy gains on the Bi vary
significantly, while S shows constant energy loss, which
suggests that PILs coupled to the Bi2S3 surface supports
higher polarization of the Bi@S bond, leading to different
chemical/electronic environments and hence potentially dif-
ferent catalytic properties. The observation of N 1s signals,
which originate from PILs used only, provides evidence in
support of such polymer driven coupling effects, whereas on
commercial Bi2S3 no this signal was detected (Supporting
Information, Figure S15).

One of emerging interests on Bi2S3 materials aims for
exploring its photoelectrochemical catalytic capability,[23] but
its conjunction with a co-catalyst is commonly needed to trap
the photo-driven holes/electrons and consequently catalyze
the desired reactions. Developing photoactive materials those
are catalytically active themselves will simplify the electrode
design and improve the conversion efficiency.[24] We therefore
evaluated the ability of our crystalline Bi2S3 for catalyzing the
oxygen-evolving reaction (OER), the anodic-half reaction of
water electrolyzers, exploring a potential usefulness of their
diverse structures and modified electronic features. Figure 5a
compares the current densities achieved within a anodic
potential window onto fluorine-doped tin oxide (FTO)
electrodes modified with various catalysts in 0.1m KOH.
The featureless polarization curve for commercial Bi2S3

demonstrates that it is OER inactive. Scanning anodically
shows that the onset potential of OER occurs at approx-
imately 1.46 V versus reversible hydrogen electrode (RHE)
for the PIL-1 modified Bi2S3 nanowires, even approaching the
performance of a benchmark RuO2 catalyst. In contrast, Bi2S3

hexagonal plates mediate OER at larger overpotential (h) of

1.58 V, while Bi2S3 mesoporous sheets provide negligible
OER activity. Figure 5b shows that a Tafel slope of 52 mV per
decade was measured for the Bi2S3 nanowires, which is much
smaller than that of Bi2S3 hexagonal plates, and unexpectedly,
even smaller than that of RuO2, indicating the efficient
kinetics of O2 evolution catalyzed by PIL-1 modified Bi2S3

nanowires. Notably, the possibility of an OER enhancement
by PILs as such can be excluded, because they only affect
little OER activity (Supporting Information, Figure S16). We
thus attribute this superior activity of the Bi2S3 nanowires to
an electrocatalytic synergistic effect[25] between PIL-1 and
Bi2S3, which leads to modified surface electronic structure and
a formal higher Bi oxidation state, improving the catalytically
active sites on Bi2S3 for optimum O-intermediate adsorp-
tion.[26] Figure 5c and inset reveal that the Bi2S3 nanowires can
enable highly stable long-term stability. All these results
together highlight that PILs-promoted electrocatalysis is
possible on a conventionally catalytically inactive material.

In summary, we have introduced PILs as effective
additives that enable a remarkable level of control over
morphogenesis of Bi2S3 crystals, which should also allow the
access to controlled and sophisticated structures of other
inorganic materials, considering their self-structured features
and striking binding ability. The achieved Bi2S3 crystals
demonstrate tunable Eg, which is most likely due to the
quantum size effects. Intriguingly, Bi2S3 with appropriate PILs
modification was found to catalyze water oxidation efficiently
and robustly, although its commercial counterpart is catalyti-
cally inert. This promotional effect could be originated from
altered surface electronic properties of Bi2S3 that create
catalytically active sites.

Figure 4. High-resolution XPS spectra of the S 2s (left) and Bi 4d
(right) for the three as-prepared Bi2S3 crystals with the commercial
counterpart as reference. Inset: structural model of the Bi2S3 surface
modified with PILs.

Figure 5. a) Polarization curves for OER on modified FTO electrodes
comprising Bi2S3 crystals controlled from different PIL additives.
Catalyst loading is approximate 0.28 mg cm@2 for all samples. Sweep
rate: 10 mVs@1. b) Tafel plots for various catalysts derived from (a).
c) Chronoamperometric response (j–t) recorded from the as-prepared
Bi2S3 nanowires at a constant overpotential of 400 mV. Inset: photo-
graph showing O2 bubbles accumulated on the Bi2S3-modified FTO
electrode at the time point of 5 h. All the measurements were
performed in N2-saturated 0.1m KOH (pH&13).
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