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Flexible and Ultrasoft Inorganic 1D Semiconductor 
and Heterostructure Systems Based on SnIP
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Low dimensionality and high flexibility are key demands for flexible 

electronic semiconductor devices. SnIP, the first atomic-scale double helical 

semiconductor combines structural anisotropy and robustness with exceptional 

electronic properties. The benefit of the double helix, combined with a diverse 

structure on the nanoscale, ranging from strong covalent bonding to weak van 

der Waals interactions, and the large structure and property anisotropy offer 

substantial potential for applications in energy conversion and water splitting. 

It represents the next logical step in downscaling the inorganic semiconductors 

from classical 3D systems, via 2D semiconductors like MXenes or transition 

metal dichalcogenides, to the first downsizeable, polymer-like atomic-scale 1D 

semiconductor SnIP. SnIP shows intriguing mechanical properties featuring 

a bulk modulus three times lower than any IV, III-V, or II-VI semiconductor. In 

situ bending tests substantiate that pure SnIP fibers can be bent without an 

effect on their bonding properties. Organic and inorganic hybrids are prepared 

illustrating that SnIP is a candidate to fabricate flexible 1D composites for 

energy conversion and water splitting applications. SnIP@C3N4 hybrid forms 

an unusual soft material core–shell topology with graphenic carbon nitride 

wrapping around SnIP. A 1D van der Waals heterostructure is formed capable 

of performing effective water splitting.

DOI: 10.1002/adfm.201900233

1. Introduction

The development of semiconductors for 
electronic devices is driven by the need of 
miniaturization, increasing efficiency, flex-
ibility, and stability. Therefore, classical IV, 
III-V, or II-VI 3D semiconductors are fab-
ricated in nanoparticular form and applied 
for instance as quantum dots in numerous 
electronic devices.[1,2] The reduction of 
size leads to fundamental changes in the 
optical and electronic properties. Elec-
tronic excitations shift to higher energy, 
and the oscillator strength is concentrated 
into a few transitions. As a consequence 
of quantum confinement properties like 
bandgaps, melting points, or phase tran-
sition temperatures are tuned. If one 
focusses on the density of states (DOS) 
in semiconductor nanostructures with 
different dimensionality going from  
3D toward 1D and 0D, an increasing tex-
turing of the DOS leading to discrete 
energy levels in low-dimensional systems 

Hybrid Materials

Dr. C. Ott, F. Reiter, Dr. M. Baumgartner, M. Pielmeier, A. Vogel,  
P. Walke, Prof. T. Nilges
Department of Chemistry
Synthesis and Characterization of Innovative Materials group
Technical University of Munich
Lichtenbergstrasse 4, 85748 Garching, Germany
E-mail: tom.nilges@lrz.tum.de
S. Burger, M. Ehrenreich, Dr. G. Kieslich
Department of Chemistry
Crystal Chemistry of Functional Materials group
Technical University of Munich
Lichtenbergstrasse 4, 85748 Garching, Germany
E-mail: gregor.kieslich@tum.de
Dr. D. Daisenberger
Diamond Light Source Ltd
Harwell Science & Innovation Campus, Didcot OX11 0DE, UK
Dr. J. Armstrong
ISIS Facility
STFC Rutherford Appleton Laboratory
Didcot OX11 0QX, UK

U. K. Thakur, Dr. P. Kumar, Prof. K. Shankar
Department of Electrical and Computer Engineering
University of Alberta
11-384 Donadeo Innovation Centre For Engineering, Edmonton T6G 
1H9, Canada
E-mail: kshankar@ualberta.ca
Dr. S. Chen, Prof. D. Donadio
Department of Chemistry
University of California, Davis
One Shields Avenue, Davis 95616, CA, USA
L. S. Walter, Prof. R. T. Weitz
Physics of Nanosystems
Department of Physics
Ludwig-Maximilians-University Munich
Amalienstrasse 54, 80799 Munich, Germany
Prof. R. T. Weitz
Center for NanoScience (CeNS) and Nanosystems Initiative  
Munich (NIM)
Schellingstrasse 4, 80799 Munich, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201900233.

Adv. Funct. Mater. 2019, 1900233

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.201900233&domain=pdf&date_stamp=2019-03-13


www.afm-journal.dewww.advancedsciencenews.com

1900233 (2 of 15) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

can be observed.[1] Therefore, a consequent way of development 
in semiconductor science was to decrease the dimensionality 
and 2D systems like MXenes (graphene, phosphorene, 
silicene, and others) or transition metal dichalcogenides (TMD) 
emerged.[3–6] Here, the layered structure introduced a feature 
that was not easy to achieve with bulk phase 3D semiconduc-
tors namely, morphological (graphene and TMDs) and in some 
cases structural (phosphorene and silicene) anisotropy. Such 
systems also offer enhanced flexibility alongside with electronic 
properties emerging from quantum confinement, and they can 
be easily prepared and used as monolayer materials.

The reduction in dimensionality resulted in enhanced elec-
tron–electron interactions, which for instance results in giant 
bandgap renormalization excitonic effects, Dirac cones, topo-
logical states, and charge density waves as shown for TMDs.[7,8] 
Besides graphene, lacking of a bandgap, many other 2D mate-
rials like phosphorene or TMDs are semiconductors and can be 
applied in high-performance electronic devices. Field effect tran-
sistors have been made in 2014 with phosphorene[9] and in 2015 
with silicene.[10] Another interesting but nonclassical 2D semi-
conductor with intriguing mechanical properties is α-Ag2S.[11] 
This material offers a metal-like ductility due to weak van der 
Waals interactions within structure subunits and a fluent and 
highly dynamic change in bonding between Ag and S atoms.

A further exciting evolution step toward an optimized 
performance and oxidation stability (or less-pronounced 
air sensitivity) was the combination of semiconductors like 
2D materials to so-called van der Waals heterostructures.[12] 
Different 2D materials are connected by weak van der Waals 
interactions to generate heterostructures with unusual proper-
ties and exciting phenomena. Promising results are reported 
for instance for perowskite-type, lead iodide based thin film sys-
tems where a strong relationship between the photoexcitation 
dynamics and morphologies of the thin films was observed.[13] 
As shown recently, new preparation methods like autoperfora-
tion emerged which allows an effective production of 2D heter-
ostructures with remarkable chemical and mechanical stability 
also making a large scale production possible.[14]

The consequent next evolution step was to further reduce 
dimensionality to 1D-semiconductor systems. Element and com-
pound nanowire materials have been developed in the past years 
which offer an increased surface area and flexibility compared 
with 2D systems. If fabricated in almost atomic diameters,[15–17] 
either as freestanding, oriented, or randomly arranged systems, 
they offer enhanced flexibility and larger specific surface than 
the 2D counterparts. Here we report on selected physical pro-
perties of pure SnIP and SnIP heterostructure systems. Various 
organic polymers frequently used in batteries, solar cells, and 
thermoelectric applications, or C3N4 were successfully used to 
form heterostructures with SnIP. In the case of SnIP@C3N4  
heterostructures, a remarkable photoelectrochemical stability 
and spontaneous core–shell segregation were observed which 
illustrates the potential of double helical SnIP as a defined 1D 
material for semiconductor applications. In the SnIP@C3N4  
composites or heterostructures, the self-organization of C3N4 
wrapped around SnIP due to van der Waals interactions is 
an example of polymer-like behavior while the photoelectro-
chemical performance is contingent to the semiconducting 
behavior of SnIP.

2. Results and Discussion

Recently, SnIP, representing the first inorganic, atomic-scale, 
double helix compound, attracted reasonable interest due to 
its intriguing structural, electronic, and optical properties.[18] 
Two helices, a small [ ]1 P

∞

−  and a larger [SnI ]1
∞

+  helix nested 
the former into the latter in such a way that a double helix is 
formed. One left- and right-handed double helix are stacked 
along the crystallographic a-axis in a hexagonal array of rods. 
In Hermann–Mauguin notation, the two double helices pre-
sent in SnIP with opposite chirality, a left handed M-helix or 
a right handed P-helix, fulfill the rod groups p 732 and p 742, 
respectively.[19] Due to the anisotropic structural features with 
covalently-bonded helices and weak van der Waals-like interac-
tions between the double-helix rods, this material can be the 
ideal candidate to combine the beneficial properties of two 
classes of materials, the electric properties of an inorganic 
semiconductor, and the mechanical properties of polymer-like 
systems. The structural anisotropy of SnIP is manifested in the 
pronounced needle-like morphology and gives therefore rise to 
interesting direction-dependent phenomena. Well-defined ani-
sotropic physical properties are expected. First principle density 
functional theory (DFT) calculations were performed for the 
whole substance class of double helical MXPn compounds with 
M = group 14, X = group 17, and Pn = group 15 elements.[20] 
Promising electron mobilities are up to 2164 cm2 V−1 s−1 and 
good band level alignments of the valence and conduction band 
edges are for effective water splitting.[21]

2.1. Mechanical Properties of SnIP

In the first set of experiments, we focused our interest on the 
mechanical properties of SnIP. The response to (hydrostatic) 
pressures and in turn the mechanical properties of SnIP were 
investigated by employing high pressure powder X-ray diffrac-
tion (HPPXRD) (Table S2-1, Supporting Information). In the first 
step, HPPXRD experiments were performed using a diamond 
anvil cell (DAC) setup to overview the behavior of SnIP in the 
pressure range p = ambient to 4 GPa (see Figure 1a). During this 
experiment, SnIP was constantly illuminated by X-rays (energy of 
25.5 keV) for more than 20 h substantiating the stability against 
hard X-rays. Subsequent profile fits of the PXRD data allow for 
extracting the cell parameters as a function of pressure. Lattice 
parameters are given in Table S2-1 in the Supporting Informa-
tion. We observe anisotropic contraction upon the application 
of pressure, SnIP being more compressive within the bc-plane. 
This is in good agreement with the crystal chemistry of SnIP, 
in which the bc-plane is mainly governed by weak van der Waals 
interactions. Furthermore, the V(p) relation indicates that SnIP is 
a very soft material with relatively large changes of the unit cell 
as function of pressure. In a second experiment, we performed 
HPPXRD using a low-pressure cell (LPC) to access the V(p) 
relation at very low pressures, ensuring hydrostatic conditions 
during the experiment. The LPC setup is suitable for HPXRD 
in the pressure range p = ambient to 0.4 GPa (Figure 1a, purple 
crosses), being ideal for the investigation of very soft materials.[22]

The bulk modulus of SnIP was extracted by fitting a 3rd order 
Birch–Murnaghan equation of state to the V(p) values in the 
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compiled dataset between p = ambient to 0.5 GPa. We find a bulk 
modulus of K = 14.87 ± 1.01 GPa (K′ = 12.18; see Figure 1b and 
Supporting Information for details). Comparing this value with 
related materials with semiconducting properties like IV, III-V, or 
II-VI semiconductors, we find SnIP being the softest inorganic 
main group semiconductor currently known, see Figure 1c. The 
bulk modulus is three to seven times lower than such state-of-
the-art semiconductors. This certainly originates from the unique 
bond situation, with weak van der Waals interaction within the bc-
plane which facilitates a high compressibility, together with strong 
covalent interactions along the helices which allow a spring-like 
behavior and the formation of semiconducting properties.

In order to evaluate the bending properties of SnIP in more 
detail we investigated the Young’s modulus by the aid of atomic 
force microscopy (AFM) in nanoindentation mode along the 
double helix axis [100] for wires with different diameters. We 
found an averaged Young’s modulus in the order of 190 GPa 
for SnIP wires consisting of several helix strands, which is in 

the same order of magnitude as silicon with 175 GPa [111], 
130 GPa [100], and GaPn [100] with Pn = N, P, and As with 
191, 103, and 85 GPa, respectively.[23] A selected measurement 
is given in Figure 2a. Bending SnIP along the double helix axis 
is obviously as hard as bending IV or III-V semiconductors in 
selected directions which leads to the conclusion that the cova-
lently-bonded substructures in SnIP, the different helices and  
the dative ionic interaction between them (see ref. [17]) define 
the bending force. SnIP shows a Young’s modulus along the 
double helix axis which is comparable to steel reported to be 180–
200 GPa.[24] The flexibility in [010] and [001] is caused by the 
intrinsic nature of the SnIP structure, the double helical arrange-
ment itself, and the stacking of the double helices along the a-axis, 
which allows reversible bending in those directions without serious 
degradation. The interplay of both structural features account for 
the Young’s modulus in those wires which seem to consist of 
several helix strands. Of course, due to the strong anisotropy and 
direction dependency of the Young’s modulus on the one hand 
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Figure 1. a) Evolution of lattice parameters and cell volumes (black from DAC; purple crosses from LPC) of SnIP up to pressures of 4 GPa. b) The bulk 
modulus of K = 14.87 ± 1.01 GPa (K′ = 12.18) was derived from a 3rd order Birch–Murnaghan equation of state fit given in orange. Two independent 
sets of cell volume measurements were performed in a diamond anvil cell (DAC) and a low pressure cell (LPC, non-DAC). c) Crystal structure sections 
of SnIP (insets, blue P, grey Sn, purple I) and bulk modulus of SnIP in relation to selected inorganic semiconductors, elements, and liquids. 1: methanol; 
2: H2O; 3: glycerol; 4: iodine; 5: methane hydrate; 6: Rb; 7: Na; 8: Li; 9: Ba; 10: Hg; 11: Bi; 12: Al; 13: Pwhite; 14: Pblack; 15: Si; 16: Ge; 17: Sn; 18: Pb; 19: 
InSb; 20: AlSb; 21: GaSb; 22: InAs; 23: InP; 24: GaAs; 25: GaP; 26: CdTe; 27: CdSe; 28: ZnTe; 29: CdS; 30: ZnSe; 31: ZnS and d) thermal conductivity of 
SnIP as a function of phonon mean free path.
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Figure 2. a) Young’s Modulus determination by atomic force microscopy (AFM) measurements. Optical and AFM measurements of a suspended 
wire (wire 2) are shown. Two force–distance curves (Young’s modulus extracted as discussed in the Supporting Information) taken in the middle of 
the wire. b) In situ Raman spectroscopy on SnIP upon bending. 1–4) Raman microscope measurements on red circle, without bending 1), after 90° 
bending, first bending 2), after second 90° bending 3) and after full relaxation 4).
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and the different structures of Si and GaPn compared with SnIP 
on the other hand, a direct comparison of the Young’s moduli can 
only be regarded as the first estimate for the softness of the title 
compound. Further details concerning the determination of the 
Young’s modulus are given in the Supporting Information (Fig-
ures S1 and S2, Table S1-1, Supporting Information).

The question arose whether mechanical deformation 
(bending) of SnIP crystals will cause degradation or will have 
an impact on the bonding within the double helices. For van 
der Waals layered α-Ag2S where it was shown that this material 
prevents cleavage upon bending by sliding along the (100) Ag-S 
slip planes (slip direction is [001]).[11] In the case of 1D SnIP a 
slipping might occur in [100] parallel to the double helix strands.

Raman spectroscopy was selected as a tool to verify the influ-
ence of bending on bonding in SnIP. Quantum chemical cal-
culations were used to assign the main Raman modes and the 
phonons of SnIP (see Videos and Figures S3–S5 in the Sup-
porting Information). For both cases, spectra were recorded 
at room temperature and ambient pressure followed by a full 
assignment of the modes. In the following, the experiments are 
briefly discussed in detail.

According to our calculations we defined three distinct regions 
in the Raman spectrum, representing the interactions of the outer 
[SnI] helix at 120–150 cm−1 (Sn-I breathing region), the inner  
[P] helix at 350–380 cm−1 (P-P stretching region), and the interac-
tion between the inner [P] and the outer [SnI] helix (P-P breathing 
region; further details see Figure S3, Supporting Information). 
Correlating these regions with the crystal structure and bonding 
situation in SnIP, the Sn-I breathing region is determined 
by the strong Sn-I and the weak van der Waals interactions 
between the double helices. Upon a so-called breathing of the 
outer helix the forces are determined by the intra Sn-I interac-
tions realizing the bonding within the helix and the inter Sn-I 
interactions between adjacent double helix strands. According to 
previously reported DFT calculations[17] the energy of this inter 
double helix interaction of van der Waals type is about 25 kJ 
mole−1. The P-P stretching region is defined by the covalent PP 
bonding of the inner [P]-helix. Finally, the P-P breathing region 
represents the dative–ionic interaction between the outer posi-
tively charged [SnI] and the inner negatively-charged [P] helix. 
In situ Raman spectra were performed using SnIP crystals upon 
bending. As shown in Figure 2b, SnIP can be bent at least up to 
90° without a shift in Raman modes. Especially the strong Sn-I 
breathing mode at ≈129 cm−1 (observed) 125 cm−1 (calculated) 
is not affected by this mechanical deformation. This result is 
promising for an application of SnIP in flexible devices. We per-
formed quantum chemical calculations to determine the influ-
ence of high-pressure on highly flexible SnIP and to evaluate the 
pressure-dependent structure changes. Hence, we used the cell 
parameters determined up to 11 GPa in a DAC cell from our 
pressure-dependent experiments as fixed values and optimized 
the internal coordinates within the framework of DFT theory and 
using HSE06 functionals with Grimme D2 corrections (citations 
see materials section). Inter double helix distances between Sn 
and I of neighboring double helices, representing the origin of 
the weak van der Waals interactions, are the most affected ones 
as expected from the chemical bonding situation in SnIP. Upon 
pressure increase, the bond distances of Sn-I within the outer 
helix shrink from 3.2 Å (0.1 GPa) to 3.0 Å (11.5 GPa) while the 

inter double helix Sn-I distance goes down from 3.8 Å (0.1 GPa) 
to 3.3 Å (11.5 GPa). Nevertheless, we did not find a hint for a 
structural phase transition up to this pressure. All bond lengths 
determined for the different atom pairs are in sense full regions 
(see Figures S6–S8, Supporting Information).

2.2. Transport Properties of SnIP

We calculated the phonon spectra (Figure S4, Supporting 
Information) of SnIP with the aid of DFT and computed 
phonon-resolved contribution to heat transport. The thermal 
conductivity is in general very low, and anisotropic, with dif-
ferent values along (κa = 1.8 W m−1 K−1 at room temperature) 
and across the helices (κbc < 1 W m−1 K−1). Given the stark differ-
ence between the type of bonding along and across the helices, 
such small anisotropy is surprising. Across the double helices 
in the bc-plane we see a significantly lower value for the mean 
free paths of phonons than along the helices (See Figure 1a 
and the Supporting Information), indicating that there is still 
room for suppressing the axial component of the thermal con-
ductivity, either by introducing defects or in composites. While 
van der Waals interactions account for the low value of κbc, rela-
tively soft acoustic modes dictate the low thermal conductivity 
along the helices. Low values of κ may turn out interesting for 
both thermal insulation and thermoelectric applications.

Phonons were measured by inelastic neutron scattering (INS) 
and peaks were assigned relying by DFT calculations (Figure S5, 
Supporting Information). In good accordance with the Raman 
investigations we were able to distinguish between phosphorus 
and [SnI] phonons in the spectrum (see the Supporting Informa-
tion). The phosphorus motions can be broadly broken down into 
concentric helical breathing and twisting modes (442, 330/265 
cm−1). Stretching modes along the axis of the helices occur at 
339.6 cm−1. The fact that these two sets of modes are compa-
rable in frequency, yet involve spatial dimensions with varying 
mechanical properties indicates that the P motions are largely 
localized, and independent of the lateral interhelical interactions. 
A phonon mode of the outer Sn-I helix is localized at 99 cm−1.

2.3. SnIP-Based Hybrid Materials

Encouraged by these promising results we started to evaluate 
if SnIP hybrids with organic polymers can be synthesized. Dif-
ferent polymers were chosen as the polymer part in the hybrids 
due to their frequent usage in various applications as devices 
and membranes. We examined polyethylene glycol (PEO, solid 
electrolyte, batteries) and polyvinyl pyrrolidone (PVP), poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT/PSS, 
solar cells) or poly(3-hexylthiophen-2,5-diyl) (P3HT; solar cells), 
and fluorine/chloride doped C3N4 (water splitting) due to their 
importance for energy conversion and storage applications. 
In all cases, SnIP@polymer hybrids were synthesized by spin 
coating for thin films, and electrospinning to achieve fiber 
membranes. SnIP can be incorporated in all such polymers 
without the loss of its structural properties (see Chapter 3.1 and 
Figures S9–S12 in the Supporting Information) which qualifies 
it for a plethora of possible applications.

Adv. Funct. Mater. 2019, 1900233
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Another approach is to generate hybrid 1D like heterostruc-
tures of SnIP with carbon nanotubes. This was, for instance, 
successfully performed for elements like phosphorus[25,26] and 
selenium[27] in multiwalled carbon nanotubes. We conducted 
first principle DFT calculations including empirical dispersion 
corrections for SnIP@Carbon nanotube (CNT) heterostruc-
tures. Three different types of CNT, a metallic, semimetallic, 
and a semiconducting one, were selected based on their inner 
diameter to accommodate a single P-double helix (rod group 
p 742) of SnIP. According to our calculations, a (10,10), (18,0), 
and (19,0) CNT are the most suitable candidates for the stabi-
lization of single SnIP strands concerning simple space filling 
aspects of SnIP and the diameter of a given CNT (see Chapter 3.2  

and Figure S13 in the Supporting Information). Once realized, 
such heterostructures provide access to chiral right or left-
handed SnIP strands which may give rise to interesting topo-
logical quantum properties (e.g., Kramers–Weyl fermions[28]). 
Single SnIP strands are highly helicoidal, if not perfectly heli-
coidal, and could therefore exhibit quantized electronic effects.

We investigated one promising 1D heterostructure in more 
detail that is the combination of SnIP with halide-doped C3N4 
(Figure S14, Supporting Information). Fluorine and chlo-
rine co-doped C3N4 (CNFCl) were used to fabricate SnIP@
C3N4(F,Cl) thin-film devices for water splitting experiments 
(Figure 3a). A series of devices with compositions starting from 
10 wt% SnIP in C3N4(F,Cl) up to 90 wt% were fabricated. They 

Adv. Funct. Mater. 2019, 1900233

Figure 3. SnIP@C3N4(F,Cl) devices of different compositions were tested for water splitting properties. a) SnIP@C3N4(F,Cl) thin-film devices 
and scanning electron microscopy (SEM) pictures of bare CNFCl, SnIP/CNFCl_30, and SnIP/CNFCl_70 samples. b) UV–vis spectra of a series of 
SnIP@C3N4(F,Cl) devices. c) Impedance measurements of bare CNFCl, SnIP/CNFCl_30, SnIP/CNFCl_70, and SnIP devices. d) Photoluminescence 
lifetime measurements of bare CNFCl, SnIP/CNFCl_30, and SnIP/CNFCl_70 devices. e) Powder-XRD measurements of SnIP@C3N4(F,Cl) devices.  
f) Light response and current densities of bare CNFCl, bare SnIP, SnIP/CNFCl_30, and SnIP/CNFCl_70 devices. g) Current density versus potential 
curves for SnIP@C3N4(F,Cl) devices. h) Mott–Schottky measurements performed in 0.5 M NaSO4 solution featuring flat band positions for SnIP, 
CNFCl, 30% SnIP/CNFCl, and 70% CNFCl at −0.15, −0.28, −0.24, and −0.07 V versus Ag/AgCl, respectively.
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will be called SnIP/CNFCl_X with X = 10, 20, …, 90 in the fol-
lowing. Three representative devices are shown in Figure 3a 
(further details in Figure S15, Supporting Information). UV–vis 
spectra in Figure 3b clearly show the two distinct absorption 
band edges, corresponding to CNFCl at ≈420 nm and to SnIP 
at ≈650 nm for the different samples. The CNFCl displayed a 
peak at ca. 300 nm due to π–π* transition and another peak at 
ca. 380 nm with an extended band tail up to 500 nm originated 
due to n–π* transition. For the SnIP/CNFCl the UV–vis absorb-
ance was strongly increased in the visible spectral region with 
a sharp band edge at 690 nm clearly indicating improvement 
of visible light absorption by SnIP/CNFCl composite. Further, 
the bandgap of materials was determined with the help of Tauc 
plots. The bandgap of CNFCl was found to be 2.41 eV, slightly 
lower than previously reported method for F doped g-C3N4

[29] 
which might be due to formation of sheets and intercalation 
of some chlorine. The SnIP/CNFCl composites show two band 
edge positions corresponded to CNFCl and SnIP at 2.39 and 
1.70 eV respectively. For higher SnIP content, the band edge is 
red-shifted to 1.50 eV due to the dominant contribution of SnIP 
in photon absorption pattern (Figure 3b).

All devices were subject to extensive characterization. 
Adding SnIP to CNFCl does not significantly change the resis-
tivity (Figure 3c) of the thin film device and SnIP remained 
crystalline after the fabrication process (cf. Figure 3e). The XRD 
diffractogram of CNFCl display a broad reflection at 2θ values 
≈27.1° corresponded to (002) planes with a 0.33 nm interlayer 
d than that reported for pristine g-C3N4 (0.32 nm) which was 
assumed to be due to increased repulsion owing to out-of-plane 
F atoms. SnIP exhibits various XRD reflections at 2θ values of 
24.1°, 27.4°, 29.1°, 30.4°, 31.6°, 32.3°, 34.1°, 40.1°, and 44.5° in 
excellent agreement with the previous literature. On mixing 
and wrapping CNFCl around the SnIP nanorod structure, as 
the wt% of SnIP in the blend is increased, the peak at ≈27.1° 
for CNFCl weakens and the peaks of SnIP begin to strengthen 
in intensity. Steady state PL spectra (Figure S16, Supporting 
Information) of CNFCl show an intense and broad PL peak 
at centered at 481 nm, which is indicative of radiative recom-
bination process of photogenerated charge carriers. For SnIP 
the PL peak intensity was extremely small. After coating of 
CNFCl on SnIP nanorod structure, the PL intensity of CNFCl 
was decreased significantly which was assumed due to effi-
cient charge separation process. Further to investigate nature 
of charge carrier recombination processes and their lifetime, 
we have performed time resolved photoluminescence lifetime 
(TRPL) measurement by using 405 nm excitation laser. The PL 
decay curve of the CNFCl and SnIP can be fitted triexponen-
tially using following equation

e e e1
/

2
/

3
/1 2 3I t A A At t t)( = + +

τ τ τ− − −  (1)

where, A1, A2, and A3 represent normalized percentage of 
each decay components and τ1, τ2, and τ3 are e lifetime of each 
decay components respectively. The presence of three PL life-
time decay components in PL lifetime decay curve of CNFCl 
was in good agreement with previously reported literature and 
originated due to interband π*–π, π*–LP and trap assisted 
recombination within sheets respectively.[30,31] The effective 
lifetime (τeff) which is more accurate and rational measure 

of charge carrier separability was calculated using following 
expression.

/eff 1 1
2

2 2
2

3 3
2

1 1 2 2 3 3A A A A A Aτ τ τ τ τ τ τ)( )(= + + + +  (2)

The average lifetimes of CNFCl, 10% SnIP/CNFCl, 20% 
SnIP/CNFCl, 30% SnIP/CNFCl, and 70% SnIP/CNFCl were 
found to be 4.57, 4.85, 4.67, 4.77, and 4.54 ns respectively, 
which revealed an efficient charge separation process, which 
was assumed to occur due to efficient coating and breaking 
of interlayer hydrogen bonding between the wrapped CNFCl 
sheets.[32]

2.4. Application of SnIP Hybrids

The beneficial properties explained above encouraged us to 
measure the activity of the SnIP@CNFCl hybrids in photo-
electrochemical water splitting. By themselves, SnIP and 
CNFCl are subject to severe leaching in aqueous electrolytes 
and the photoelectrochemical performance of each is very poor 
due to leaching and charge transfer problems (Figure 3f,g). 
However, the SnIP@CNFCl hybrids displayed very promi-
sing photoelectrochemical performance (Figures 3f,3g) 
and extended durability of the photoresponse (Figure 3f). 
The photocurrent density of pristine SnIP was found to be 
23 µA cm−2 during on–off cycle. The light response was 
checked for bare C3N4(F,Cl) as well as selected SnIP@
C3N4(F,Cl) hybrid devices, as shown in Figure 3f. While 
C3N4(F,Cl) and the SnIP/C3N4(F,Cl)_70 sample show almost 
the same current density of 160–170 µA cm−2 in on/off meas-
urements, an optimized ratio of the two components in SnIP/
C3N4(F,Cl)_30 led to a significant almost fourfold improve-
ment resulting in a current density of 0.6 mA cm−2. Such a 
remarkable improvement in both the photoelectrochemical 
stability and photoelectrochemical performance of the SnIP@
CNFCl hybrids over the stand-alone SnIP and CNFCl photo-
anodes stimulated further characterization to understand the 
structure of the heterojunction.

To elucidate the energy level alignment in the hybrids, Mott–
Schottky measurements were performed in 0.5 M Na2SO4 solu-
tion (Figure 3h). The flat band positions from Mott–Schottky 
plot for bare SnIP, CNFCl, 30% SnIP/CNFCl, and 70% CNFCl 
were found to be at −0,15, −0.28, −0.24, and −0.07 V versus Ag/
AgCl, respectively. The wrapping of CNFCl on SnIP nanorod 
structures (see next paragraph) leads to n-type behavior of the 
hybrids. Further to determine the position of valence band (VB) 
X-ray photoelectron spectroscopy (XPS) spectra were collected 
and extrapolation of linear region on X and Y scale and point of 
intersection gave the position of the valence band with respect 
to the Fermi level. From the valence band XPS spectra (VB 
XPS), the valence band maxima (VBmax) of pristine SnIP and 
CNFCl were determined to be 1.19 and 2.27 eV. The value of 
VBmax for 30% SnIP/CNFCl was calculated to be 1.83 eV which 
was intermediate between VBmax of pristine CNFCl and SnIP 
respectively (Figure S21, Supporting Information).

To understand the performance increase for the 30% SnIP/
CNFCl hybrids we investigated this material in more detail. 
The high resolution transmission microscopy (HRTEM) 
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image of 30% SnIP/CNFCl composite shows a clear 1D core–
shell nanorod morphology with a diameter of ≈80–90 nm, 
consisting of a dense SnIP core (≈40–50 nm) and sparse 
CNFCl shell wrapping the SnIP (Figure 4a–c). However, the 
thickness of CNFCl shell was not constant and varied from 

12–25 nm. High magnification HRTEM images show higher 
d spacing (0.65 nm) Moire fringes (Figure 4d–f). The Moire 
fringes are usually observed in layered materials and origi-
nate from mismatched superimposition (dislocation or rota-
tional) of two lattices with identical or very small difference 

Adv. Funct. Mater. 2019, 1900233

Figure 4. HRTEM images of 30% SnIP/CNFCl showing CNFCl wrapped SnIP nanorods at a,b). 100 nm scale bar showing average thickness of CNFCl 
enwrapped nanostructures, c) image at 20 nm scale showing inner SnIP core and CNFCl wrapped shell, d) enlarged image at 10 nm depicting Moire 
fringes and shell of CNFCl, e) image at 5 nm scale showing lattice fringes of CNFCl shell, f) showing zoomed view of Moire fringes and g) zoomed 
view of shell showing two spacing of CNFCl sheets.
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in d spacing. The presence of Moire fringes implicates that 
process of few layered CNFCl sheets folding on SnIP cores 
leads to lattice mismatch (probably rotational) and prevents 
perfect π–π stacking. Additionally, the HRTEM image at 5 nm 
scale bar also shows lattice fringes with smaller d spacing of 
0.32 nm corroborated to (002) planes of multilayered sheets 
with graphitic structure. The presence of CNFCl sheets 
wrapped around SnIP nanorods was validated by quantitative 
elemental mapping which displays the relative concentration 
of various elements in a single core–shell nanorod measured 
in scanning transmission electron microscope (STEM)  mode 
(Figure 5). Figure 5a displays the bright field electron images 
of 30% SnIP/CNFCl and the area of scanning. The elemental 
mapping of SnIP/CNFCl shows equally intense and evenly dis-
tributed concentration of Sn, I, and P in the center of scanned 
area confirms presence of SnIP core (Figure 5b–d) while the 
higher concentration of C, N, F, and O at the outer shell con-
firms the presence of CNFCl wrapped shell (Figure 5e–h). Fur-
ther, integration of images on RGB (red, green and blue) scale 
to determine comparative distribution C, N and F to Sn, I and 
P clearly demonstrates dense SnIP core surrounded by CNFCl 

shell and confirms the SnIP/CNFCl core–shell structure 
(Figure 5i–l). Additionally, EDX spectra of mapped area show 
presence of Sn, I, P, C, N, and F elements with ≈3:4 C:N at% 
ratio, and further confirms the SnIP/CNFCl core–shell mor-
phology (Figure S17a, Supporting Information). Elemental line 
scan to verify an even distribution of CNFCl over SnIP nanorod 
structure indeed shows an even distribution of C, N, and F with 
high signal intensities for Sn, I, and P at the center confirming 
that SnIP nanorods were efficiently covered with CNFCl sheets 
(Figure S17b, Supporting Information).

High resolution X-ray photoelectron spectroscopy (HRXPS) 
was employed to unveil the surface chemical composition 
(Figure 6). There was no indication of chemical bonding 
between SnIP and CNFCl, thus lending support to the strong 
interaction between the two materials being governed entirely 
by weaker van der Waals forces. Various peaks in the XPS survey 
scan of SnIP (Sn3d, I3d, P2p), CNFCl (C1s, N1s, F1s), and 30% 
SnIP/CNFCl (Sn3d, I3d, P2p, C1s, N1s, F1s) confirm the pres-
ence of all the relevant elements in the materials (Figure S18a, 
Supporting Information). The deconvoluted HRXPS spectra 
of pristine SnIP in Sn 3d region gave two peaks centered at 
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Figure 5. Scanning transmission electron microscope (STEM) elemental mapping of 30% SnIP/CNFCl a) high-angle annular dark field (HAADF) 
image, and mapping for b) Sn, c) I, d) P, e) C, f) N, g) F, h) O, and RGB images i) C (red), F (green), N (blue), j) Sn (red), I (green), P (blue), k) Sn 
(red), I (green), C (blue), l) Sn (red), I (green), and N (blue).
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binding energy (BE) 487.05 and 495.50 eV corroborated to  
Sn3d5/2 and Sn3d3/2 components which reveals the presence of 
chemically equivalent Sn2+ (Figure S18b, Supporting Information).  

The HRXPS in I3d region depicted two peak components 
at binding energies 619.32 and 630.91 eV. While the peak in 
P2p region can be split into two peak components located at 

Adv. Funct. Mater. 2019, 1900233

Figure 6. HRXPS core level spectra of 30% SnIP/CNFCl in a) Sn3d, b) I3d, c) P2p, d) C1s, e) N1s, and f) F1s regions.
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133.57 eV assigned to crystallographically different P species in 
SnIP (Figure S18c, Supporting Information) and at 139.44 eV 
(caused by phosphate due to oxidation processes as reported for 
different phosphides in[33–40]). The HRXPS spectrum of CNFCl 
in C1s region after deconvolution gave peak components 
located at BE values of 284.5, 286.12, and 288.12 eV assigned to 
adventitious and sp3 hybridized C, CN, and NCN2 carbons 
in g-C3N4.[41] Further, deconvoluted N1s spectra show four peak 
components at binding energies of 398.58, 399.90, 401.17, and 
404.40 eV, which were assigned to CNC, N(C)3, HNC2 
and π–π* confirming a well ordered g-C3N4 structure.[42] 
Further, F1s XPS shows one intense peak at a binding energy 
of 686.13 eV confirming successful doping of F atoms in the 
carbon nitride scaffold. Additionally, the presence of a single 
peak component in the O1s region at a BE value of 532.04 eV 
originates from surface adsorbed water and -OH moiety. The 
XPS spectra of 30% SnIP/CNFCl display all the peaks corre-
sponding to SnIP and CNFCl.

3. Conclusion

SnIP has proven to be a highly flexible and stable 1D semicon-
ductor for 1D semiconductor devices. In situ Raman spectros-
copy substantiated the robustness and flexibility of SnIP upon 
bending, featuring an unaffected bonding within the single 
helices. SnIP show a comparable Young’s modulus like steel 
along the double helix axis while the bulk modulus of bare SnIP 
is remarkably low, being approximately four times smaller than 
any state-of-the-art inorganic group IV, III-V, or II-VI semicon-
ductors. Due to its structure, SnIP shows polymer-like behavior 
which is unusual for a pure inorganic material. Its structural 
anisotropy is also reflected in the thermal transport properties. 
According to DFT calculations, SnIP shows a very low and ani-
sotropic, thermal conductivity with significantly shorter mean 
free pathways for phonons perpendicular than along the double 
helices. Heading toward the first atomic-scale chiral inorganic 
semiconductor, first principle calculations regarding the exist-
ence and possible formation of single SnIP double helix@CNT 
heterostructures were successful and reasonable metallic, semi-
metallic and semiconducting CNTs were identified as possible 
hosts.

Based on the anisotropy of SnIP, its ability to be delami-
nated into small nanofibers, and the weak van der Waals 
bonding among SnIP double helices and to neighbored spe-
cies, this material offers remarkable mechanic properties. 
Different important nonconductive/conductive polymers and 
halide-doped C3N4 were selected for the successful fabrica-
tion of thin-film and electrospun hybrid materials as well as 
1D heterostructures. SnIP is stable in such environments and 
therefore defines a solid basis for future application in energy 
conversion and storage processes. Especially the ability of 
SnIP to coordinate to extended π systems offers great oppor-
tunities for functionalization and heterostructure formation 
with organic and inorganic compounds. 1D van der Waals 
type SnIP@C3N4(F,Cl) hybrids were tested for water splitting 
purposes. An almost fourfold increase of the water splitting 
tendency was observed for a SnIP:C3N4(F,Cl) 30:70 hetero-
structure device. Besides 3D quantum dots, the large family 

of layered or so-called 2D semiconductors, strongly anisotropic 
1D SnIP and its heterostructure representatives are prom-
ising candidates of a new class of flexible semiconductors 
with a great potential in materials science and energy related 
developments.

4. Experimental Section

Synthesis of SnIP: SnIP was prepared from the elements in a solid 
state short-way transport reaction according to the procedure described 
in the literature (17). 48.3 mg Tin (99.99%, VWR CHEMICALS), 16.8 mg 
red phosphorous (> 99.999%, CHEMPUR), and 84.9 mg SnI4 were mixed 
and sealed in a silica glass ampule under vacuum (ρ < 10−3 mbar).  
Phase pure SnI4 was prepared according to literature.[43]

The ampoule (length 6 cm) was placed in a NABERTHERM Muffle 
Furnace (L3/11/330) with the educts located close to the heating plates 
and the empty part of the ampoule toward in the cooler middle part of 
the oven. The mixture was then heated up to 673 K within 4 h, kept at 
this temperature for 48 h within the natural temperature gradient of the 
muffle furnace, and cooled down to room temperature in 120 h afterward.

Phase purity was checked prior to all following experiments by 
powder X-ray phase analysis and semiquantitative EDX analyses. SnIP 
was phase pure within the detection limit of X-ray diffraction and EDX 
analyses showed the expected atomic ratio of 1:1:1 for Sn:P:I. No other 
impurities were found.

Chemical Exfoliation of SnIP: SnIP needles were mechanically ground 
in an agate mortar and suspended in toluene or water. The mixture 
treated with an IKA T18 digital ULTRA TURRAX at 13 000 rpm for 
10 min. To achieve even smaller particles the suspension was treated 
with a SONOPLUS ultrasonic-homogenizer from BANDELIN for 10 h. 
This approach yields in nanorods with diameters smaller than 25 nm. 
The suspension was dried under vacuum to obtain a homogeneous 
powder. The product was analyzed via an optical light microscope from 
LEICA DM 1750 M (10 × 100 magnification), powder diffraction and 
scanning electron microscopy.

Film Formation, Coating Methods, and Electrospinning: The different 
polymers were dissolved in a suitable solvent and stirred for an hour. 
SnIP was added to the polymer solution and stirred until a homogeneous 
10:1, 1:1, or 1:10 suspension was achieved. The suspension was drop 
coated, spin coated, or solution casted onto a glass microscope slide and 
dried at room temperature. If the polymer was unstable under ambient 
conditions, the procedure was conducted under inert conditions, in the 
dark or at a reduced temperature. The homogeneity of the formed films 
was verified via optical light microscopy (LEICA DM 1750 M, 10 × 100 
magnification) and scanning electron microscopy.

The electrospinning solution was prepared by dissolving PEO 
(7.95 mmol, 0.35 g) in 5 mL acetonitrile (VWR, > 99.8, H2O < 30 ppm). 
After 1 h SnIP was added in a PEO:SnIP weight ratio of 10:1 or 1:1. 
The obtained suspension was stirred 24 h for homogenization. The 
whole process was performed in a flask under an argon atmosphere. 
Subsequently, the solution was used for electrospinning in a self-
made electrospinning apparatus described elsewhere.[44] During 
electrospinning a 0.9 mm (inner diameter) injector was used at a 
flow rate of 3.5 mL min−1 and an acceleration voltage of 10.9 kV. To 
aim for membranes with aligned fibers, a collector consisting of two 
parallel, separately grounded, aluminum plates was used. The obtained 
membranes were dried under vacuum for 24 h prior to analysis.

Formation of SnIP–CNFCl Hybrids: For the synthesis of SnIP/
CNFCl composites, 30 mg mL−1 suspension of CNFCl was 
prepared in chlorobenzene by sonicating 4 h followed by addition of 
calculated wt% amount (10–90 wt%) of SnIP. The obtained mixture 
was sonicated for 30 min and later stirred for 24 h to get CNFCl 
enwrapped SnIP nanocomposite (SnIP/CNFCl). The afforded SnIP/
CNFCl nanocomposite was dried by evaporating chlorobenzene. For 
comparison, control samples of SnIP and CNFCl was also prepared 
under identical conditions.
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Quantum-Chemical Calculations: Pressure dependent calculations 
were performed in the framework of DFT using the Crystal14 code.[45] 
For the contemplated elements effective core pseudopotential (ECP) and 
all electron valence basis sets were used.[46] With shrinking factors of 8 
and 8, creating a Pack–Monkhorst net of 170 k-points in the irreducible 
part of the reciprocal unit cell, delivered reliable results. The pressure 
was simulated by reducing the respective unit cell axis lengths in steps 
of 2% of the axis lengths. For a better description of the weak dispersion 
interactions between the double helical strands, the Grimme D2 
dispersion was applied.[47]

Phonon dispersion relations and thermal transport were computed 
by first-principles DFT calculations within local density approximation 
(LDA) of the exchange and correlation functional,[48] using the Quantum-
Espresso package.[49] Core electrons were approximated using Projector-
Augmented Wave (PAW) pseudopotentials,[50,51] and the Kohn–Sham 
wave functions were expanded on a plane wave basis set with a cutoff 
of 60 Ry (816 eV). The charge density was integrated on 4 × 4 × 2 
Monkhorst–Pack meshes of k-points.[52] The convergence thresholds for 
electronic self-consistent calculation and for ionic relaxation were 10−12 Ry  
and 10−4 Ry/au, respectively.

Harmonic second order interatomic force constants (IFCs) and 
phonon spectra were computed using density-functional perturbation 
theory (DFPT)[53] with 4 × 4 × 2 q-mesh. Anharmonic third order IFCs 
were computed by finite differences (∆x = 0.01 Å), in a 2 × 2 × 1 a 
supercell containing 168 atoms, with a cutoff interaction distance up to 
the 6th shell of neighbors. Translational invariance of the anharmonic 
force constants was enforced using the Lagrangian approach.[54] With 
the second and third order IFCs, the thermal conductivity of SnIP was 
computed by solving the phonon Boltzmann transport equation (BTE) 
with an iterative self-consistent algorithm, using the ShengBTE code[54] 
with q-point grids up to 12 × 12 × 6, considering phonon-phonon and 
isotopic scattering.[55]

Ab initio calculations on SnIP@CNT heterostructures were performed 
using the Crystal17 code.[56] Due to the size of the systems the GGA-
level functional from Perdew, Burke, and Enzerhof (PBE)[57,58] was used 
to optimize the geometry as a 1D material. The converged structures 
were restarted with the HSE06 functional[59,60] for better comparability. 
For contemplated elements, LCAO-basis sets with an effective core 
pseudopotential (ECP) and an all electron valence were chosen. With the 
shrinking factors of 10 and 10, a Pack–Monkhorst net[52] was converged 
in the reciprocal space. The structures were optimized with (and without) 
assumed strong dispersion forces following the Grimme scheme.[47] For 
the visualization of the structures the graphical surface of the JMOL 
package was used. The electronic properties (band structure, DOS, and 
frequency) were calculated with the Crystal17 properties setup[56] and 
visualized by the CRYSPLOT online tool from the University of Torino.[61]

Morphology, Structure, Composition, and Optical Properties: 
Semiquantitative elemental analyses were performed using a JOEL 
JCM-6000 NeoScop scanning electron microscope with an integrated 
JOEL JED-2200 EDS unit. The acceleration voltage was 15 kV. The 
measured composition was in good agreement with the nominal 
composition. No impurities were detected. The field emmission 
scanning electron microscopy (FESEM) elemental mapping and 
energy dispersive spectrometry (EDS) was acquired on Zeiss Sigma 
FESEM w/EDX&EBSD integrated with Oxford AZtecSynergy system 
working at 15 kV acceleration voltage. The acquisition time for 
collecting elemental scan was 300 s. HRTEM for determining ultrafine 
morphological features, EDX elemental mapping, and bright field 
images of materials were recorded on a JEOL 2200 FS TEM/STEM 
equipped with STEM EDX detector, operating at an acceleration voltage 
of 200 keV. The samples for HRTEM were prepared by deposition of 
very dilute suspension of sample in methanol on a lacy carbon coated 
copper TEM grid followed by drying under table lamp. The system-
generated dm3 HRTEM files were processed with Gatan micrograph 
to determine size and interplanar d spacing while elemental mapping 
files were processed with INCA Energy to extract 16-bit depth files and 
later processed in Gatan micrograph to derive RGB images. The surface 
chemical nature and binding energy of various elements in samples 

were determined with XPS employing XPS (Axis-Ultra, Kratos Analytical) 
instrument endowed with monochromatic Al-Kα source (15 kV, 50 W) 
and photon energy of 1486.7 eV under ultrahigh vacuum (≈10−8 Torr). 
To assign the binding energy of various elements the C1s XPS peak 
of adventitious carbons at binding energy BE ≈ 284.8 eV was used as 
standard for carbon correction. Acquired raw data were deconvoluted 
into various peak components by using CasaXPS software and exported 
.csv files and plotted in origin 8.5. The crystalline features and phase 
structure of materials were executed with powder X-ray diffraction 
(XRD) recorded on Bruker D8 Discover instrument using Cu-Kα 
radiation (40 kV, λ = 0.15418 nm) equipped with a LynxEYE 1D detector. 
The spectra were recorded in a range of 2θ value 20–70° with a scan 
size 0.02°. The absorption properties of materials in UV–vis region were 
determined by diffuse reflectance UV–vis (DR UV–vis) using a Perkin 
Elmer Lambda-1050 UV–vis–NIR spectrophotometer equipped with an 
integrating sphere accessory. The steady state photoluminescence (PL) 
spectra to investigate photoluminescence behavior of materials were 
executed by using Varian Cary Eclipse fluorimeter armed with xenon 
lamp excitation source with a slit width of 5 nm. The PL lifetime decay 
curve of materials was determined with TRPL using a homemade single 
photon counting. A 405 nm picosecond diode laser (Alphalas GmbH) 
operated at a frequency of 13 MHz was used to excite the samples, and 
a Becker-Hickl HPM-100-50 PMT interfaced to an SPC-130 pulse counter 
system to collect signals. The response time of setup was ≈100 ps.

Raman Spectroscopy on SnIP: Raman spectra of pure SnIP and hybrids 
were obtained by a SENTERRA Spectrometer (BRUKEROPTICS GmbH) 
equipped with a 532 nm laser, between 0.1 and 1% power (1 mW) and 
an integration time between 30 and 250 s. The magnification was of 
50× (slide 50 × 1000 µm, zoom lens 50 long distance).

Inelastic Neutron Scattering on SnIP: High-resolution INS 
measurements on a 3 g powder sample in a flat aluminum cell of cross-
sectional area 4 × 4.8 cm2 were performed at the inverted-geometry 
neutron spectrometer TOSCA,[62] spanning energy transfers up to 
4000 cm−1, at the ISIS Pulsed Neutron & Muon Source, Rutherford 
Appleton Laboratory, United Kingdom. The spectral resolution of TOSCA 
was similar to that of infrared and Raman techniques, being ≈2% of the 
energy in question. The sample was studied at low temperature (≈10 K) 
using a dedicated closed-cycle helium refrigerator, so as to minimize the 
effect of the Debye Waller factor, thus allowing to fully distinguish the 
individual peaks. Data were reduced with the Mantid software.[63] DFT 
phonon calculations were compared directly to the data from TOSCA via 
data processing in the software package AbINS.[64]

High Pressure Synchrotron Experiments: All high-pressure powder 
X-ray experiments were performed at the beamline I15 at the Diamond 
Lightsource, UK with an X-ray wavelength of 25.5 keV (Ag K edge). For 
Diamond Anvil Cell experiments, DACs with Diamonds with 750 µ in 
diameter were used with Daphne oil 50 as pressure transmitting medium 
and ruby fluorescence as pressure calibrant. Daphne oil is known 
to behave hydrostatic until a pressure of approximately p = 0.9 GPa. 
However, HPXRD DAC experiments were performed in the pressure 
range p = ambient to 4 GPa. For the DAC measurements a 2D Mythen 
area detector was used, of which the sample-to-detector distance was 
calibrated prior to the experiment with a CeO2 standard. High-pressure 
experiments in the low-pressure regime between p = ambient to 
0.4 GPa in 250 bar steps were performed by using a self-built high-
pressure cell (https://www.imperial.ac.uk/pressurecell/). Similar to the 
DAC experiments, Daphne oil 50 was used as pressure transmitting 
medium. In the case of these experiments, a 2D PerkinElmer detector 
was used and the sample-to-detector distance calibrated with using 
CeO2 as standard. It should be noted that during sample loading, the 
sample-to-detector distance might be affected, which was taken care of 
in the profile fit analysis. The 2D detector files of both experiments were 
compiled to 1D HPPXRD data by using DAWN.

Powder Diffraction (PXRD): Phase analysis of the nanostructured SnIP 
powder and the obtained hybrid films was conducted using X-ray powder 
diffraction. The unit cell parameters were determined with the software 
suit STOE WINXPOW.[65] The crystal parameters of SnIP were taken 
from the literature.[17] All analyzed samples were ground in an agate 

https://www.imperial.ac.uk/pressurecell/
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mortar, placed between two stripes of SCOTCH MagicTM 810, 3M tape 
and fixed onto a flat sample holder. The measurements were conducted 
using Cu-Kα1 radiation (λ = 1.54051 Å, Ge(111) monochromator) on 
a STOE Stadi-P powder diffraction diffractometer, equipped with a 
DECTRIS MYTHEN 1K detector. The measurements were conducted in a 
range between 5° and 90° 2θ within 15 min.

High Pressure PXRD Analysis: Profile fits of the obtained HPPXRD 
data were performed with TOPAS academic v5. As mentioned above, 
the sample-to-detector distance of the LPC possibly changes due to 
sample mounting. Therefore, HPPXRD data of the LPC setup was 
initially calibrated against the V(p = ambient) volume of the DAC 
experiments. The obtained values, and particularly the slopes of 
both datasets were in very good agreement (see Figure 1b in the 
manuscript). Additionally, attention was paid to the evolution of 
the full-width of half maximum (FWHM) as a function of pressure. 
While there was no significant change of the FWHM of the LPC 
experiment, an onset of increasing FWHM was found for the DAC 
experiments at around ≈1.1 GPa which was in good agreement with 
the reported hydrostatic limit of Daphne oil of ≈0.9 GPa. Furthermore, 
an Ff-plot (strain vs normalized pressure), points at the presence of 
a pressure induced phase transition in SnIP at around 0.6 GPa which 
was not visible by normal inspection of the PXRD pattern. Since the 
bulk modulus was not defined over a phase transition, only five data 
points from DAC experiments could be used for the analysis of the 
bulk modulus in the range p < 0.6 GPa. To obtain the bulk modulus 
to the highest possible accuracy, LPC experiments were performed 
and the bulk modulus obtained from both fitting a Birch–Murnaghan 
equation of state to the compiled dataset, obtaining a bulk modulus 
of K = 15.45 (with K′ = 8.21 GPa). In order to test the accuracy of the 
bulk modulus against measurement errors due to different cell setups, 
the bulk moduli of the single measurement were also calculated to 
K(LPC) = 15.1 GPa and K(DAC) = 16.1 GPa. Hence, the error of the 
bulk modulus of was estimated to be ≈5%.

Thermal Analysis: The thermal analysis of the starting polymers and 
hybrid films were conducted with a NETZSCH DSC 200 F3 Maia up to 
a maximum of 623 K. The samples were sealed under inert conditions 
in an aluminum crucible. Both, the heating and cooling rate were set to 
10 K min−1.

Electrochemical Characterization: Mott–Schottky plot was 
accumulated from impedance-potential values in 0.5 M Na2SO4 in the 
−1.0 to + 1.0 V voltage range at 1K frequency. Nyquist plot was prepared 
by electrochemical impedance spectroscopy (EIS), measured using a 
three electrodes configuration at applied voltage of 0 V versus Ag/AgCl 
in 0.1 M Na2SO4, with AC amplitude of 0.005 V at frequency value 0.1 Hz 
to 1000 kHz.

Photoelectrochemical Experiments: Prior to photoelectrochemical 
measurements, a 60 nm thick TiO2 blocking layer was deposited on 
cleaned FTO glass slides by spin casting using titanium di-isopropoxide 
solution as precursor, and then used as the substrate for subsequent 
experiments. The CNFCl and various wt% SnIP/CNFCl samples were 
mixed with α-terpineol (film forming agent) to obtain a concentration 
of 30 mg mL−1 and stirred for 2 h. The obtained solution was drop 
coated onto the substrate followed by heating at 250 °C for 1 h. The 
fabricated thin film was sealed with a Surlyn sheet keeping a 1-inch 
diameter circular surface exposed. The thin film on substrate was 
assigned as the photoanode (working electrode) in a three-electrode 
system water-splitting setup while Pt and Ag/AgCl were used as 
counter electrode (cathode) and reference electrode, respectively. The 
photoelectrochemical water splitting experiment was performed by 
immersing the electrodes in 0.1 M Na2SO4 solution. The photoanode 
was irradiated under simulated sunlight (AM 1.5 G) with an intensity 
of 100 mW cm−2 at the surface of the sample. Wavelengths lower 
than 420 nm were filtered using a UV cut off filter to ascertain the 
visible light response of samples. Photocurrent density versus applied 
voltage graph to check photoresponse of samples were determined 
by linear sweep voltammetry by sweeping voltage from −0.8 to +0.8 V. 
Additionally, photoresponse at 425 and 505 nm wavelength was 
investigated by irradiating sample with 450 and 505 nm LEDs. The 

LEDs were calibrated with a photodiode and the power density on the 
surface of samples were calculated to be 47.70 and 40.48 mW cm−2 for 
425 and 505 nm LEDs respectively. For comparison, dark current was 
also measured.

Young’s Modulus Determination: The Young’s modulus was 
determined using a Nanoscope Dimension 3000 AFM in nanoindenation 
mode. 500 nm deep, about 25 × 25 µm2 wide trenches were etched into 
an SiO2 coated Si wafer via reactive ion etch using a TEM grid as shadow 
mask. Subsequently, SnIP wires were deposited by immersing the etched 
substrates into the SnIP suspension for about 10 min until the solvent 
(toluene) was evaporated. The samples were not rinsed off or blow-dried 
to prevent displacement of the wires. Suitable wires bridging etched 
holes were located under an optical microscope (Figures S1a and S2a, 
Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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