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ARTICLE INFO ABSTRACT

Dataset link: https://tore.tuhh.de/, https://doi. The fabrication of hybrid materials consisting of nanoporous hosts with conductive polymers is a challenging
0rg/10.15480/882.9049 task, since the extreme spatial confinement often conflicts with the stringent physico-chemical requirements
Keywords: for polymerization of organic constituents. Here, several low-threshold and scalable synthesis routes for such
Mé‘;}pon;us silicon hybrids are presented. First, the electrochemical synthesis of composites based on mesoporous silicon (pSi)
Conductive polymers PEDOT, PPy, PANI and the polymers PANI, PPy and PEDOT is discussed and validated by scanning electron microscopy (SEM)
Organic-inorganic hybrid and energy-dispersive X-ray spectroscopy (EDX). Polymer filling degrees of > 74 % are achieved. Second,
Solid state polmerization the production of PEDOT/pSi hybrids, based on the solid-state polymerization (SSP) of DBEDOT to PEDOT
Electrochemical synthesis is shown. The resulting amorphous structure of the nanopore-embedded PEDOT is investigated via in-situ

synchrotron-based X-ray scattering. In addition, a twofold increase in the electrical conductivity of the hybrid
compared to the porous silicon host is shown, making this system particularly promising for thermoelectric

applications.

1. Introduction an increase of their thermoelectric performance factor zT' to a maxi-
mum of 0.44 at room temperature. In other studies, an inorganic porous

Since the first publications on the remarkable properties of meso- host, specifically nanoporous Au [34] and mesoporous silicon [11,13],
porous silicon [1,2] a lot of applications have been developed based are filled with the conductive polymer polypyrrole (PPy) and used
on this material. Mesoporous silicon is used in photonics [3-5], opto- as actuators and sensors. One of the main advantages of working
fluidics [6,7], gas-sensing [8], biomedicine [9], energy conversion [10], with porous silicon as an inorganic host material is the already well-
electromechanical actuation [11-13] and as an anode material in bat- established semiconductor industry — possible meaningful applications
teries [14]. It can also be used as a hard nanoporous scaffold for the can easily be scaled up. In the scope as a thermoelectric material,

study of confinement effects on the structure and dynamics of soft con-
densed matter systems [15-24]. Conductive polymers in itself are also
an enabling material class due to their general low cost and accessibility
as well as their unique chemical and mechanical properties, resulting
in a plethora of different applications [25-27].

In the last decades, an increasing number of publications in the
field of inorganic-organic hybrid production has arisen [28,29]. Often
these hybrids are discussed as layered systems [30] or as systems in
which the organic constitutes the matrix and inorganics are added as
additives. For example in the realm of thermoelectric hybrid materials
the addition of a poly(3,4-ethylenedioxythiophene) (PEDOT) matrix to
carbon nanotubes (CNTs) [31,32] and silicon nanowires [33] leads to

mesoporous silicon (pSi) itself shows already a small increase in the
performance factor zT if compared to bulk silicon. Whereas bulk Si has
low zT of around zT5g3 g < 0.01, it can be increased upon porosification
up to zThg3 g < 0.02 in accordance to the phonon-glass, electron-crystal
approach [35,36]. One of the highest zT,y, ¢ ~ 1 for silicon was re-
ported for a single silicon nanowire (NW) [37]. In order to increase the
performance factor zT a filling of the pSi host with various conductive
polymers was envisioned. In first studies, an increase in conductivity
from o593 ¢ psi = 107*S em™ to 0300 K, nybria = 13S em™" could be
achieved upon filling the pSi host via melt infiltration with Poly(3-
hexylthiophen-2,5-diyl) (P3HT) and subsequent doping [38]. However,

Abbreviations: pSi, mesoporous silicon; DBEDOT, dibromo-3,4-ethylenedioxythiophene; SSP, solid-state polymerization
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Fig. 1. SEM micrograph and superimposed silicon (grey) and sulfur (yellow) EDX signal
as a function of distance. In the middle part the 11.4 +0.2 pm thick mesoporous silicon
(pSi) - filled with PPy and PEDOT is shown. The hybrid is attached to the underlying
bulk Si (right site). In interest for greater clearity the EDX data for carbon, nitrogen
and chloride are not shown. The red arrow indicates the crystal orientation as well as
the pore axis perpenticular to the sample surface.

filling degrees were restricted to approximately 50%, prompting con-
sideration of alternative filling methods and conductive polymers. For
the application as a thermoelectric material, PEDOT is by far the
most promising conductive polymer with approximated zT of >1 [39],
when prepared via chemical oxidative polymerization. In principle,
these electrical properties could be further increased upon confine-
ment, because it is known that polymers tend to collectively orient in
confined space, which is obviously related to their transport proper-
ties [40]. The direct electropolymerization of polypyrrole [11,41] and
polybithiophene [42] in pSi is already known from literature. In these
studies, the mesoporous pore space was filled via the galvanostatic
polymerization method. The resulting voltage-time transients feature
clearly distinguishable areas from which one can interpret and track
the complete filling of the pSi matrix. The electrochemical coating of
a NW-forest with PEDOT is also reported, here a pulsed potentiostatic
method was chosen [43]. It turns out, that the filling of nanometer sized
channels with conductive polymers up to sufficient depths and filling
degrees is a non-trivial task. In the subsequent paragraphs, we will
discuss the production of hybrids based on pSi with PPy, PEDOT and
polyaniline (PANI) using electrochemical synthesis routes. Additionally
we will discuss the solid-state polymerization (SSP) of Dibromo-3,4-
ethylenedioxythiophene (DBEDOT) to PEDOT in pSi. The successful SSP
under confinement will be probed via in-situ synchrotron-based X-ray
scattering experiments. Furthermore, the resulting hybrid material will
be assessed with regard to application as a thermoelectric material.
This work demonstrates the efficacy of SSP as a facile method for
fabricating hybrid materials comprising porous hosts and PEDOT, with
broad applicability across diverse research fields.

2. Materials and methods
2.1. Mesoporous silicon fabrication

Mesoporous silicon is produced by an electrochemical etching pro-
cedure based on the anodic silicon dissolution in hydrofluoric acids.
The etching solution consists of a volumetric mixture of 3:2 HF (48%)
to Ethanol (EtOH, 99%). A platin mesh works as the counter electrode
(CE), the working electrodes (WE) are boron doped p+ wafers (100)
with a resistivity of 0.01 to 0.02 Q cm and a thickness of 525 pm.
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Table 1
Overview of the different reaction solutions for the electrochemical synthesis of the
PANI/pSi hybrids.

Sample Aniline [M] Solvent Electroclyte [M]
PANI 1 [45] 0.1 ACN 0.5 LiClO,
PANI 2 [46] 0.4 ACN 0.1 TBAP?
PANI 3 [46] 0.4 ACN 0.1 TBATFBP
PANI 4 [47] 0.25 H,0 1 HCl

PANI 5 [this work] 0.25 3 M EtOH (aq) 1 HCl

2 TBAP = tetrabutylammonium perchlorate.
b TBATFB = tetrabutylammonium tetrafluoroborate.

The samples used in the electrochemical polymerization procedures
are etched at a current density of 12.5 mA cm=2 for 720 s. The
produced pSi layer is still attached to the underlying bulk silicon
— hereinafter referred to as an epilayer (see Fig. 1). The samples
prepared for the hybrid fabrication based on the SSP, as well as the
subsequent X-ray diffraction (XRD) measurements at the Deutsches
Elektronen-Synchrotron (DESY), were prepared via the same procedure
but using different substrates. The substrates used are 100 pm thick,
double-side polished p+ wafers with identical dopant, resistivity, and
orientation as the previously described wafers. This ensures that the
porous structure remains similar, with variations only in the pSi layer
thickness, which depends on the etching time [44]. The wafers were
etched from both sides for 3200 s at 12.5 mA cm~2. Naturally, this is
a two-step process. After each etching step every sample is cleaned in
deionized water, ethanol and dried. The thinner substrates were chosen
to reduce absorption during transmission X-ray scattering experiments.
Additionally, their symmetric shape ensures the samples remain flat
(unwarped) after being filled with conductive polymers, as epilayers
tend to warp post-filling.

2.2. Electrochemical polymerization

All electrochemical polymerization experiments are conducted us-
ing a custom-built teflon-based polymerization cell (see supplementary
materials fig. 1b). The cell consists of a platinum mesh counter elec-
trode (CE), an Ag/AgCl reference electrode (RE, Sensortechnik Meisen-
berg), and the synthesized epilayers serve as the working electrodes
(WE). All electrodes are connected to a potentio/galvanostat (Metrohm-
Autolab PGSTAT 30). The polymers PPy and PEDOT are synthesized
out of a solution of 0.1 M monomer and 0.1 M LiClO, in acetonitrile
(ACN). For the galvanostatic production of the PEDOT/PPy/pSi hybrids
a current of 0.255 mA cm~2 is applied. For the deposition of a small
PPy primer inside of the pSi the current density is applied for 878 s
(see Fig. 2b;), whereas for the complete filling 7000 s are needed (see
Fig. 2b,). The PEDOT was deposited on top of the PPy primer for 4000 s
(see Fig. 2a) and for 12000 s (see Fig. 2c) on top of an epilayer without
the PPy primer.

For detailed synthesis parameters of the PANI polymer, please refer
to Table 1, which provides information on the synthesis batches various
compositions.

When applicable, electrochemical data is normalized to the sub-
strate area in contact with the solution, without considering the in-
creased surface area due to the porosification of the silicon. This
approach was chosen due to the unknown active surface area of the
pSi and the assumption that the pore ends are the preferred sites of
polymerization initiation [11,41,42].

2.3. Solid state polymerized-PEDOT/pSi hybrid synthesis

The sandwich samples are filled with the commercially available
monomer DBEDOT through melt infiltration on a hot plate at approxi-
mately 100 °C. This process is swift, with complete filling of e.g. 200 pm
mesoporous silicon occurring in less than 10 s. Excess monomer can
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Fig. 2. Voltage-time (E-t) transients during galvanostatic deposition of: a PEDOT in pSi-epilayer on a 2 ym PPy primer layer, b, 2 pm PPy primer layer (for 878 s), b, complete
filling of the epilayer with PPy and ¢ deposition of PEDOT on an epilayer without PPy primer layer. Applied current density during electropolymerization is j = 0.255 mA cm™2.
On the right side, an illustrative presentation of the filling outcomes for a single pore using different techniques labelled as a to ¢ is depicted.

be easily removed using a tissue while the sample remains hot and
DBEDOT is in a molten state. Immediately after the melt infiltration
step the samples are polymerized for 96 h at 60 °C and 10 mbar.
Finally, the samples are rinsed in ethanol to remove any impurities or
DBEDOT residues.

2.4. X-ray diffraction experiments

The powder diffraction (PXRD) samples (Fig. 6a.) are measured
at a Bruker D8 Advance device with copper radiation of 0.154 nm
wavelength in the ® — © geometry. The shown powder samples are
polymerized and cleaned analogous to the procedure described in the
previous section.

The synchrotron-based scattering experiments conducted at the
beamline P08 of PETRA III (DESY) on the sandwich SSP PEDOT/pSi
hybrids are depicted in Fig. 6b. The incoming beam (red arrow, E
= 25 keV) hits the sample and is scattered onto the 2D detector.
To check whether preferred orientation of the organic species in the
mesoporous pore space occurs the sample can be rotated from w =
0 —90°. At @ = 0° the pore axis are parallel to the incoming beam,
at @ = 90° perpendicular. For peak fitting (Fig. 6c. inset) the free
software LIPRAS (North Carolina State University) is used. Typically a
Pseudo-Voigt fit gives the best result. The samples used for the in-situ
measurements during SPP of DBEDOT to PEDOT in mesoporous silicon
are freshly prepared onsite in order to inhibit polymerization at room
temperature. The experiments are conducted in a homemade sample
cell under nitrogen atmosphere at 60 °C. Initially the structure of the
post-imbibition DBEDOT is examined using an w scan ranging from
0° to 90° in 1° increments. Subsequently, the temperature is raised
to 60 °C, and the w scans are repeated at intervals of 30 min, while
simultaneously adjusting the z position each time, to mitigate beam
damage.

2.5. Electrical transport

The electrical conductivity is measured using a commercially avail-
able four-probe measuring device, SBA 458 (NETZSCH Geratebau).
The measurements are performed within the temperature range of
20-200 °C. The in-line electrical contacts are carefully positioned on
the surface of the cleaned SSP-PEDOT/pSi hybrids, and a maximum

current of 1 mA is injected. The samples are then stored under an inert
atmosphere and exclusively retrieved for the purpose of conducting the
measurements.

3. Results
3.1. Mesoporous silicon

The anodic electrochemical etching of p+ silicon is a well-
established procedure. For the given dopant concentration, current
density and electrolyte composition, the resulting average pore size
is around 6 nm-9 nm in diameter (see supplementary material fig.
1a) [38,48]. The epilayer thickness of the pSi after anodic etching of the
silicon for 720 s is 11.4 + 0.2 pm (see Fig. 1). Combined with weight-loss
of 9.02 + 0.01 mg the calculated porosity is 43.2 + 1.4% inside the pSi
layer, which matches well with literature data [11]. The etching of the
pSi/bulk Si/pSi sandwich structure, etched from both sides for 3200
s, results in the following layer thicknesses pSi = 45.8+0.5 pm and
bulk Si 11.6 +0.2 pm (Fig. 5). In the inset of Fig. 5 a close up of the
dead-end pores is shown. The remaining bulk silicon is thick enough for
uninhibited current flow, leading to a sandwich structure of constant
thicknesses along the whole sample size (diameter of 3.16 cm). The
measured porosity of the pSi layer produced during the first anodic
etching step is 50.3 + 1.3%, while the porosity of the layer etched in
the second step is 53.1 + 1.3%. The increase in porosity from 43% to
50% with increasing etching time is to be expected, due to chemical
etching, diffusion processes and changes in HF concentration involved
during the anodic etching of silicon [49].

3.2. Electrochemical polymerization of PEDOT/PPy/pSi hybrids

To the best of our knowledge, this will be the first time, that direct
electrochemical polymerization of PEDOT in mesoporous silicon pore
space is shown. It shall be briefly mentioned that the galvanostatic
deposition method on active surfaces is typically favoured compared to
potentiostatic methods. This is because the necessary potential for the
oxidation of the monomer and subsequent polymerization is minimized,
lowering site reactions and especially the oxidation of the pSi [42].
As mentioned in the introduction, the direct electropolymerization in
mesoporous silicon pore space is established for polybithiophene and
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PPy. Thus the expected curve shape during galvanosatic deposition is
known from literature. The latter one is regulary used for the produc-
tion of PPy/pSi hybrids and is shown in Fig. 2b, [11]. Throughout the
deposition process, there is a gradual rise in the initial voltage, reaching
up to 0.5 V. This increase is associated with nucleation occurring at the
bottoms of the pores and the partial oxidation of the pSi. The ensuing
potential plateau is explained by the ongoing deposition of PPy inside
the mesoporous silicon matrix. After around 6000 s the epilayer is
completely filled and the PPy begins to polymerize at the surface. The
observable increase in potential (up to 0.8 V) is ascribed to the unin-
hibited growth and branching of the polymer at the surface, leading to
an increase in electrical resistance if compared to the directional grow
inside the pSi [42].

In the inset of Fig. 2c the galvanostatic deposition of PEDOT on an
epilayer is shown. At around 0.6 V the oxidation potential of EDOT
is reached and the electropolymerization readily proceeds. Compared
to the PPy deposition in Fig. 2b,, the characteristic transition regimes
are missing and the voltage increases linearly with time. The con-
stant increase in voltage can be attributed to the oxidation of the
pSi, meanwhile the PEDOT is polymerized only on top of the pSi,
confirmed by SEM/EDX experiments. The identical problem occurred in
the work of Zhu et al. during the deposition of PEDOT in/on an n-type
nanowire forest [43]. They circumvented the problem by thinning out
the NW-forest via a KOH-tapering step and subsequent pulsed potentio-
static deposition methods. Similar approaches, both galvanostatic and
potentiostatic pulsed methods were unsuccessfully tested. On active
substrates (e.g. steel) PANI can be deposited as a corrosion protective
film, by means of a PPy primer layer [50]. A similar approach will be
pursued here but adapted for PEDOT. First an approximately 2 pm thick
PPy layer (+ = 878 s) will be synthesized at the pore bottoms according
to Fig. 2b,. This PPy-primer will act as a nucleation site for the PEDOT
deposition. Afterwards PEDOT is polymerized galvanostatically inside
the pores on top of the PPy primer layer, the resulting voltage-time
transient is shown in Fig. 2a. The characteristic transition regimes
similar to the PPy synthesis (Fig. 2b,) reappear and after around
3000 s the epilayer is completely filled, the PEDOT begins to deposit
at the surface (at E = 1.1 V). Both PPy and PEDOT are deposited
galvanostatically at a current density of j = 0.255 mA ¢cm~2 and around
2.25 electrons are needed for the polymerization of two monomer units
(2) and oxidation/doping of the polymer (0.25) [11,51]. Thus, the
difference in deposition time, which is directly proportional to the spent
charge for constant current densities, is mostly attributed to difference
in molar volume of EDOT = 106.10 cm® mol~! and Pyrrol = 69.16 cm?
mol~!. Additionally, in the PEDOT/PPy/pSi hybrid less volume is
available, due to the before deposited PPy primer layer. During the
galvanostatic deposition of PEDOT (Fig. 2a) around 7.748 C of charge
are used. The theoretical weight gain w,,,, can be determined using
Faraday’s law, expressed as wye, = C - M /(z - F), where C represents
the consumed charge in coulombs (C), F is the Faraday constant in
coulombs per mole (C mol~1), M is the formula weight of PEDOT (M
= Mgpor - 2 protons + 0.25 - MClor (g mol™1)), and z is equal to
2.25. The calculated wy,., = 5.98 mg is significantly higher than the
measured w,.,s = 3.53 + 0.01 mg. This discrepancy can be explained
by the ongoing pSi oxidation during electropolymerization, as well as
delamination of PEDOT molecules. The reaction solution turns blue
during ongoing polymerization. If a complete filling is assumed, the
density of the deposited PEDOT inside the PEDOT/PPy/pSi hybrid is
ppepor = 1.15+0.07 g cm=3. This value is small when compared
with literature bulk values ppgpor e = 1.46 g em=3 [52,53], resulting
in a filling degree of around 79 + 5%. After rinsing with ACN no
significant weight loss was measured. The qualitatively filling of the
synthesized PEDOT/PPy/pSi hybrid was checked via SEM/EDX mea-
surements (Fig. 1 and supplementary materials fig. 2). The sulfur signal
of the EDOT monomer is detectable inside the whole 11.4 +0.2 pm pSi
layer. Interestingly, no decrease in the sulfur signal can be seen at the
pore bottom, where the PPy is deposited. This can be mostly explained
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by the huge interaction volume due to the necessary high acceleration
voltage for the detection of sulfur during SEM/EDX experiments. This
is also the reason for the high sulfur signal near the sample surface,
which is attributed to bulk PEDOT at the surface.

3.3. Electrochemical polymerization of PANI/pSi hybrids

Anodically etched silicon is hydrogen terminated [44] (hydropho-
bic) and PANI is typically synthesized from an acidic aqueous solution
(PANI 4, Table 1), thus two different synthesis routes for the hy-
brid production were envisioned. First the PANI/pSi synthesis out of
nonaqueous solvents was tried. Miras et al. reported the successful
synthesis of PANI, out of a 0.1 M aniline 0.5 M LiClO, in ACN (PANI 1)
solution, which is: “electroactive and stable” [45]. A result which could
not be reproduced on any silicon surface. Only a brown, electro-inactive
PANI film with low electrical conductivity was deposited, a result
which is known for the synthesis of PANI in basic, neutral or weakly
acidic media [54]. Similar results were obtained for the polymers PANI
2-3 [46].

In the second approach, 3 M EtOH were added to the standard syn-
thesis solution (PANI 4, Table 1) to guarantee a successful infiltration
of the solution into the hydrophobic mesoporous pore space. The influ-
ence of the EtOH addition during potentiodynamic PANI deposition on
top of a p+ wafer was tested in Fig. 3, as well as the effect on the result-
ing PANI morphology towards finer structures (Fig. 3 inset), which is
well known due to solvation processes of PANI molecules by EtOH [55].
The deposited PANI 5 was green in colour (emeraldine salt) and not
distinguishable by eye from EtOH-free synthesized PANI 4. All peaks
a;-ag and ¢;, ¢, are well described in the literature and are attributed
to the different oxidation states of PANI, except for the anodic peak a,,
which refers to hydrolysis and degradation products. For more detailed
informations regarding the peaks and factors influencing the PANI
synthesis, please refer to the excellent work of Gvozdenovic et al. [47].
The anodic peak a3 is the superposition of the formation of fully
oxidized pernigraniline salt and the oxidation of the silicon substrate,
which is favoured at higher voltages. Furthermore, after reversing the
potential scan direction the downsweep lies at higher currents than the
upsweep. This trace-crossing effect is not to be confused with the so-
called “nucleation loop”, which is typically observed during the first
cycle in the electropolymerization of conductive polymers. Rather it is
based on the slow formation redoxactive intermediates at the diffusion
layer of the silicon (WE) and their ensuing oxidation [51]. An increase
in PANI layer thickness and accompanying capacitance increase with
rising cycle count can be seen in the growing gap between up- and
downsweep.

Subsequently the PANI 5 was synthesized galvanostatically on an
epilayer, the resulting potential-time transient is shown in Fig. 4
(black). Striking are the 9000 s it took, to form the first polymer mono-
layer on top of the epilayer (A-B), accompanied by simultaneous pSi
oxidation. Especially when compared to the results for PPy and PEDOT
(Fig. 2), wherein the growth stage was reached almost immediately.
A stable growth stage (E) at E = 0.65 V was achieved after around
15000 s, in between B-C new nucleation sites are formed and the
PANI film begins to grow (C-D), after which the potential begins to
fall again [56]. When the PANI 5 is galvanostatically synthesized at
the same conditions on a p+ silicon wafer, the 2nd peak disappears
and the growth stage is reached faster (see supplementary materials
fig. 3a). The rise in potential of the 2nd peak could be explained
by the filling of the pores and subsequent deposition on top of the
epilayer, for which a higher potential is necessary due the uninhibited
network-like grow — compared to the directional grow inside the
pores [11]. But SEM/EDX studies reveal that no PANI was deposited
inside the pSi layer. Additionally, no positive effect of a PPy-primer
layer, identical to the one described in Fig. 2, on the deposition of PANI
into the mesoporous pore space could be observed (see supplementary
materials fig. 3b). In order to reduce the time and pSi oxidation during
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Fig. 4. Galvanostatic (black, I = 0.255 mA cm~2) and potentiostatic (blue, E = 0.9 V)
deposition of PANI 5 on pSi epilayers.

the galvanostatic deposition, a necessary minimum potential of 0.9
V was applied for the potentiostatic polymerization of PANI (Fig. 4
blue). During potentiostatic deposition the current-time transients for
the deposition on a p+ wafer (not shown) and the epilayers are
similar in shape. The initial increase can be attributed to the monomer
oxidation and nucleation processes [42], after which the PANI directly
polymerizes on top of the epilayer as a green film (t > 250 s), which
can be seen directly by eye.

When comparing the results from the successful polymerization
of PEDOT/PPy/pSi hybrids with the unsuccessful pore filling dur-
ing the PANI/PPy/pSi hybrid synthesis, most noteworthy is the in-
creased oxidation potential of the aniline compared to EDOT and the
accompanying increased pSi oxidation (amplified at higher voltages).

3.4. Solid state polymerized-PEDOT/pSi hybrids via monomer imbibition
and subsequent SSP

Due to the inevitable synchronized oxidation of the pSi during
the synthesis of the PEDOT/PPy/pSi hybrids (Fig. 2) and the limited
maximum sample thickness of the resulting hybrids to a around 10-
20 pm, the direct oxidative chemical polymerization of PEDOT in pSi,
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Fig. 5. SEM micrograph and superimposed silicon (black), sulfur (yellow) and bromine
(blue) EDX signal as a function of distance. In the middle part the 11.6 +0.2 pm bulk
Si layer is visible, left and right the 45.8+0.5 ym thick pSi layer filled with PEDOT.
The close-up shows an interface (dead-end pores) between the pSi and bulk Silicon.

which promised even better electrical properties [39], was tested. An
approach which was quickly dropped, where even after serval iterations
of cleaning and polymerization, similar to the production of PEDOT
filled tantalum powders [57], no high filling degrees could be achieved
(see supplementary materials fig. 4). In general, pristine conductive
polymers tend to show low processability [58] and even if they are
processable in molten state [38], high filling degrees in pSi are a
challenging task.

Hong Meng et al. found out by coincidence that after long time
storage of DBEDOT at room temperature, the grey powder turned from
grey into blue, conductive PEDOT (see inset Fig. 6a). This process
named solid state polymerization (SSP) is not given much attention in
the scientific community, due to the normally quite sufficient and well
researched chemical and electrochemical synthesis routes. Importantly,
the DBEDOT monomer has a melting point of 96 °C and nearly no
polymerization occurs in molten state [59]. In the following chapters
the synthesis of SSP-PEDOT/pSi hybrids will be discussed, as well as the
resulting structure during confinement and the effect on the electrical
transport properties of the hybrid.

3.4.1. Synthesis of SSP-PEDOT/pSi hybrids

The spontaneous imbibition of the molten DBEDOT at T > 96 °C
into pSi is quite fast, 200 pm thick pSi layers are completely filled in
t < 10 s. Infiltration processes based on polymers are comparatively
slower (e.g. > 10 h [38]). After infiltration the monomer is polymerized
at T = 60 °C for 96 h as previously described. An important advantage
of this synthesis route, other than the simplicity, is the ability to fill
various porous structures. The filling process is based on capillary flow,
eliminating the need for complex measures such as ensuring electrical
contact with the porous substrate, which is essential for advanced
techniques like electrochemical polymerization. Unconventional hybrid
materials, e.g. like brick-PEDOT supercapacitors (originally produced
via vapour phase polymerization [60]) should be in the scope of this
technique.

In Fig. 5 the complete filling of the sandwich structure was quali-
tatively confirmed. During SSP 8.8 + 1.1 wt% is lost as Br, molecules,
normalized to the DBEDOT amount. Which is less, than the expected
21.3 wt% during SSP of bulk or powder samples, calculated from the
following chemical compositions C4H,Br; ,0,S [59] and C4H4Br,0,S
(DBEDOT). During the dimerization of two DBEDOT molecules elemen-
tal Br, is released [61], which in turn acts partly as the dopant (Br;),
leading to an empirical formula of CqH,Br; ,0,S and at maximum
a bipolaron per every five thiophene units [59]. The difference in
empirical and theoretical weight-loss during SSP, can be explained by
unwanted site reactions between the pSi and Br, [62] in combination
with possibly trapped Br,.
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Fig. 6. X-ray scattering experiments on SPP-PEDOT/pSi hybrids. In a. PXRD diffractograms (lab source) for DBEDOT, PEDOT and EtOH cleaned PEDOT samples are shown —
accompanied by an increasing FWHM of the Q = 17.6 nm™! reflection during SSP and powder colour change from grey (DBEDOT) to blue (PEDOT). In b. the schematic of the
X-ray experiments at PO8 DESY are shown. Importantly, the angle w describes the angle of the incoming beam (red) to the sample surface and pore direction, at @ = 0° the pores
are parallel, at @ = 90° perpenticular to the beam. In c. the diffractograms (integrated from 2D detector images) of DBEDOT (black) directly after infiltration, and PEDOT after
3.5 h at 60 °C (blue) and 7 h at 60 °C (red) are shown. In the inset the change in FWHM of the Q = 17.6 nm™! reflection with reaction time is demonstrated. In d. a compiled
2D detektorimage (each quadrant is a cutout at different w values) is depicted, indicating no preferred orientation of DBEDOT molecules directly after infiltration.

3.4.2. X-ray scattering experiments

In Fig. 6 the results of the X-ray experiments performed on the
SSP-PEDOT/pSi hybrids is shown. From the PXRD patterns in Fig. 6a.
it is obvious that DBEDOT is a highly crystalline monomer (black)
featuring numerous sharp peaks, which crystallizes in a monoclinic
structure [59]. During the SSP the high crystallinity of the sample is
lost (red curve) and an especially broad peak appears at Q = 17.6 nm™!.
After an EtOH rinse the resulting diffractogram is identical to previ-
ously reported XRD patterns for PEDOT [63], with the Q = 17.6 nm™!
d=34 10\, indexed as (020)) referring to the interchain planar ring-
stacking distance, which is perpendicular to the conjugated polymer
backbone — two crystal directions which show the highest electrical
conductivity [63,64].

Directly after infiltration of the pSi with the DBEDOT, the DBEDOT
precipitates in an amorphous manner (Fig. 6¢. black) in which the long-
range ordering is significantly reduced. An effect which is often found
for nanoconfined materials, in particular embedded in mesoporous
media, where the pure geometrical constriction and the interaction
with the pore walls often hinders crystallization, leads also to substan-
tial reduction in the freezing/melting transitions [15,65-67] and the
favorization of glassy compared to crystalline phases [68]. Importantly
the DBEDOT keeps its high order of crystallinity if recrystallized as
a bulk film or in macroporous silicon. Contrary to the results for the
powder samples, no increase of the FWHM (Fig. 6¢ inset) of the Q =
17.6 nm~! peak with ongoing SSP can be seen. The average coherence

length (Scherrer equation) for the listed FWHM is & = 2.8 + 0.2 nm,
which is smaller than the pSi pore size and further illustrates the
short range ordering. Meanwhile the successful polymerization can be
checked gravimetrically, via an EtOH cleaning procedures (PEDOT is
insoluble, DBEDOT soluble) and conductivity measurements (Fig. 7).
This is interesting, because Hong Meng et al. proposed a polymerization
direction along monomer stacks (due to the short halogene---halogene
distance between two monomer units), which has to be accompanied
by significant rotation of molecules, which should be influenced given
the steric hindrances due to confinement [59]. Only weak indications
of molecular texturation within the mesopores were observed. The en-
hanced intensity with increasing rotation angle o, illustrated in Fig. 6d.,
is primarily associated with a larger illuminated sample volume at
higher .

3.4.3. Electrical transport measurements

In Fig. 7 the results of the electrical conductivity measurements of
the SSP-PEDOT/pSi hybrids are shown. The high conductivity (¢) of
the as-etched pSi samples (Fig. 7a.), when compared to the electrical
conductivity of free-standing pSi membranes ¢ < 104 S em™! [38], is
due to the 11.6 +0.2 pm thick bulk Si layer inside the sandwich struc-
ture. The general trend towards lower conductivities with increasing
temperatures is known as the extrinsic region in doped semiconductors.
It can be explained by the reduced carrier mobility caused by thermal
scattering, meanwhile the carrier density stays nearly constant in this
temperature region [69].
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Fig. 7. Electrical conductivity of a. as-etched pSi sandwich structure and b. SSP-PEDOT/pSi hybrids as a function of temperature.

The same trend is visible for the hybrid samples, indicating that the
electrical transport is also governed by the bulk Si layer. Importantly
the conductivity is increased up to a maximum value of 6 = 13 S
cm~!, which corresponds to roughly a doubling in conductivity, which
elucidates the successful SSP from DBEDOT to PEDOT during confine-
ment. Most probable explanation for the difference between the hybrid
samples is a difference in local filling degrees, due to the synthesis pro-
cedure described in the materials and methods section. The achieved
conductivities are comparable to other hybrid thermoelectric materials,
e.g. P3HT/pSi hybrids, which also feature a maximum electrical con-
ductivity of o399 g, psuT/psi = 13S cm™! [38]. Other hybrids, based on
CNTs and PEDOT:PSS show conductivities as high as opgpor.pss/enT =
77S em™!, which can be increased further up to epppoT-pss/ONT-EG =
780S cm™! upon treatment with ethylene glycol [31].

4. Conclusion and outlook

To summarize, this study introduces two innovative approaches for
creating hybrids of PEDOT and mesoporous silicon. The first method
involves the successful synthesis of PEDOT/PPy/pSi hybrids, achieved
through the application of a PPy primer layer and subsequent galvanos-
tatic deposition of PEDOT directly into the mesoporous pore space. The
result is a hybrid with a high degree of polymer filling of 79 + 5%.

Secondly the hybrid synthesis based on the spontaneous imbibition
of molten DBEDOT and ensuing SSP to PEDOT during confinement. In
the X-ray diffraction experiments it could be shown, that the DBEDOT
precipitates in an amorphous manner inside the mesoporous silicon.
Thus, for the application as a thermoelectric material it would be
interesting to figure out the minimal necessary pore size at which
a preferred orientation occurs, which should give rise to anisotropic
and possibly enhanced electrical properties [40]. Additionally, in order
to reduce side reactions between the Br, and Si and simultaneous
lower the polymerization temperature during SSP, the Br inside the
DBEDOT monomer can be substituted with for example iodine [59].
The proposed synthesis route can be easily transferred to other porous
systems and research fields — we hope that based on this work, SSP
of PEDOT will gain more attention and appreciation in the scientific
community. It has been shown that by filling the mesoporous structure
with PEDOT, the conductivity can be increased by a factor of 2.

Furthermore, this work provides first insights into the chemical
oxidative polymerization of PEDOT in pSi as well as the unsuccessful
electrochemical polymerization of PANI inside pSi. This may serve as a
cautionary note for other researchers, preventing them from investing
resources into a potentially challenging pursuit. While we do not assert
that the electrochemical synthesis of PANI within mesoporous silicon
is unattainable, our findings highlight the difficulties encountered in
the hybrid synthesis process, despite a comprehensive understanding
of electrochemical synthesis methods.
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