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Abstract
Nonferric oxidant precursors have the unique advantage of directly polymerizing poly(3,4-ethylenedioxythiophene)
(PEDOT)-inorganic composites. However, due to limited solubility and unmatched oxidation potentials, most oxidants
only produce powders or porous materials. To obtain high-quality films with improved homogeneity and controllable
particle sizes, the oxidants should be adaptable to high-standard PEDOT film fabrication techniques such as vapor
phase polymerization (VPP). In this work, we discovered for the first time a nonferric metal salt suitable for the VPP
process. With the addition of an Fe(III) salt to stabilize the reaction and adjust the oxidant ratio, micron-thick
antibacterial S-PEDOT-Ag quantum dot (QD) composite films with tunable Ag wt% can be synthesized in one facile
step. With a low Ag loading of ~0.2 wt%, the film exhibited an optimized power factor of 63.1 μW/mK2, which is
among the highest values thus far reported for PEDOT-metal composites. Increase of the Ag(I) concentration in the
precursor to a certain level may lead to minor decomposition of the polymer followed by the formation of Ag2S
particles.

Introduction
Conducting polymer (CP)-based nanocomposites have

received extensive attention for various applications, such as
in thermoelectrics (TE)1, photovoltaics2, supercapacitors3,
and sensors4. Poly(3,4-ethylenedioxythiophene) (PEDOT) is
among the most widely studied systems because of its good
electrical properties and chemical stability. When synthe-
sizing PEDOT-based nanocomposites, the commercially
available, water-soluble PEDOT:polystyrenesulfonate
(PEDOT:PSS) is most often used. When doped with a
hydrophilic polyanion, the PEDOT:PSS aqueous solution
provides a convenient approach to produce various com-
posites through simple solution processes. In the TE field,

there are numerous reports on syntheses of PEDOT:PSS/
inorganic composites using various inorganic components,
such as 2D carbon materials, tellurium-based materials and
metal particles5,6. However, the water processability of
PEDOT:PSS comes at the cost of electrical properties. The
presence of large polyanions and undoped excess sulfonate
groups results in amorphous structures and decreased
transport properties7,8. The concentration of PEDOT:PSS in
aqueous solution is difficult to increase (usually less than
1wt%), which tends to cause sedimentation of inorganic
particles. Furthermore, direct mixing or in-situ reactions
often cause oxidation of nanoparticles (NPs)9,10 or reduction
of polymers11.
Recently, small-sized anion doped PEDOT (S-PEDOT)

has come into view as a potential base material for next-
generation CP-inorganic nanocomposites. Without excess
undoped segment, S-PEDOT exhibits compact and crystal-
ized structure that enables good electrical performance8,12,13.
It is not difficult to acquire S-PEDOT with σ above 1000 S/
cm through variously reported approaches12,14–16 or to
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further optimize the performance through dedoping or
anion substitution17–20. However, there are still large chal-
lenges, especially in precise control of the synthetic process
to obtain high-performance polymers. Electrical perfor-
mance is very sensitive to fabrication parameters such as
basicity21, humidity15,22, temperature23, film thickness24,
surfactants25,26, and dopants27–29. Furthermore, high-
performance S-PEDOT films can only be synthesized via
nonsolution processes, such as solution casting and vapor
phase polymerization (VPP), which require highly con-
centrated oxidant solution with sufficient viscosity for spin-
coating. The film is completely insoluble after the initial
synthesis. It is therefore even more challenging to produce
S-PEDOT-based composites with controllable micro-
structures and doping levels.
In our previous work, we developed a single component

inhibitor-free oxidative solution that realized self-
inhibited polymerization and allowed easy-to-control
fabrication of micron-thick S-PEDOT films through the
VPP approach28. Thereafter, a one-step synthesis of a S-
PEDOT-Te quantum dot (QD) composite film was rea-
lized by introducing the secondary nonferric oxidant
TeCl4

30. The film exhibited a maximum power factor
above 100 μW/mK2. Unlike conventional ferric salt oxi-
dants that only induce polymerization (1), multifunctional
nonferric oxidants allow the simultaneous formation of
polymer and inorganic NPs (2). The nanosized particles
enveloped in the hydrophobic S-PEDOT matrix are pro-
tected from oxidation, particle loss, and agglomeration.

Fe3þ þ A� þ EDOT ¼ PEDOT : Aþ Fe2þ þHA

ð1Þ
Mxþ þ A� þ EDOT ¼ PEDOT : AþM0 þHA ð2Þ

To extend the abovementioned work to more material
systems, we took notice of previously reported nonferric
precursors, most of which were metal salts, including Ce
(SO4)2

31, AgNO3
32, Cu(NO3)2

32, HAuCl4
33, and CuCl2

34–36.
In these reports, PEDOT-based composites were often
synthesized through solution processes or CVD. However,
owing to the low solubilities and unmatched oxidation
potentials of these oxidants, polymerizations are
uncontrollable and often must be carried out in diluted
solution. Only powder-like or porous composites could be
obtained. The unsatisfactory structures limited the electrical
performance of the composites. If we can improve the
solubility of these metal salts and control their oxidability,
syntheses of high-performance new composites through
standard VPP or solution casting processes are expected for
exploring various applications.
In the present work, we realized for the first time a one-

step synthesis of a micron-thick nonporous PEDOT-metal
composite film through VPP by using a multifunctional

metal salt oxidant. The obtained PEDOT-Ag QD composite
films exhibited enhanced TE performance and antibacterial
effects at low Ag concentrations of ~ 0.2 wt%. The forma-
tion of Ag2S QDs caused by partial decomposition of the
polymer was observed at higher Ag(I)/Fe(III) precursor
ratios. This research provides an effective route to introduce
homogeneous metal QDs in the CP matrix as well as some
universal strategies for syntheses of high-performance
conducting polymer composites.

Experimental procedures
Preparation of the oxidative solution
The synthesis of FeDBSA3 was based on previously

described procedures28. Sodium dodecylbenzenesulfonate
(SDS, 66.0278 g, 95%, Aladdin, China) was dissolved in
600mL of deionized water and the solution was heated to
60 °C. Bubbles were eliminated by blowing the surface
with dry air. Then, 24.5724 g of iron chloride hexahydrate
(FeCl3·6H2O, 99%, Sinopharm, China) was dissolved in
75mL of deionized water to make an FeCl3 solution.
Thereafter, the FeCl3 solution (excess amount) was
quickly dripped into the hot SDS solution with stirring.
The precipitate was washed with deionized water 10
times. Then, it was dissolved in ethanol and evaporated in
a rotary evaporator at 130 °C. To prepare AgDBSA,
10.3102 g of dodecylbenzensulfonic acid (DBSAH, 95%,
Aladdin) was dissolved in 50 mL of ethanol. A few drops
of water were added to increase the acidity. Then, 5 g of
silver carbonate (Ag2CO3, 99%, Aladdin) was added to the
solution. The mixture was stirred for 48 h. After removing
the insoluble material by centrifugation, the clear solution
was evaporated in a rotary evaporator at 95 °C. Afterward,
FeDBSA3 and AgDBSA were separately dissolved in a
certain amount of ethanol and mixed at the desired ratio.
Finally, each solution was concentrated to a concentration
of approximately 75 wt% by repeating the evaporation and
dissolving processes.

Syntheses of nanocomposite films
The oxidative solution was spin-casted at 2000–6000

rpm for 30 s onto 18 × 18 mm glass substrates. Then, the
coated substrates were preheated on a hot plate at 90 °C
for 60 s and exposed to EDOT monomer in a quartz
reaction chamber filled with EDOT monomer heated to
90 °C. The reaction time was 10–25min depending on the
Ag(I) concentration. After the reaction, the samples were
immediately washed with ethanol and then dried at
ambient temperature.

Characterization
Film resistance was measured by the Van der Pauw

method using a Hall measurement system (HL5500PC).
Film thickness was measured by a profilometer (DEK-
TAK-XT). Scanning electron microscopy (SEM, Verios
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G4 UC) and atomic force microscopy (AFM, NTEGRA
MT-MDT) were used to observe the inner and surface
morphologies of the composite films. An energy-
dispersive spectrometer (EDS) was used to measure the
Ag concentration in the PEDOT film. A high-resolution
transmission electron microscope (HRTEM, Tecnai G2
F20) was used to determine the particle sizes and phases
of the NPs. Grazing incidence X-ray diffraction (GIXRD,
Rigaku D/max 2550 V) and Raman spectra (Renishaw
InVia) were used to determine the crystal structures and
chemical structures of the materials. The doping level and
S/Ag ratio were determined by X-ray photoelectron
spectroscopy (ESCAlab 250). The temperature depen-
dence of conductivity, carrier concentration, and carrier
mobility were determined with a physical property mea-
surement system (PPMS-9, Quantum Design). The See-
beck coefficients were measured with a homemade device
with a polyimide heating film and two R-type thermo-
couples monitoring both the temperature difference and
Seebeck voltage. The antibacterial activity of the compo-
site film was examined with the live/dead staining and
bacterial counting method using Escherichia coli (E. coli,
ATCC 25922). E. coli cells were cultured in Luria–Bertani
(LB, Sigma, USA) broth or LB agar plates. All samples
were sterilized with 75% ethanol solution and placed in a
24-well bacterial culture plate before bacterial culture.
Then, 60 μL of bacterial solutions with concentrations of
107 CFU/mL were dripped onto the sample surface and
incubated in a 37 °C incubator for 24 h. E. coli cultured on
various samples were stained by the Live/Dead BaclightTM

Bacterial Viability Kits (L13152, BioVision). A laser
scanning confocal microscope (LSCM, SP8, Leica) was
used to observe the distributions of live/dead bacteria on
the surfaces of the samples. 1H nuclear magnetic reso-
nance (1H-NMR, Avance III HD 300) and liquid
chromatography–mass spectrometry (LC–MS, Ultimate
3000 RS-Q-Exactive Orbitrap Plus) were used to analyze
the side reactions caused by Ag(I).

Results and discussion
With moderate oxidation potentials (E(Ag+/Ag)= 0.80 V

vs. SHE) close to that of Fe(III) (E(Fe3+/Fe2+)= 0.77 V vs.
SHE), Ag salts are theoretically ideal oxidants for poly-
merizing S-PEDOT. Compared with some other Ag salt
candidates (such as those with trifluoromethanesulfonate,

tosylate, camphorsulfonate, and methanesulfonate), silver
dodecylbenzenesulfonate (AgDBSA) exhibits significantly
higher solubility owing to the large surfactant anion, which
enabled preparation of ethanol solutions with > 70wt%
solute for spin-coating. We initially performed a VPP
synthesis using pure AgDBSA. The reaction proceeded very
rapidly, and the precursor layer reacted almost instantly
when exposed to the EDOT monomer. A possible expla-
nation for this is that Ag(I) salts are almost 3 times smaller
in size than Fe(III) salts. The smaller size increases the
effective concentration of the oxidant when the solvent is
evaporated during polymerization. Furthermore, Ag(I) is
also much less coordinated by solvent molecules than Fe
(III), which leads to a higher oxidation potential. The poorly
polymerized sample disintegrated during the washing pro-
cess. To solve this problem, we added an additional Fe(III)
oxidant (FeDBSA3) with a self-inhibiting function, as
developed in our previous work28, the reaction rate was
effectively reduced without using inhibitors. The high
solubility of FeDBSA3 also enabled a higher solution visc-
osity, which allowed the film thickness to exceed 3 μm.
Furthermore, the Ag concentration was conveniently
adjusted by changing the Ag(I)/Fe(III) ratio. Table 1 shows
the Ag wt% expected for the corresponding Ag(I)/Fe(III)
ratio, and Scheme 1 illustrates the synthetic process.
SEM (back-scattered) images and HRTEM images of the

nanocomposite film are shown in Fig. 1. The corresponding
secondary electron images are shown in Fig. S1. The film is
nonporous, with Ag NPs homogeneously dispersed in the
polymer matrix. The Ag concentrations acquired from EDS
(Fig. S2, modified according to the XPS results) agreed well
with the theoretical values shown in Table 1, indicating that
all Ag(I) precursors reacted completely with EDOT mono-
mers. When Ag concentrations were below 5wt% (P1–P4),
Ag particle sizes were mostly <5 nm (QD-scale) and
exhibited cubic structure (Fig. 1b). At higher Ag con-
centrations (P5-P10), the Ag-containing particles mostly
exhibited the monoclinic Ag2S phase (Fig. 1c). The
remaining TEM data are shown in Fig. S3. According to the
XPS results (discussed in the next section), there was
actually an intermediate area between P4 and P5 in which
both phases existed. The sizes of Ag-containing particles did
not increase much at higher Ag(I) precursor ratios, since the
formation of Ag2S might have hindered the growth or
merging of Ag crystals.

Table 1 Ag(I)/Fe(III) ratio and the calculated weight percentage of samples.

Sample No. P0 P1 P2 P3 P4 P5 P6 P7 P8 P9

Ag(I)/Fe(III) 0 0.0025 0.005 0.01 0.025 0.05 0.1 0.3 0.5 1.0

Ag wt%a 0 0.2 0.5 1.0 2.3 4.4 8.1 18.7 24.7 34.0

aThe results are modified using the exact doping levels according to the XPS results. The formation of Ag2S is also taken into account, which has only slight influence
on the overall data.

Shi et al. NPG Asia Materials (2022) 14:47 Page 3 of 8



Ag 3d and S 2p XPS spectra (Fig. 2a) were used to
determine the doping levels15 as well as the Ag/Ag2S ratios.
After calibrating the data with the maximum thiophene S
2p signal at 163.65 eV, six different S 2p signal peaks were
identified. The doublets at 170–165.5 eV (blue),
167–162.5 eV (green) and 163.1–160.1 eV (olive) belonged
to the DBSA- counterion, thiophene ring and Ag2S,
respectively. The intensity of the Ag 3d signal (366–376 eV)
increased with increasing Ag concentration. It is difficult to
determine the oxidation status directly from the Ag 3d
signal because the peak shift between the two oxidation
states is less than 0.5 eV (details are discussed in the Sup-
porting Information, Fig. S4). However, we can still calcu-
late the S2−/Ag ratio (Fig. 2b) by comparing the strength-
modified integrated area ratio of the S 2p/Ag 3d signal. The

signal strength factors for S 2p and Ag 3d were 22.13 and
1.88, respectively. The results showed that the particles
almost completely consisted of elemental Ag when the
particle concentrations were below 1.0 wt% (S2−/Ag= 0).
At higher Ag wt%, Ag2S formation gradually dominated.
Almost all particles within the film were transformed into
Ag2S when the Ag wt% was higher than 8.1 wt% (P6-P9, S2
−/Ag= 0.5). The doping level (also displayed in the same
figure) was calculated from the ratio of integrated areas for
the counterion and thiophene signals (r2 > 0.996), which
decreased with increasing Ag(I)/Fe(III) ratio. The doping
ability was nearly halved at higher oxidant ratios, which
indicated a lower degree of polymerization caused by a high
reaction rate or damaged end-groups. At high Ag(I)/Fe(III)
ratios, a special odor can be distinguished during the
reaction, which probably comes from a product of
decomposition. 1H-NMR (Fig. S5) and LC–MS (Fig. S6)
results indicated that a high Ag+ concentration resulted in
disconnection of the C–S bond in the end group, which
stopped chain growth and resulted in the formation of
Ag2S.
Raman spectra (Fig. 2c) were used to further analyze

changes in the structure of the polymer. The overall data
and a peak table are available in Fig. S7. The spectra were
normalized by taking the peaks at 439, 578, and 990 cm−1

(blue, representing oxyethylene ring deformations) as
reference peaks. Multiple additional peaks (marked with
dark red triangles) were observed at high Ag(I) precursor
concentrations. These peaks are believed to originate
from the abovementioned decomposition of thiophene
units at high Ag(I) ratios. There were also significant

Scheme 1 Self-inhibited polymerization of the composite film using
Ag(I)/Fe(III) oxidant.

Fig. 1 Microscopic images of pristine/composite films. a SEM (back-scattered) images of samples P0-P9; b HRTEM images and diffraction patterns
of sample P4; c HRTEM images and diffraction patterns of sample P6.
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increases in benzoid absorbances at 1428 and 1517 cm−1

with increasing Ag(I)/Fe(III) ratios, which indicated a
decrease in quinoid structures as well as conjugation
between thiophene rings. The GIXRD results (Fig. 2d)
also showed a decrease in the PEDOT (100) peak signal
intensity due to structural disordering.
The quality of the PEDOT matrix is essential for the

protection of NPs. Strong self-shrinkage of the polymer
during the drying process5 ensured a high film density and
low surface roughness of the film. However, this effect was
diminished at high Ag(I) oxidant ratios because a low degree
of polymerization and partial decomposition of the polymer

weakened the interactions between polymer chains. With an
increasing number of particles remaining within the
increasingly fragile polymer matrix, the surface roughness of
the film increased drastically. The AFM results (Fig. 3a, b)
showed that the surface roughness (Rq) increased drastically
when the Ag(I)/Fe(III) ratio exceeded 0.1. The loose polymer
matrix resulted in particle loss during the washing process,
causing the actual Ag wt% to be lower than the calculated
value (Fig. S2). The color of the film gradually changed with
increasing particle concentration (Fig. 3c).
The composite films exhibited lower electrical con-

ductivities (σ) and carrier concentrations (n) than the

Fig. 2 Structural characterizations. a Ag 3d (left) and S 2p (right) XPS spectra of PEDOT-Ag/Ag2S nanocomposite films. The doublets at 170–165.5
eV (blue), 167–162.5 eV (green), 163.1–160.1 (olive), 366–376 eV (orange) are from the sulfonate counter ion, thiophene chain, S2− and Ag,
respectively. b Doping level (DL) acquired from the integrated area ratio of the counterion (blue) and thiophene signals (green), and S2−/Ag ratio
determined by the integrated area ratio of the corresponding signal peaks (olive and orange). c Raman spectra of nanocomposite films. d GIXRD
image of PEDOT-Ag2S nanocomposite films. Angle of incidence: 0.4°. Scan speed: 0.5°/min.
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pristine film (Fig. 4a, b). The existence of Ag QDs could
increase σ to some extent, but this effect was overwhelmed
by the negative influence of the high reaction rate. The lower
the Ag wt% was, the farther σ was from the zero point at low
temperatures. σ at the zero point was dominated by non-
variable range hopping (VRH) conduction, which is affected
by delocalization of carriers and is not temperature sensi-
tive6,10. The relatively higher VRH conduction leads to a
higher n toward 0K. At higher temperatures, n can be
further reduced by loading elemental Ag QDs. Especially for
sample P1, the relatively lower n resulted in increased carrier
mobility (Fig. 4c) compared with other samples. However, a
similar enhancement was not observed for sample P3, which
was also dominated by elemental Ag. Such a difference was
likely caused by the thin Ag2S layer formed on the surface of
the particle (confirmed by the Raman spectrum), which
altered the transportability of carriers. As a result, the
average power factor of the film (Fig. 4d) reached a max-
imum of 63.1 μW/mK2 at a Ag concentration of 0.2 wt%,
and it could be maintained at a level of approximately
55 μW/mK2 as long as the Ag concentration is below 0.5 wt
%. The Seebeck coefficient was increased by nearly 20% at
only 1.0 wt% Ag QD loading. Such enhancement was
achieved without changing the oxidation status of the
polymer, making the film much more stable in the atmo-
sphere compared to reduced PEDOTs. To our surprise, the
material outperformed the latest commercial PEDOT:PSS

Fig. 3 Surface morphologies. a AFM images of nanocomposite films;
b Surface roughness (Rq) as a function of Ag(I)/Fe(III) ratio; c Film
appearances for samples P4 to P7.

Fig. 4 Thermoelectric properties. a Temperature dependence of resistivities, b carrier concentrations, and c carrier mobilities for samples P0, P1, P3,
and P5; d electrical conductivities, Seebeck coefficients and power factors (PF) of nanocomposite films.
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product (Clevios PH1000)10 and almost all previously
reported PEDOT-metal composite materials34–40, as sum-
marized in Table 2.
The antibacterial activities of the samples (Fig. 5) are

determined by the Ag QDs existing in the film. Ag2S QDs
contribute much less antibacterial ability than elemental
Ag QDs. According to the live/dead results and the cor-
responding micro images, the bacterial killing effect
coincided well with the actual elemental Ag wt%.

Conclusion
We successfully synthesized micron-thick S-PEDOT-Ag

QD composite films through a one-step surfactant-free
VPP approach using a novel multifunctional Ag(I) oxi-
dant. The TE performance was optimized by effective
thermal power enhancement at low Ag concentrations.
The antibacterial effect as well as some unique char-
acteristics of composite films may also find utility in
applications such as wearable electric devices or sensors.

Extensive studies on nonferric oxidants as well as on the
VPP process itself are needed for the future development
of high-performance S-PEDOT composites.
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Red area: dead cells. Green area: live cells.
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