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3D printing of conductive polymers has been achieved very recently by direct ink writing of poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)-based inks. This field is in its infancy, calling

for further research to broaden the application horizon of 3D-printed conductive polymers by fine-

tuning their inherent properties. Indeed, engineering PEDOT:PSS inks with customizable electrical

properties while keeping their rheological fingerprint within the proper range for high-fidelity 3D printing

is an arduous challenge, yet to be achieved. Herein, a range of PEDOT:PSS-based inks are formulated by

molecular engineering via co-solvent doping and solvent post-treatment with various solvents for high-

resolution (line width and thickness variations less than 20% from average values), high-aspect-ratio

($25 layers) 3D printing. Via a simple dry-annealing technique, rationally patterned flexible, self-standing,

and geometry-friendly samples featuring a wide range of conductivity, i.e., from 0.6 to 858.1 ±

60.8 S cm−1, are fabricated. The results showed that the 3D-printed samples are wet-transferable onto

uneven substrates and complex objects with sharp edges. By exploiting their tunable molecular-scale

chemistry and macro-scale geometrical features, the 3D-printed devices were used to create advanced

electromagnetic shields with controlled mechanisms.
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1. Introduction

As a newly emerged electrically conductive polymer, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS),
has opened a new chapter in the history of organic electronics.1

PEDOT:PSS has been used to fabricate a wide range of electronic
devices, such as exible electronics,2 so actuators,3 optoelec-
tronics and storage devices,4 thermoelectric devices,5 super-
capacitors,6 solar cells,7 transparent electrodes,8

electromagnetic interference (EMI) shields,9 and sensors.10

Organic electronics based on PEDOT:PSS benet from water
processability, tunable electrical conductivity, chemical and
electrical stability, superior exibility, and lightweight.1,2

PEDOT is a low band gap conductive polymer, which has
a stable and bipolaronic conductive state.11,12 Short PEDOT
oligomers (∼6–18 repeating units) are p-stacked, forming
a highly crystalline state that provides high electrical conduc-
tivity.13,14 When PEDOT is doped with PSS through oxidative
polymerization, a stable dispersion of PEDOT:PSS in water can
be formed, consisting of conductive PEDOT-rich cores and non-
conductive PSS-rich shells.12,15 PSS plays the role of charge-
balancing counterion for PEDOT cations and renders them
water processable, in the form of micron-sized gel particles.11

However, the existence of insulating PSS-rich domains is
detrimental to the electrical conductivity of PEDOT-based
products.
J. Mater. Chem. A, 2023, 11, 16027–16038 | 16027
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It has been shown that the addition of polar or high-
dielectric co-solvents as secondary dopants and/or post-
treatment agents signicantly modies the electrical conduc-
tivity of PEDOT:PSS systems.16 In this regard, PSS is considered
the primary dopant for PEDOT, and the doping agents are
referred to as secondary dopants. To date, the conductivity
enhancement of PEDOT:PSS in the presence of solvents has
been attributed to different factors, including change in PEDOT
grains size17–19 and crystallinity,20,21 Coulombic screening effect
between PEDOT and PSS22 along with the phase separation
between PEDOT-rich grains and PSS-rich segments. These lead
to the partial removal of the non-conductive PSS segments from
the conductive PEDOT-rich cores and, thus, turn the coil
conformation into an extended linear structure.1,23–25 However,
there is no consensus among scientists on the main mecha-
nisms responsible for the conductivity enhancement of solvent-
treated PEDOT:PSS structures.

Another challenge with regard to the widespread utilization of
highly conductive PEDOT-based products is the lack of precise
control over PEDOT:PSS aqueous systems processing. In
common manufacturing techniques such as spin coating,26

screen printing,27,28 ink-jet printing,29,30 electrochemical
patterning,31 and aerosol printing,32 high costs, long processing
time, limitations in production of complex geometries, and low-
quality end products negatively affect actual benets.33 As an
innovative alternative, direct ink writing (DIW) offers a material-
saving technique for printing inks with desirable rheological
properties onto various substrates. This technique allows for
unparalleled exibility in customization, intricate geometry
design, and the creation ofminiaturized patterned structures.34,35

Indeed, rheological parameters are the cornerstone of
a successful DIW process, controlling the owability of the inks
during and aer printing to form self-supporting layers.36–38

Intense shear-thinning behavior conjugated with high yield
stress bestows inks with uid-like behavior during printing and
a solid-like behavior immediately aer printing.37,39 Recently, it
has been shown that inks containing 7 wt% PEDOT:PSS possess
proper rheological properties for high delity 3D printing of
implantable conductive patches.33 Further to that, it was shown
that the addition of 2D MXenes nanosheets to PEDOT:PSS inks
contributes to improving their rheological properties, leading to
high-resolution printed lines.40

Despite the extensive number of studies, the literature lacks
a comprehensive study on the rheological response, print-
ability, and topographical properties of 3D-printed pure
PEDOT:PSS-based devices. Hereby, for the rst time, we re-
ported a range of pure PEDOT:PSS inks with signicantly
enhanced electrical conductivity and ne-tuned rheological
features for the fabrication of 3D-printed electronics and
electromagnetic interference (EMI) shields. This was achieved
by molecular engineering via co-solvent doping or solvent
post-treatment with various solvents. Experimental analyses
enabled us to expound on the mechanisms of electrical
conductivity enhancement of PEDOT:PSS inks in the presence
of various low and high boiling point solvents, including
DMSO, EG, DMF, MeOH, and EtOH. Digital, laser microscopy,
and scanning electron microscopy (SEM) images were
16028 | J. Mater. Chem. A, 2023, 11, 16027–16038
employed to assess the morphology and the printing quality of
the printed structures based on the devised inks. In the last
step, the effects of the co-solvent type, number of printed
layers, inll density, and drying technique on the EMI
performance of the 3D printed structures were explored over
8.2 to 12.4 GHz.
2. Materials and methods
2.1. Raw materials

PEDOT:PSS (1 : 2.5) (Clevios PH1000, Heraeus) aqueous
dispersion (1–1.3 wt%) was ultrasonicated for 10 min followed
by ltration with a 0.45 mm syringe lter (Sterlitech) to remove
agglomerations. Organic solvents, including dimethyl sulf-
oxide (DMSO), ethylene glycol (EG), dimethylformamide
(DMF), methanol (MeOH), and ethanol (EtOH) (Sigma
Aldrich, $99.5%), were used for co-solvent doping and
solvent post-treatment. Polydimethylsiloxane (PDMS) (Syl-
gard 184) was purchased from Dow Corning Corporation,
Midland, MI, USA.
2.2. Experimental

2.2.1. Co-solvent doping and solvent post-treatment. To
prepare PEDOT:PSS inks, rst, the ltered PEDOT:PSS aqueous
dispersion was frozen at −85 °C for 24 h and then dried using
a freeze-dryer machine for 72 h. Then, different concentrations
of the resulting isolated foam-like PEDOT:PSS nanobrils were
re-dispersed in deionized water without and with co-solvents
(DMSO, EG, and DMF) at different concentrations, followed
by stirring for 12 h (1000 rpm, 25 °C). The nal homogenized
dispersions of PEDOT:PSS inks were kept at 4 °C for further
characterization and printing. The resulting dispersions
without co-solvents (pristine PEDOT:PSS aqueous dispersions)
were used for the solvent post-treatment process. To do this, the
printed pristine PEDOT:PSS ink was rst printed with various
patterns and then dry-annealed at 140 °C for 2 h. Next, the dry-
annealed samples were fully immersed for 30 min at room
temperature in one of the ve solvents (DMSO, EG, DMF,
MeOH, and EtOH), followed by washing out with deionized
water (three times) and then drying in an oven at 140 °C for 2 h.
It is worth mentioning that in co-solvent doping, PEDOT:PSS
dispersion contained water (as the primary solvent) and one of
the DMSO, EG, and DMF solvents (as the co-solvents). However,
for solvent post-treatment, the dried pristine PEDOT:PSS was
immersed in one of the pure solvents (DMSO, EG, DMF, MeOH,
or EtOH) without water.

In the current research, the term “doped/undoped” is used for
the case of doping PEDOT with PSS chains. Doped PSS chains are
those that have interacted with PEDOT chains and undoped PSS
are those that are free in the system. While the term “co-solvent
doping” is used when a mixture of water and one of the high-
boiling-point solvents (e.g., DMSO, EG, and DMF) is used for
enhancing the electrical conductivity of PEDOT:PSS. The term
“solvent post-treatment” is used when one of the ve pure
solvents (e.g., DMSO, EG, DMF, MeOH, and EtOH) was employed
to enhance the electrical conductivity of PEDOT:PSS.
This journal is © The Royal Society of Chemistry 2023
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2.2.2. 3D printing. Before printing, rst, the prepared inks
were homogenized with a high-speed homogenizer and then
loaded into 10 mL syringes. Then, the syringes were centrifuged
(2000 rpm, 5 min) to remove all the bubbles. Finally, the
resulting homogeneous inks were printed using an extrusion-
based Allevi 2 bioprinter, 2-axis micro-positioning stage
(Allevi, Philadelphia, PA, USA) in patterned structures designed
by CAD models. The printer was driven by a compressed air
system to pressurize the syringe barrel (up to 110 psi) and
control the printing ow rate. Different patterns were printed
on glass and exible substrates using printing speed, layer
thickness, and nozzle diameter of 6–10 mm s−1, 0.2–0.3 mm,
and 280 mm, respectively. To manufacture free-standing
PEDOT:PSS structures, the prepared inks were printed on the
PDMS thin lms followed by dry-annealing treatment and then
peeled off from the substrate. The PDMS elastomer (Sylgard
184) and its hardener were mixed (10 : 1) and spin-coated
(300 rpm, 30 s) on glass slides followed by curing at 90 °C for
2 h.

2.2.3. Techniques and analyses. All methods of character-
ization are described in detail in the ESI.†

3. Results and discussion
3.1. Rheology and DIW

PEDOT:PSS dispersion in water establishes a dark-blue disper-
sion of colloidal polymeric micro-gel particles, consisting of
a physically crosslinked conductive PEDOT-rich core encased in
Fig. 1 3D printable range based on shear viscosity (a), storage moduli (b
images of filament formation at various concentrations of DMSO-doped
(f) 3D-printed DMSO-doped PEDOT:PSS ink. Direct ink writing of DMSO
polyethylene terephthalate substrates (g). All the printed structures are b

This journal is © The Royal Society of Chemistry 2023
a non-conductive PSS-rich shell (see Fig. S1†). The gel particle
size of the developed dispersion dramatically affects electrical
conductivity and viscosity.1 The smaller the gel particle size, the
lower the conductivity and viscosity.11 The chemical structure of
positively charged PEDOT and negatively charged PSS is shown
in Fig. S1a.† By increasing the concentration of the PEDOT:PSS
micro-gels, the viscosity of the resulting dispersion changes
signicantly. Inks based on PEDOT:PSS demonstrate a distinct
shear-thinning behavior, and the shear-thinning response is
intensied by the addition of co-solvents. By increasing the
concentration of PEDOT:PSS from 1 to 8 wt%, the shear
viscosity and, thus, the shear stresses increased by three orders
of magnitude through the whole range of the applied shear rate
(see Fig. S2 and S3†). This increase is a strong function of the gel
particle size and, consequently, the formation of particle–
particle junctions, oc–oc interactions, and the rise of possible
entanglements. Similar to solid materials, in which yield stress
is identied as the transition from an elastic to a plastic state,
for uids, yield stress is dened as the minimum stress
required to demolish the integrated network throughout the
medium and transform the ink from a solid-like form to
a liquid-like gel.41

Furthermore, strain sweep tests (Fig. S4†) showed that at
small shear strain amplitudes (<1%), the inks are in their linear
viscoelastic region (LVR). Therefore, 0.1% strain was chosen as
a safe shear strain for conducting dynamic rheology analyses.
Inks based on PEDOT:PSS present a shear-yielding behavior;
that is, by increasing the applied shear stress, the viscoelastic
), and yield stress (c) as a function of PEDOT:PSS concentration. Digital
PEDOT:PSS ink (d). High-resolution one-layer (e) and high-aspect-ratio
-doped PEDOT:PSS ink on glass, polystyrene, cellulose acetate, and

ased on 6 wt% PEDOT:PSS doped with water : DMSO 93 : 7 vol/vol ink.

J. Mater. Chem. A, 2023, 11, 16027–16038 | 16029
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moduli of the inks drop sharply, indicating the breakage of the
gel network upon increasing the shear rate (Fig. S5†). The shear-
yielding response is dened by the yield stress value at which
the loss modulus (G′′) value crosses over the storage modulus
(G′) value, meaning that at shear stresses lower than the yield
stress, the ink shows a solid-like behavior and can maintain its
printed shape.42,43 Ideally, inks should have appropriate rheo-
logical responses aer printing. This allows lament formation,
prevents the lament from sagging because of its weight, and
avoids lateral spreading upon deposition on the printing bed.

The summarized results for shear viscosity and storage and
loss moduli coupled with lament formation assessment
(Fig. 1a–d) showed that at concentrations lower than 4 wt% of
PEDOT:PSS, inks are more likely to form droplets rather than
laments, attributed to low rheological properties. However, in
the concentration range of 4–7 wt%, extrusion of a uniform and
continuous lament is possible. At concentrations higher than
7 wt%, extrusion of a uniform lament was found to be chal-
lenging due to the high shear viscosity and yield stress. Nozzle
clogging hinders successful printing at concentrations higher
than 8 wt% (Fig. 1d). By taking the rheological properties and
extrusion printability into account, the printability region could
be dened as a domain of PEDOT:PSS concentration within
which a uniform and continuous lament can be extruded from
the printing nozzle (refer to the highlighted areas in Fig. 1a–c
and ESI Video 1† for 6 wt% PEDOT:PSS doped with water :
DMSO 93 : 7 vol/vol ink). Fig. 1a and b exhibit the obtained
shear viscosities at a constant shear rate (20 s−1) and the ach-
ieved storage and loss moduli values at a constant shear stress
of 10 Pa for different PEDOT:PSS-based inks, respectively.
Fig. 1c shows the calculated yield stress at shear stresses where
the loss modulus (G′′) exceeds the storage modulus (G′) curve
(see Fig. S5†). DMSO-doped PEDOT:PSS showed the greatest
improvement in the electrical conductivity of PEDOT:PSS
compared to EG and DMF (refer to the Electrical conductivity
measurements section). As such, inks based on 6 wt%
PEDOT:PSS doped with water : DMSO 93 : 7 vol/vol (858.1 ±

60.8 S cm−1) were used for further characterization (e.g.,
printing, structural, mechanical, and EMI shielding evalua-
tions), and are referred to as DMSO-doped PEDOT:PSS in the
following. In the case of 6 wt% PEDOT:PSS inks doped with EG
and DMF co-solvents, the maximum electrical conductivity of
625.31 ± 39.98 S cm−1 (water : EG 95 : 5 vol/vol) and 492.81 ±

42 S cm−1 (water : DMF 95 : 5 vol/vol) were achieved, respec-
tively, labeled as EG-doped and DMF-doped PEDOT:PSS in the
current research.

By increasing the number of deposited layers, the weight of the
deposited layers increases, leading to lateral spreading and, thus,
the collapse of the structure. However, proper viscoelastic prop-
erties provide shape retention. This combined with higher
printing resolution suggests that manufacturing high-
performance miniaturized printed devices and EMI shields is
feasible with our designed inks. All in all, proper rheological
properties lead to high shape delity, high-resolution micro-
thickness, and high-aspect-ratio 3D printing of deposited la-
ments, as shown in Fig. 1e (one layer), Fig. 1f (25 layers), and ESI
Videos 2 and 3† for DMSO-doped PEDOT:PSS. In addition to
16030 | J. Mater. Chem. A, 2023, 11, 16027–16038
shape delity, PEDOT:PSS inks showed printability on various
rigid (glass) and exible (polystyrene, cellulose acetate, and poly-
ethylene terephthalate) substrates, as depicted in Fig. 1g and ESI
Video 4,† which further expands the horizon of their application.

One of themost outstanding properties of PEDOT:PSS inks is
the capability to manufacture exible self-supporting geome-
tries. As depicted in Fig. 2a and ESI Video 5,† a self-standing
printed DMSO-doped 6 wt% PEDOT:PSS ink was achieved by
printing the ink on spin-coated polydimethylsiloxane (PDMS)
substrates, followed by dry-annealing (evaporating solvent and
co-solvent at elevated temperatures) and then peeling off from
the substrate. The thickness of the obtained structures is
adjustable by dening the number of deposited layers. The
electrical conductivity of the self-standing structures can be
tuned using both co-solvent doping and/or solvent post-
treatment approaches. Offering high exibility, distinctive
electrical conductivity, and visual transparency, free-standing
patterned structures of solvent-treated PEDOT:PSS are versa-
tile candidates for compact, exible organic electronics,
specically EMI shields (refer to ESI Video 6†). However, as
depicted in Fig. S6,† the addition of DMSO co-solvent to
PEDOT:PSS led to a decrease in the elongations at break and
Young's modulus of the prepared laminated lms.

Common processing techniques are unable to manufacture
patterned structures on sharp and uneven substrates as well as
on the edges. Direct ink writing assists with fabricating
patterned self-standing PEDOT:PSS EMI shields and structures,
which can be transferred on unusual sharp, curved, and uneven
complex edges/substrates using a wet-transfer technique
(Fig. 2b). Lu et al.44 showed that the partial removal of PSS due to
co-solvent doping resulted in the formation of long-term (3
months) stable PEDOT:PSS hydrogels. Taking advantage of this
outstanding attribute, the printed DMSO-doped PEDOT:PSS
self-standing structures dipped in DI water showed high exi-
bility and stability (see ESI Video 7†), making them suitable to
be easily transferred onto a substrate, e.g., glass substrate, via
a wet-transfer technique. The advantage of DIW and wet-
transferring is that it overrides geometry limitations and
provides highly conductive geometrically friendly structures,
i.e., it can be transferred onto geometries with any complex
shape.

Additionally, ultra-lightweight aerogels (with a density of
0.1915–0.3871 g cm−3) of 3D-printed DMSO-doped 6 wt%
PEDOT:PSS with a high thickness were obtained using a freeze-
drying technique, as depicted in Fig. 2c. Due to the low solid
content of the prepared inks, the ultra-lightweight large-sized
structure hovers over the delicate hairs of a cactus. Highly
electrically conductive aerogels are high-performance candi-
dates for lightweight EMI shields. As aforementioned, due to
the appropriate rheological properties of the prepared inks,
high-resolution micro/macro-scale 3D-printed aerogels with
various inll patterns can be obtained. Fig. 2d shows a high-
resolution and uniform microscopic image of a 3D-printed
geometry with a triangle inll pattern for the DMSO-doped
6 wt% PEDOT:PSS ink. These printed structures were easily
turned into aerogels without observable deformation or
shrinkage, as demonstrated in SEM images (Fig. 2e and f). Red
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Digital images of a flexible free-standing 3D-printed triangle-patterned structure on a PDMS substrate (a), digital images of the wet-
transferring of free-standing hydrogels on the edge of a glass slide (b), digital images of an ultra-lightweight freeze-driedmicro-scale 3D-printed
geometry hovering over delicate cactus hair (c), microscopic image of a triangle-patterned structure (d), SEM micrographs of a freeze-dried
triangle-infilled 3D-printed structure (e), and digital images and SEM micrographs of an as-printed and freeze-dried grid-infilled 3D-printed
structure (f). All the printed structures are based on 6 wt% PEDOT:PSS doped with water : DMSO 93 : 7 vol/vol ink.
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arrows in the magnied SEM images in Fig. 2f show orderly and
high-resolution 3D-printed geometry that maintained its shape
and structure aer ink deposition. This conrms the capability
of PEDOT:PSS inks for manufacturing reliable and uniform 3D
architectures with different inll patterns (triangle and grid).
3.2. Topography

High zero-shear viscosity (viscosity at very low shear rates) and
high storage modulus of the PEDOT:PSS inks allow for reliable
and reproducible high-resolution printing of micro- and macro-
scale printed electronics and EMI shields. The 3D-printed
micrometer-thick lines of the PEDOT:PSS inks indicate a high-
resolution DIW for architectures featuring various inll patterns
and densities (Fig. 3). The digital images of the dry-annealed
single-layer 3D-printed lines and various inll patterns of the
DMSO-doped PEDOT:PSS ink is depicted in Fig. 3a and ESI
Videos 8–10.† These results reveal high-resolution and high-
quality printing. The achieved 2D and 3D topographical results
This journal is © The Royal Society of Chemistry 2023
from the laser microscope analysis (Fig. 3b) conrmed the
uniform width and thickness of the printed lines. The line and
surface roughness proles of the printed lines of the printed ink
are presented in Fig. S7,† depicting a uniform printed line prole
with low surface roughness.

As illustrated in Fig. 3c–f, the micrometer-thick printed lines
of the DMSO-doped PEDOT:PSS ink were achieved with an
average width and thickness of 306.9 mm and 14.9 mm, respec-
tively. A narrow distribution with less than 20% variation from
the average values was achieved for both width and thickness
using a printing nozzle with a 280 mm inner diameter. The
deviation of the line average width (306.9 mm) from the inner
diameter of the printing nozzle (280 mm) is negligible (∼10%).
According to the literature, the best-reported variation of the
line's average width from the inner diameter of the printing
nozzles was in the range of 20–120% for inks based on
PEDOT:PSS containing 2D MXene nanosheets.45–47 The resolu-
tion (minimum printed line width) achieved for different 3D
printing techniques is summarized in Table S1.†
J. Mater. Chem. A, 2023, 11, 16027–16038 | 16031
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The printed line width and thickness can be adjusted by
adjusting the rheological properties of the ink (concertation of
PEDOT:PSS and the type of co-solvents) and printing parame-
ters (e.g., the injection speed, layer thickness, and inner diam-
eter of the printing nozzle). The small line width deviation from
the inner diameter of the printing nozzle facilitates the printing
process for large-scale production of high-resolution printed
electronics and EMI shields with accurate and reproducible
homogeneity.

The obtained topographical results for the printed lines and
geometries of the 6 wt% pristine PEDOT:PSS ink (Fig. 3c, e and
S8†) indicate less than 25% line width variation from the
average value (343.7 mm) and line thickness variation of less
than 25% from the average value (13.92 mm). The larger average
line width and smaller average thickness are due to the inferior
rheological properties of pristine PEDOT:PSS ink (refer to Fig. 1)
compared to co-solvent-doped PEDOT:PSS inks. The topo-
graphical ndings for EG-doped PEDOT:PSS ink (Fig. 3c, e and
S9†) showed a line width variation of less than 25% from the
average width value (322.5 mm) and a line thickness variation of
less than 15% from the average value (14.89 mm). The same
examinations revealed that the printed lines of DMF-doped
PEDOT:PSS inks displayed the smallest line width average
(295.6 mm) with a line width variation of less than 15% and the
Fig. 3 Digital images of various printed patterned (a), topographical micr
doped PEDOT:PSS ink. The average line thickness of different PEDOT:PS
(d), average line width variation for various PEDOT:PSS-based inks (e), a
printed structures are based on 6 wt% PEDOT:PSS doped with water : D

16032 | J. Mater. Chem. A, 2023, 11, 16027–16038
smallest line average thickness (13.87 mm) with a line thickness
variation of less than 20% (Fig. 3c, e and S10†). According to
rheological data (see Fig. 1), the DMF-doped PEDOT:PSS inks
exhibited the highest shear viscosity and viscoelastic moduli
compared to the other inks, offering lower owability and lower
spreading aer printing. Therefore, DMF-doped inks with
slightly improved rheological properties displayed less width
and thickness deviation from the average values. However,
higher shear viscosity and yield stress demand higher working
pressures.

Overall, by dry annealing at a high temperature (140 °C) right
aer printing, the evaporation of the solvent accelerates solid-
ication, resulting in uniformly printed lines with minimal
spreading. The high-temperature dry-annealing process
reduces the activation energy of the PSS's partial phase sepa-
ration and aids in the molecular penetration of PEDOT-rich
grains.48,49 Solvent and thermal treatments together enhance
the electrical conductivity of the resulting inks as well as guar-
antee high-resolution printed structures, therefore boosting the
nal EMI shields' performance. These ndings manifest the
importance of ink formulation and conrm the reliability of the
direct ink writing technique for manufacturing micro-scale
printed electronics and EMI shields, provided that inks with
proper rheological properties are designed.
ographs of the printed line-, grid-, and triangle-patterned (b) of DMSO-
S-based inks (c), line thickness variation for DMSO-doped PEDOT:PSS
nd line width variation of the DMSO-doped PEDOT:PSS ink (f). All the
MSO 93 : 7 vol/vol ink.

This journal is © The Royal Society of Chemistry 2023
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3.3. Electrical conductivity measurements

By increasing the concentration of co-solvents, the electrical
conductivity rose to maximum values and then declined
(Fig. 4a). The electrical conductivity increased from∼0.6 S cm−1

for pristine PEDOT:PSS to maximum values of 858.1 ± 60.8,
625.31 ± 39.98, and 492.81 ± 42 S cm−1 for the DMSO-doped,
EG-doped, and DMF-doped PEDOT:PSS inks, respectively.
Additionally, the solvent post-treatment of the printed pristine
PEDOT:PSS lms with various high boiling and low boiling
(methanol and ethanol) point solvents showed similar
enhancement trends for electrical conductivity. The highest
electrical conductivity of 967 ± 97 S cm−1 was obtained for
DMSO post-treated PEDOT:PSS ink compared to those for EG
(801.76 ± 86 S cm−1), DMF (828.63 ± 75.44 S cm−1), methanol
(813.78 ± 59 S cm−1), and ethanol (444.96 ± 98 S cm−1) post-
treated PEDOT:PSS ones (Fig. 4d). The reported electrical
conductivities of PEDOT:PSS lms treated with various co-
Fig. 4 Electrical conductivity (a), narrow-scan XPS spectra of the S2p sig
Electrical conductivity (d), narrow-scan XPS spectra of the S2p signal (e), a
Schematic illustration of PEDOT:PSS gel particles' structural changes aft

This journal is © The Royal Society of Chemistry 2023
solvents and different preparation approaches are provided in
Table S2.†

Electrical conductivity increased by more than three orders
of magnitude aer co-solvent doping and solvent post-
treatment processes, followed by dry annealing. The enhance-
ment in electrical conductivity aer co-solvent doping lies
behind the alteration in the structure of PEDOT:PSS due to the
partial removal of PSS-rich grains surrounding the PEDOT-rich
cores of the PEDOT:PSS gel particles. The weight ratio of PSS to
PEDOT is usually 2.5 : 1 and a portion of the PSS chains is
undoped with PEDOT, known as free PSS chains in the system.
The presence of free PSS chains impedes electrical conductivity
by forming non-conductive boundaries.50 A smaller gel particle
size results in a greater number of gel particle boundaries in dry
conditions, blocking electron transfer between conductive
PEDOT segments. Hence, the larger the gel particles, the fewer
the boundaries, which gives rise to higher electrical conduc-
tivity.11 The addition of co-solvents leads to the appearance of
nal (b), and Raman shifts (c) of co-solvent-doped printed PEDOT:PSS.
nd Raman shifts (f) of solvent post-treated printed pristine PEDOT:PSS.
er the co-solvent doping process (g).
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strong electrostatic interactions between co-solvent molecules
and PSS chains. At higher concentrations of co-solvent, the
electrical conductivity declined, which could be attributed to
the formation of PEDOT:PSS aggregations in the presence of
excessive amounts of co-solvents.51

Additionally, the screening effect assists in distancing the
PEDOT chain from PSS. Consequently, the partial PSS removal
phenomenon occurs due to the high hydrophilicity of PSS. As
shown in the narrow-scan XPS graphs (Fig. 4b and e), values of
the PEDOT/PSS ratio were increased by adding co-solvents. The
peak area for PEDOT and PSS can be used to estimate PSS
removal from the system on the surface of the samples.52,53 The
calculated surface areas under the characteristic peaks of
PEDOT (∼165 eV) and PSS (∼169 eV) in the achieved XPS spectra
of co-solvent doped and solvent post-treated PEDOT:PSS inks
proved that the presence of co-solvents increases the ratio of
PEDOT/PSS (see Fig. S11†). It means that undoped PSS chains
have been removed from the PEDOT:PSS gel particles to some
extent. The higher PSS removal results in higher electrical
conductivity because the pathways for transferring charge
carriers increase.

In addition to the PSS-removal due to the incorporation of
co-solvents/solvent post-treatment, the conformational trans-
formation from a coiled structure of PEDOT to an extended
structure leads to improved charge transport among PEDOT
chains.54 As demonstrated in Fig. 4c and f, the Raman shis
between the 1400 and 1500 cm−1 range are assigned to the
stretching vibration of Ca = Cb on the h-member ring of
PEDOT, exhibiting a red shi from 1437 cm−1 to lower values
aer co-solvent doping and solvent post-treatment. This Raman
shi represents a structural resonant change in PEDOT chains
from a benzoid structure to a quinoid one. This indicates that
the former conformation of PSS chains is altered from a coil
conformation to a linear or extended structure, which is desir-
able for improving electrical conductivity.55

Furthermore, XRD plots (Fig. S12†) revealed that the small
shiing in the characteristic peaks at 2q = 5° to lower values
represents an increase in the distance of the in-plane PSS and
PEDOT chains (lamella stacking distance).50,56 The slight slide
of the peaks at 2q = 26° to higher values, due to co-solvent
doping and solvent post-treatment, implies the reduction of
the p–p stacking distance of PEDOT aromatic groups. Fig. S12†
shows that the presence of co-solvents intensies the sharpness
of the characteristic peaks at 2q = 26°, which is due to
a decrease in the p–p stacking distance and, thus, an increase
in the degree of molecular packing.50 These structural changes
in PEDOT:PSS on account of the incorporation of co-solvents
indicate that the PEDOT p–p interchain couplings are intensi-
ed. Therefore, the p–p interchain charge transfer pathways
were improved by increasing the p-electronic overlaps.57 Struc-
tural changes in the PEDOT:PSS networks aer co-solvent
doping are schematically illustrated in Fig. 4g.
3.4. EMI shielding measurements

Inks with high electrical conductivity can be used to fabricate
exible, lightweight, and highly reproducible printed EMI shields
16034 | J. Mater. Chem. A, 2023, 11, 16027–16038
with arbitrary geometries and sizes. The primary EMI shielding
mechanism of highly conductive materials is the reection of the
incident wave, due to the impedance mismatch between free
space and the shielding material.58,59 For instance, in metallic
EMI shields, the low impedance gives rise to a high ratio of
reection, which causes secondary EM wave (EMW) pollution.
However, intrinsically conductive polymers have shown
enhanced performance in absorbing the incident wave through
the interaction of the EMW radiation with charge carriers, which
induces polarization, Ohmic loss, scattering, and multiple
internal reections (in multiple-phase or porous EMI shields).60,61

Various inherent properties of the shield's constituents such
as electrical conductivity, and geometrical features of the
shield, e.g., thickness, structure, and density, affect the total
shielding effectiveness (SETotal) in a specic frequency range of
the incident EMW. As shown in Fig. 5a, different patterns,
including laminated compact layers (100% inll density,
labeled as Full), grid-inlled structures (with 1 and 2 mm line
spacing, namely G1 and G2, respectively), and different
numbers of deposited layers were 3D printed to correlate the
macro-scale design of the shields to their shielding perfor-
mance. By increasing the number of printed layers of the dry-
annealed (DA) pristine PEDOT:PSS EMI shields with 100%
inll density (Full) from one layer (11.66 mm) to ten layers
(273.54 mm), the SETotal increased from 16.61 dB to 28.35 dB
(Fig. 5b) within the X-band (8.2–12.4 GHz). Expectedly, the grid-
inlled printed EMI shields featured a lower SETotal compared
to the compact laminated lms, which is a direct consequence
of the reduced effective surface area. However, by increasing the
number of deposited layers, the EMI SE of the grid-inlled
structures increased dramatically. Findings revealed that the
printed grid-inlled EMI shields of pristine PEDOT:PSS inks
with at least ve printed layers exhibited a SETotal greater than
20 dB, which is suitable for a wide range of industry applica-
tions. A SETotal of 20 dB can be translated to the shielding of
99% of the incident waves, and a SETotal of 30 dB blocks 99.9%
of the incident waves.

With advancements in technology, the demands for advanced
high-performance EMI shields are increasing. The electrical
conductivity of the shield affects the EMI SETotal directly. Co-
solvent doping and solvent post-treatment enhance the elec-
trical conductivity of the prepared inks (refer to Fig. 4), and as
a result of that, the EMI SE increases remarkably. Among the used
co-solvents and solvent post-treatments, DMSO indicated the
greatest inuence on electrical conductivity. Solvent doping is of
more importance due to the fewer processing steps and facile ink
preparation; therefore, the EMI shielding performance of the
prepared DMSO-doped PEDOT:PSS shields (858.1 ± 60.8 S cm−1)
was investigated. As shown in Fig. 5c, for the dry-annealed prin-
ted 100% inll density DMSO-doped PEDOT:PSS shields, the
SETotal reached 22.78 dB (1-layer, 9.4 mm), 27.49 dB (2-layer, 27.1
mm), 31.84 dB (5-layer, 43.3 mm), and 39.36 dB (10-layer, 196.7
mm). Interestingly, DIW enables the manufacturing of visually
transparent patterned EMI shields with competitive performance
compared to compact laminated structures (see Fig. S13†).

As indicated in Fig. 5c and Table 1, the dry-annealed printed
grid-inlled DMSO-doped PEDOT:PSS shields with 1 mm line
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Digital and microscopic images of the printed structures with different infill patterns and the number of printed layers (a). Total EMI SE of
the printed pristine (b), dry-annealed DMSO-doped (c), and freeze-dried DMSO-doped (d) PEDOT:PSS structures. EMI shielding coefficients for
DMSO-doped PEDOT:PSS structures (e). Schematic illustration of the EMI shielding mechanism of a grid-infilled printed structure (f). 1L and 10L
represent 1 printed layer and 10 printed layers, respectively.
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spacing (G1) show SETotal of 23.50 dB (1-layer, 8 mm thickness),
26.14 dB (2-layer, 14.9 mm thickness), 30.55 (5-layer, 33.1 mm
thickness), and 36.91 dB (10-layer, 184.2 mm thickness). By
fabricating the grid-patterned structures, the empty spaces
(openings) in the EMI shield give rise to the impedance
mismatch between the free space and the shield. This leads to
high EMI SE values despite the use of less material.

Additionally, the drying technique affects the nal proper-
ties of the printed DMSO-doped PEDOT:PSS EMI shields. As
illustrated in Fig. 5d and Table 1, employing a freeze-drying
technique to fabricate EMI shields improves the EMI SE.
This technique allowed the printed shields to maintain their
micro- and macro-scale structures with higher thicknesses.
Due to the increase in thickness as well as the increased micro-
scale porosity of the freeze-dried samples, the incident elec-
tromagnetic waves are dissipated at higher rates due to the
change in shielding mechanisms and improved multiple
internal reections.62,63 According to Fig. S14,† freeze-drying
samples showed increments of 19.55%, 20.18%, and 11.00%
in EMI SE values for full, G1 grid-inlled, and G2 grid-inlled
structures compared to dry-annealed samples. Fig. S15–S17†
present the EMI SE reection (SER), SE absorption (SEA), and
This journal is © The Royal Society of Chemistry 2023
SE total (SETotal) of the 3D-printed pristine PEDOT:PSS, dry-
annealed DMSO-doped, and freeze-dried DMSO-doped
PEDOT:PSS inks over the X-band range. It is clear that co-
solvent doping increased the shielding performance
throughout the entire frequency range, and patterning the EMI
shields improved the absorption and reduced the reection of
the incident electromagnetic waves.

Since the thickness of different printed samples varies, the
specic shielding effectiveness (SSE) is dened as the normal-
ized SETotal over the thickness of the shield (SETotal/t) to present
a better comparison. As listed in Table 1, printed shields with
only one printed layer (1L) possess signicant SSE values of 24
126.37, 27 040.09, and 23 729.66 dB cm−1 for Full, G1, and G2
dry-annealed DMSO-doped PEDOT:PSS structures, respectively.
The SSE values decreased to 10 127.20, 17 497.59, and 17 200.11
dB cm−1 for 2-layered 100% inll, G1, and G2 EMI shields. The
freeze-dried EMI shields have lower SSE values than the dry-
annealed samples due to their higher thickness. Due to the
structural differences between the dry-annealed and freeze-
dried structures, normalizing SSE by the density of the prin-
ted EMI shields (absolute SE or SSE/d) provides a lucid
comparison. Accordingly, the dry-annealed EMI shields with the
J. Mater. Chem. A, 2023, 11, 16027–16038 | 16035
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Table 1 EMI shield parameters of printed DMSO-doped PEDOT:PSS structures

EMI shield SER SEA SETotal Thickness (mm) SSE (dB cm−1) SSE/d (dB cm2 g−1)

Dry-annealed shields 1L Full 9.41 13.37 22.78 0.0094 24 126.37 69 251.05
1L G1 8.94 12.56 21.50 0.0080 27 040.09 209 558.95
1L G2 3.32 15.55 18.87 0.0080 23 729.66 306 505.52
2L Full 7.91 19.58 27.49 0.0271 10 127.20 27 587.05
2L G1 5.34 20.80 26.14 0.0149 17 497.59 126 564.86
2L G2 5.08 20.61 25.70 0.0149 17 200.11 213 279.60
5L Full 4.70 27.14 31.84 0.0433 7360.58 19 239.11
5L G1 6.89 23.66 30.55 0.0331 9226.88 64 356.92
5L G2 6.18 24.36 30.54 0.0331 9223.26 111 984.78
10L Full 6.04 33.32 39.36 0.1967 2000.77 4876.05
10L G1 7.37 29.54 36.91 0.1842 2003.77 13 458.56
10L G2 7.40 28.59 35.99 0.1842 1953.68 23 216.06

Freeze-dried shields 1L Full 6.07 22.87 28.95 0.0167 17 343.08 90 564.40
1L G1 7.34 17.14 24.48 0.0113 21 701.59 339 972.76
1L G2 4.81 16.01 20.81 0.0113 18 451.18 481 754.05
2L Full 5.07 27.49 32.57 0.0453 7184.67 36 782.22
2L G1 6.37 25.93 32.31 0.0331 9754.46 142 623.97
2L G2 6.88 19.49 26.38 0.0331 7963.86 199 616.42
5L Full 4.95 29.39 34.34 0.3908 878.68 4411.93
5L G1 8.14 24.40 32.53 0.3523 923.39 13 019.08
5L G2 6.68 26.23 32.90 0.3523 933.91 22 921.02
10L Full 6.89 46.40 53.30 0.6128 869.76 4284.72
10L G1 7.11 43.05 50.16 0.5014 1000.35 13 581.82
10L G2 7.45 36.92 44.37 0.5014 884.97 21 257.80
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lowest printed layers (1L) maintain the highest values among
the absolute SE values. Using DIW to print patterned EMI
shields compensates for the impedance mismatch between free
space and the EMI shields and reduces the requiredmaterial for
fabricating the shield. Therefore, engineering the structure of
EMI shields leads to lower apparent density values and, thus,
higher absolute SE values.

As listed in Table 1, 1-layered patterned DMSO-doped G1 and
G2 EMI shields showed extraordinary absolute SE values of 209
558.95 and 306 505.52 dB cm2 g−1, respectively, compared to 1-
layered full lm (69 251.05 dB cm2 g−1). For EMI shields with 2
printed layers, the absolute SE values were 27 587.05, 126
564.86, and 213 279.60 dB cm2 g−1 for Full, G1, and G2 samples,
respectively. These outstanding achieved absolute SE values for
different printed samples are comparable to previous works in
the literature in which high levels of conductivity and EMI SSE
were achieved using nanocomposites of PEDOT:PSS and
different conductive nanollers such as graphene,64,65

MXenes,45,66–68 and Ag NWs69 (see Table S3†).
The freeze-dried 1-layered EMI shields showed remarkable

absolute SE values for Full (90 564.40 dB cm2 g−1), G1 (339 972.76
dB cm2 g−1), and G2 (481 754.05 dB cm2 g−1). EMI shielding
results showed that by increasing the number of the printed
layers, the absolute SE decreased. For 10-layered printed EMI
shields, the absolute SE values were 4284.72, 13 581.82, and 21
257.80 dB cm2 g−1 for Full, G1, and G2 samples, respectively.
These results are superior to those of the reported EMI shields in
the literature (see Table S3†). All in all, the manufacturing
technique (DIW) and drying method (freeze-drying) allow for
controlling the macro- and micro-scale structures, respectively,
of the manufactured high-performance lightweight EMI shields.
16036 | J. Mater. Chem. A, 2023, 11, 16027–16038
Other than the total SE, the shielding mechanism can be
interpreted using EMI shielding coefficients. Interestingly, as
shown in Fig. 5e, the reection coefficient values decreased by
decreasing the printed EMI shields' inll density. This indi-
cates that by controlling the macro-scale design of the man-
ufactured EMI shields, the mechanism of EMI shielding
switches from reection to Absorption. The printing of
customized patterned structures not only uses less material
but also improves the absorption mechanism of the engi-
neered shields by changing the mechanism of shielding (see
Fig. 5f).

4. Conclusions

High-performance engineered exible EMI shields were man-
ufactured using a DIW technique by formulating 3D printable
highly electrically conductive PEDOT:PSS-based inks. EMI
shielding characterizations indicated that by engineering the
micro- and macro-scale design of the printed shields, the
mechanism of shielding shis from reection to absorption.
The highest EMI SE of 39.36 dB for dry-annealed and 50.16 dB
for freeze-dried were achieved for 10 layers of the printed
DMSO-doped PEDOT:PSS grid-inlled patterns. The electrical
conductivity was enhanced by three orders of magnitude from
∼0.6 S cm−1 for pristine PEDOT:PSS to 858.1 ± 60.8, 625.31 ±

39.98, and 492.81 ± 42 S cm−1 for the DMSO-doped, EG-doped,
and DMF-doped PEDOT:PSS inks, respectively. The rheological
properties of the PEDOT:PSS inks were ne-tuned by varying
polymer concentrations and changing the type of co-solvent.
The results indicated that the 6 wt% of pristine PEDOT:PSS
inks feature proper viscoelastic properties, which were
This journal is © The Royal Society of Chemistry 2023
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improved by the addition of co-solvents, rendering them suit-
able for additive manufacturing of advanced exible self-
standing patterned EMI shields and printed electronics. Topo-
graphical analyses conrmed the high resolution of the printed
structures. Pristine and EG-doped PEDOT:PSS inks showed
lower printing resolution (higher spreading aer printing) due
to lower viscoelastic properties. However, DMSO- and DMF-
doped PEDOT:PSS inks exhibited improved topographical
proles. The ink with the highest electrical conductivity (6 wt%
PEDOT:PSS doped with water : DMSO 93 : 7 vol/vol) showed an
average line width of 306.9 mm, an average line thickness of 14.9
mm, a line width/thickness variation of less than 20% from the
average values, and line width with a 10% deviation from the
inner diameter (280 mm) of the printing nozzle. This approves
the reliability and reproducibility of the inks for the fabrication
of pattern-inlled structures via the DIW technique. Electrical
conductivity measurements showed that solvent post-treatment
can be as effective as solvent doping. The maximum electrical
conductivity of 967 ± 97 S cm−1 was obtained for the DMSO
post-treated pristine PEDOT:PSS lm compared to those for EG
(801.76 ± 86), DMF (828.63 ± 75.44), methanol (813.78 ± 59),
and ethanol (444.96 ± 98) post-treated PEDOT:PSS ones. The
experimental results demonstrated the partial removal of non-
conductive PSS from the conductive PEDOT cores, as well as
PEDOT structural transformations, thereby leading to an
enhancement in the electrical conductivity of the printed
structures.
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