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Advances in precision coatings are critical in enhancing the functionality of porous materials and the per-
formance of three-dimensionally (3-D) micro-architected devices in applications ranging from molecular
sorption and separation to energy storage and conversion. To address this need, we report the cathodic
electrodeposition of polymer networks (EPoN) that utilizes the coupling between pre-synthesized poly-
mers with electrochemically active end groups and a complementary crosslinker to form a step-growth
polymer network. The electrochemically mediated crosslinking reaction confines the network formation
to the electrode surface in a passivating and self-limiting film growth, preventing uncontrolled precipi-
tation and deposition away from the surface. The cathodic electrodeposition is compatible with a variety
of conductive substrates, which is demonstrated for 3-D carbons and metals with micron-scale pores of
high aspect ratio. The entire pore surface of the 3-D electrodes is enveloped by a conformal polymer thin
film that is free of detectable defects and highly electronically insulating for its potential use as an ultrathin
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artificial electrolyte interphase or solid polymer electrolyte. Since our EPoN concept decouples the
polymer functionality from its electrodeposition chemistry, we envision it to be a widely applicable
method to coat various conductive non-planar and micro-architected 3-D substrates with polymers of
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Introduction

Non-planar or porous three-dimensional (3-D) mesoscaled
materials are essential in applications that require efficient
mass transport coupled to interfacial processes, such as energy
storage, electrocatalytic conversions, or sorption and separ-
ation technologies."™ Coating such porous architected
materials with functional thin films can lead to improved per-
formance due to the combination of large surface areas with
bulk material properties of an interphase that exhibits a finite
thickness compared to a volume-less interface, including elec-
tronic insulation, mechanical and chemical protection, or
molecular selectivity, while ensuring fast mass transport due
to ultrashort diffusion distances through the thin film
coating.>® Polymer networks are of particular interest as appli-
cation-tailored coatings on high surface area materials for
their large parameter space of chemical and physical pro-
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perties through monomer functionality and network topology,
respectively, combined with molecular and ionic
permeability.” ' While fabrication methods for micro/nano-
scaled thin films of polymer networks on planar substrates are
well established, such as spin-coating of reactive macro/mono-
mers and subsequent crosslinking, as well as (self-limiting)
electrospray deposition on macroscale architectures, they face
severe limitations on non-planar substrates and in 3-D
materials with micron-sized and high aspect-ratio features and
pores.">"® For example, a major challenge in realizing 3-D
micro-interdigitated batteries is the fabrication of an ultrathin
but uniform and defect-free solid electrolyte layer that separ-
ates the two interdigitated electrodes.' Thus, the development
of new deposition methods applicable to emerging 3-D archi-
tected materials is critical in the effort to transition from tra-
ditional randomly distributed composites to next-generation
interdigitated multi-layer designs with tailor-made and
uniform functional interphases.

Most established coating techniques for 3-D microstruc-
tured substrates utilize vapor deposition routes such as atomic
layer deposition (ALD), molecular-layer deposition (MLD),
chemical vapor deposition (CVD), vapor-deposition polymeriz-
ation (VDP), and vapor phase infiltration (VPI).">™*° However,
the need to maintain and operate vacuum deposition equip-
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ment limits their accessibility to a broad user base.'®"’
Additionally, vapor depositions that exhibit non-self-limiting
mechanisms such as CVD and VDP lead to under-deposition
deep into porous materials and over-deposition at pore
entrances, causing non-uniformity and ill-defined coatings.
For example, initiated or oxidative chemical vapor phase depo-
sition (i/0-CVD) has emerged for coating non-planar substrates
with polymers, but restricted mass transport and competing
side reactions result in limitations at smaller pore sizes and
higher aspect ratios.”>*' Similarly, VPI is effective for introdu-
cing inorganics into polymer films and is particularly well-
suited for hybrid materials and coatings, as it can uniformly
infiltrate and modify existing polymer structures, but it
requires the presence of polymer films in the first place.'
Solely ALD offers a high degree of conformality of the obtained
coatings up to a certain limit of pore sizes and aspect ratios
due to its cyclic self-limiting growth mechanism, but it is so
far limited to inorganic materials.""® Analogous to ALD, MLD
is a nanoscale deposition technique with self-limiting layer-by-
layer growth of polymers, but the library of available precursors
is limited and precursor diffusion and reaction kinetics can be
challenging in high aspect ratio structure."”'® Until now, the
layer-by-layer (LbL) deposition of alternating positively and
negatively charged polyelectrolytes, or strong hydrogen-bond
donors/acceptors, is the only method to enable the precise fab-
rication of polymer thin films on complex substrate shapes
and porous materials with nanoscale control over film thick-
ness.”> However, due to the LbL deposition mechanism that is
coupled to the main polymer functionality, single-component
or low-polarity polymers are not applicable to this method,
limiting the range of polymeric coatings and functional inter-
phases by LbL.>*>?*

Electrochemical deposition approaches are promising for
the fabrication of uniform thin films on conducting materials
regardless of the substrate architecture due to the surface con-
finement of the charge transfer and subsequent chemical reac-
tion."* Meanwhile, electrodeposition approaches are solution
based and, therefore, more accessible, scalable, and adaptive
compared to vapor-based methods.>* Electropolymerization of
(semi)conducting polymers and electrochemically initiated
polymerization of vinylic monomers such as acrylates have
been reported on various non-planar electrodes. However,
both methods fail at fabricating conformal and uniform thin
films due to mass transfer effects and their non-self-limiting
nature: electropolymerization yields conductive coatings that
grow fastest in areas with the least mass transfer restrictions
(pore entrances), while electrochemically initiated polymeriz-
ation only confines the initiation to the surface and chain
growth continues in the bulk solution causing random
material deposition and pore blockage.”® Truly self-limiting
and, therefore, conformal electropolymerization has only been
achieved in electrochemically mediated crosslinking reactions
of molecules such as phenol and ortho-phenylene diamine to
yield ultrathin (<50 nm) dense molecular networks as uniform
coatings.”®*° The enabling design criteria for this conformal
electrodeposition approach are (1) a charge-transfer event that
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is necessary for each crosslinking reaction and (2) the for-
mation of electronically insulating coatings that eventually
become impermeable to the monomers.

Here, we apply these design criteria to pre-synthesized poly-
mers in a novel polymer coating paradigm: the end-group
assisted electrodeposition of polymer networks (EPoN). Our
approach decouples the polymer network functionality from
its electrodeposition chemistry, mitigates overgrowth at easily
accessible surfaces due to a self-limiting mechanism, and pre-
vents unwanted polymerization and material formation in the
bulk solution. The iteration of EPoN reported here utilizes a
pre-synthesized polymeric extender of arbitrary functionality
with two electrochemically active groups at its chain ends.
Upon surface-confined electrochemical reduction, this end
group yields an activated species that undergoes a coupling
reaction with a multifunctional crosslinker as a second comp-
lementary component, as illustrated in Scheme 1 (top). This
electrochemically mediated coupling reaction of polymeric
extender and multifunctional crosslinker generates a polymer
network exclusively within the nanoscale vicinity of the elec-
trode surface. The electrochemically generated polymer
network deposits onto the electrode surface by adhesion due
to its insolubility and precipitation. We demonstrate the two-
component cathodic EPoN with the electrodeposition of a poly
(ethylene glycol) (PEG) network on porous 3-D carbon electro-
des and copper foams.

Experimental

Detailed experimental procedures are available in the ESI.{

Synthesis

Hydroxy-terminated poly(ethylene glycol) is reacted with
a-bromoisobutyryl bromide (bib) catalyzed by triethylamine in
anhydrous toluene under nitrogen atmosphere at 0 °C for
30 minutes followed by room temperature for 10 hours. The
resulting mixture is filtered to remove the triethyl ammonium
bromide and the polymer product is precipitated in hexane.
The precipitate is redissolved in chloroform, washed three
times with deionized water and a saturated solution of NaCl,
and precipitated twice in cold hexane to yield the end-group
functionalized PEG-2bib. The successful modification is con-
firmed by proton-nuclear magnetic resonance ("H-NMR) spec-
troscopy in deuterated chloroform on an Agilent 400 MHz
VNMRS unity plus spectrometer (Fig. S17).

3-D carbon electrode fabrication

3-D carbon electrodes are prepared with non-solvent induced
phase inversion of a poly(acrylonitrile) (PAN) solution that is
cast onto a dimethyl sulfoxide (DMSO)-swollen organogel and
subsequently immersed in DI-water. The phase-inverted 3-D
PAN film is stabilized at 250 °C in air and carbonized at 750 °C
under argon for 1 hour. The 3-D carbon electrode is attached
to a stainless steel disc with its dense side by applying a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration (top) and chemical reaction (bottom) of the end-group-assisted two-component electrodeposition of polymer

networks (EPoN).

mixture of carbon black and poly(vinyl alcohol) in water
between them and subsequent drying.

Electrodeposition

All electrochemical experiments are performed on a Gamry
Reference 600+ potentiostat. A coiled platinum wire serves as
the counter electrode and a silver wire immersed in 0.1 M
silver perchlorate solution with 0.1 M tetraethylammonium
p-toluenesulfonate (TEA-Tos) in dimethylformamide (DMF) as
the reference electrode separated by a Gamry glass frit from
the deposition solution. All potentials are measured and dis-
played vs. this Ag/AgClO, reference electrode. The electrodepo-
sition solvent DMF is degassed with three freeze-pump-thaw
cycles before use and the concentration of the supporting elec-
trolyte TEA-Tos is 1 M for all electrodepositions. Potentiostatic
electrodeposition is performed at —2 V vs. Ag/AgClO,. All
coated electrodes are cleaned with acetonitrile and dried at
room temperature.

Film characterization

Scanning electron microscopy (SEM) is performed on a Zeiss
Supra 55 field-emission SEM with an electron beam accelerat-
ing voltage of 3 kV using a secondary electron detector.
Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy is performed on a Bruker FT-IR
Microscope. Two-electrode electrochemical impedance spec-
troscopy (EIS) measurements with a signal amplitude of
100 mV are performed with a Gamry Reference 600+ potentio-
stat using a eutectic gallium indium drop sandwiched between
the coated 3-D carbon (working electrode) and a bare ITO-
coated glass slide (counter and reference electrode) separated
by a 1 mm silicone rubber spacer resulting in a contact area of
approximately 3.1 mm?.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Results and discussion

The surface-confined formation and deposition of a PEG
network is induced with the cathodic electrocoupling reaction
between bromoisobutyrate (“bib”) and acrylate (“A”): the elec-
trochemically reduced bib undergoes a nucleophilic addition
to the electron-poor double bond of the acrylate (Scheme 1,
bottom). To utilize this electrochemically activated coupling
reaction, the chain ends of a linear PEG, a common polymer
electrolyte exhibiting good lithium-ion conductivity, are func-
tionalized with the electrochemically active bib group to yield
the difunctional PEG-2bib (Fig. 1 and Fig. S11).>**' As the
complementary crosslinker, pentaerythritol tetraacrylate (“4A”)
with four acrylate groups is employed. The 4A crosslinker
couples to the reduced bib to form a crosslinked PEG step-
growth network either as a radical or an anion in a nucleophi-
lic addition reaction.>” The coupled product itself is a radical
or anion that can be quenched by protons, for example.
Simultaneously, the coupled product could initiate the radical/
anionic polymerization of 4A, leading to an uncontrolled
chain reaction that would produce a coating with non-uniform
composition and crosslink density, as PEG chains would inho-
mogenously incorporate into the network. To prevent this, we
optimize the deposition conditions to ensure that the one-to-
one coupling between bib and acrylate is the predominant
reaction. Importantly, the growing and depositing PEG
network is electronically insulating, preventing reduction at
the coating-electrolyte interface, and it eventually becomes
impermeable towards PEG-2bib, preventing the macromer
from reaching the electrode surface and stopping its continued
reduction and activation. Thus, the deposition is self-limiting
and leads to full passivation of the electrode surface towards
further growth at a critical point.
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(a) Cyclic voltammograms of solutions of PEG-2bib (blue curve), 4A (red curve), and pure electrolyte (green curve), respectively. The shaded

region indicates the bib-based electrodeposition window without acrylate reduction. The dashed vertical line indicates the potential used for depo-
sition. (b) Scanning electron microscopy (SEM) image of a 3-D carbon electrode at approximately 30° to its cross-section showing cylindrical
micron-scale pores open on one side of the electrode. (c) Chronoamperometry during the application of a constant reducing potential (-2 V vs. Ag/
AgClOy) to a 3-D carbon electrode immersed in solutions containing only PEG-2bib (red curve) and PEG-2bib with 4A (black curve), indicating passi-

vating EPoN only with both components present.

Individual cyclic voltammograms (CV) of PEG-2bib, 4A, and
the pure DMF/TEA-Tosylate electrolyte solution are obtained to
determine their reduction onset potential and probe the stabi-
lity of the electrolyte solution (Fig. 1a). All solutions exhibit a
small reduction peak around —1.3 V vs. Ag/AgClO, from the
reduction of residual oxygen.>> The onset potential of the
PEG-2bib reduction is identified at —1.1 V and reaches its peak
current at —2.2 V vs. Ag/AgClO,. The broad reduction wave
indicates an irreversible multi-electron transfer to the bib
group, forming butyric radicals and anions under bromide
generation (Scheme 1, bottom). The crosslinker 4A only exhi-
bits cathodic currents at potentials more negative than —2.3 V
vs. Ag/AgClO,, associated with acrylate chemisorption, and the
onset of its reduction wave is found at —2.6 V vs. Ag/AgClOy,,
which electrochemically initiates its polymerization. Therefore,
the functional bib end-group is selectively reducible at less
negative potentials than 4A. This establishes an electrodeposi-
tion window between —1.5 V and —2.3 V vs. Ag/AgClO, for the
exclusive reduction of the bib end group without electrochemi-
cally initiated acrylic chain-growth polymerization. Here, —2.0
V vs. Ag/AgClO, is selected to achieve mass-transfer-limited
electrodeposition without the electrochemical adsorption and
reduction of the acrylate crosslinker.

Potentiostatic electrodeposition with chronoamperometry
(“CA”) is employed to coat a (PEG-2bib),-(4A), thin film on the
surfaces of a 3-D micro-architected carbon electrode obtained
from our customized phase-inversion of poly(acrylonitrile)
with subsequent carbonization.* The 3-D carbon electrode of
80 pm thickness exhibits vertical cylindrical pores that are
open and accessible on one side and closed on the other, with
a pore diameter gradient from 5 to 20 um towards the open
pore entrance (Fig. 1b). During potentiostatic electrodeposi-
tion from a solution containing PEG-2bib and 4A at a
2:1 molar ratio of the functional groups (bib: A), the current
density continuously decreases to near zero from initially 1 mA
cm ™2 over the course of 20 minutes, demonstrating passivation
of the 3-D carbon electrode towards further reduction of the
PEG-2bib (Fig. 1c). In contrast, a solution containing only

M42 | RSC Appl. Polym., 2024, 2, 139-1146

PEG-2bib without 4A exhibits an initial decrease in current
from 1 mA cm™ but reaches a steady state after 200 s at over
0.4 mA cm™?, indicating no passivation upon bib reduction in
the absence of a complementary crosslinker. The self-passiva-
tion nature of this electrodeposition is attributed to two
factors: (1) the depositing polymer network is electrically insu-
lating, preventing electron transfer from the carbon surface to
the solution through the coating, and (2) the polymer network
increases in density and eventually turns impermeable to the
macromer PEG-2bib, preventing its diffusion from the bulk
solution to the carbon surface and stopping its electro-
chemical reduction.

To evaluate the conformality and topography of the electro-
deposited PEG network thin film, scanning electron
microscopy (SEM) images of the cross section of uncoated and
coated 3-D carbon electrodes are compared in Fig. 2a.
Evidently, a smooth EPoN-derived submicron coating on the
surface is obtained at all locations along the 80-micron long
pore. The thickness of the thin film is evaluated from the SEM
images of 15 pores at the pore entrance, middle, and end, and
summarized in Fig. 2b. Interestingly, the average thickness of
the PEG network film at the entrance and middle of the pores
is relatively uniform at 175-200 nm, and increases to 350 nm
at the pore end, while exhibiting a fairly narrow pore-to-pore
variance at the pore entrances and ends. This coating thick-
ness distribution is opposite to traditional deposition tech-
niques which exhibit overgrowth at the pore entrance and
undergrowth deeper into the pore.”® We speculate that this
result stems from a balance between the bib-A coupling kine-
tics and the diffusion of the reduced PEG-2bib within the con-
finement of the pore, leading to an initially denser and thinner
coating at the pore entrance compared to deeper into the pore.
We note that the pores in the 3-D carbon electrode are not per-
fectly uniform in diameter or aspect ratio, and that the “middle”
of the electrode is not an equivalent spot for each pore, likely
leading to larger variations in thickness measurements at that
nominal spot over the many measured pores summarized in
Fig. 2b. Varying the polymer concentration and end-group ratio

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Cross-sectional SEM images at different locations along an uncoated (left) and a coated (right) 80 pm long pore of a 3-D carbon elec-
trode. (b) Distribution of EPoN-derived PEG coating thickness measured at the three different locations of 15 pores within the 3-D carbon.

Fig. 2

(bib: A) has a substantial effect on the topography of the EPoN-
derived coatings: films formed at lower concentrations are
thinner and non-uniform, and become porous at bib concen-
trations below 0.1 M, potentially due to insufficient crosslinking
at low concentrations leading to cracking of the coating during
post-deposition drying and deswelling (Fig. S27). Higher relative
content of 4A also leads to less homogeneous coatings, likely due
to an increased contribution of bib-initiated radical chain-growth
polymerization of 4A.

Having established the proof-of-concept for EPoN to
achieve conformal submicron coatings on 3-D electrodes, the
films are evaluated for defects, permeability, composition, and
electronic properties. The molecular permeability and coverage
of the films is deduced from the electrochemical signals of
probe molecules dissolved in solution and in contact with the
electrodes before and after polymer network electrodeposition.
Decamethyl ferrocene (DmFc) and polyaniline (PANI, M, =
20 kg mol™") are used as electrochemical probe molecules.
Since PANI is an order of magnitude larger than the polymeric
PEG-2bib extender, one would expect a defect-free film to
block its electrochemical activity, while the small-molecule
DmFc may permeate through the PEG network. This behavior
is indeed observed, as shown by the CVs in Fig. 3a and b for
PANI and DmFc, respectively: the reversible oxidation and
reduction peaks of PANI diminish after polymer network elec-
trodeposition on the 3-D carbon electrode and double-layer
capacitance dominates the CV. The absence of the PANI redox
peaks above 0 V after coating of the carbon, as shown in
Fig. 3a, suggests the absence of physical defects above a few
nanometers in size at a quantity within the electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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detection limit, and that the mesh size of the polymer film is
smaller than the size of the PANI. The redox peaks for DmFc
remain for the 3-D carbon coated with the PEG networks with
a larger peak splitting and slightly lower peak current, indicat-
ing the permeability of the electrodeposited polymer network
to DmFc with an additional resistance of DmFc diffusion
through the polymeric coating. The retention of DmFc electro-
chemistry further demonstrates that the polymer network film
consists of a crosslinked PEG network rather than a purely
electropolymerized poly(4A) coating, which exhibits no DmFc
redox peaks when intentionally and exclusively electrochemi-
cally initiated polymerization of 4A is performed at —2.75 V vs.
Ag/AgClO, (Fig. S31).

The chemical composition of the polymer network coatings
is assessed by ATR-FTIR spectroscopy on planar gold electro-
des. Fig. 3c shows the ATR-FTIR spectrum of the starting
material PEG-2bib, an electrodeposited (PEG-2bib),-(4A), thin
film, and an electrochemically polymerized poly(4A). The pres-
ence of a strong absorption band at 1100 cm™" related to the
C-O stretching of the ether group, which is abundant in the
PEG chain but not in 4A, confirms the electrodeposition of the
PEG macromer and its incorporation into the polymer network
thin film. The material obtained from the electrochemically
initiated polymerization of 4A exhibits a strong absorbance
band at 1730 cm™’, related to its four carbonyl groups. The
absorbance at 1730 em™' is stronger for the (PEG-2bib),~(44),
than for the PEG-2bib starting material, confirming the co-
deposition of 4A and PEG-2bib. Additionally, we observe a
higher PEG incorporation with increased bib:acrylate ratio
during EPoN, as determined by comparing the IR absorbance

RSC Appl. Polym., 2024, 2, 139-1146 | 1143


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00180j

Open Access Article. Published on 18 september 2024. Downloaded on 21. 02. 2026 17:44:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Applied Polymers
a o6 b o3/ — C
—— Uncoated 3D Carbon ‘ PANI ——Uncoated 3D Carbon DmFc
—— Coated 3D Carbon —— Coated 3D Carbon
04 027
=< =<
0.1 ] )
E 0.2 E é PEG-2bib .
- - =
S S 00 S |mn A
£oor S 2 |20 S I N
1= (=] 01 =<
0.2+ ! (PEG-2bib)x-(4A)y film
-02f
04758 06 04 02 00 02 04 06 08 09 08 07 06 05 04 03 02 01 00 4000 3500 3000 2500 2000 1500 1000
Potential vs. Ag/AgCl04 /V Potential vs. Ag/AgC104 /V Wavenumber cm™
f
0
d . . . « - Without Li* S0¢ 2 .
®ocs, Coated 3D Carbon 0L + » After Li* infusion
106 %, o, 20 40} : = Without Li*
= % Ew %, ovesseasiongs + . * |« AterLi*infusion
S 0... . §107} %, ", a & " )
Ew %-..,.. E g .
S % Sl p < : .
= . > -.. EZO ¢ L8
'\_‘-§10 . : N§ " -60 N~ e = ot .
. 105 5% i : A
. * o . . 04F -
10 o e 80 0 ; ;
®eessecce . f oo
104} = N
e e 0 k \/ ) G707 06 08
o1 1 10 10° 100 10° 10° 10° 10 R T T T 0 T T TV T 0 10 20 30 40 50
Frequency/Hz Frequency/Hz 2,/ MO em?
Fig. 3 (a and b) CVs of PANI (a) and DmFc (b) before and after electrodeposition on 3-D carbon. (c) ATR-FTIR spectra of PEG-2bib (blue), an electro-

polymerized 4A film (red), and an EPoN-derived (PEG-2bib),-(4A), films (black). Dashed lines indicate position of carbonyl (1730 cm™) and ether
(1100 cm™) absorption bands. Spectra are shifted vertically for clarity. (d) Bode plot of the solid-state EIS on the top surface of a 3-D carbon coated
with a (PEG-2bib),-(4A), thin film. (e and f) EIS spectra of (PEG-2bib),-(4A), films on a planar gold substrate before and after lithium infusion: (e)

Bode plot, (f) Nyquist plot.

of carbonyl and ether groups in films deposited with different
end-group ratios (Fig. S4 and Table S1f). Based on these
results, we conclude that the bib-acrylate coupling reaction
under our optimized conditions and end-group ratio is the
dominant mechanism to form the polymer network coating,
as opposed to the electrochemically initiated acrylate chain
polymerization.

Solid-state electrochemical impedance spectroscopy (EIS)
was carried out on the surface of the coated 3-D carbon using
a liquid metal contact to evaluate the electronic properties of
the electrodeposited polymer network. The Bode plot shows
three plateaus in the total impedance at low, medium, and
high frequency, respectively, with corresponding phase shifts
close to zero degree, indicating contributions of three ohmic
resistances and two capacitive elements (Fig. 3d): system resis-
tance (R1, high frequency), ionic resistance (R2, medium fre-
quency), and electronic resistance (R3, low frequency), as well
as double layer capacitance (C2) due to residual ions within
the PEG network and plate capacitance (C1) of the conductor/
insulator/conductor architecture (Fig. S5t). The fit of the EIS
data to the respective circuit model reveals a high electronic re-
sistance of approximately 10° Q c¢cm for the electrodeposited
submicron PEG network coating, and an ionic resistance two
orders of magnitude lower, likely from residual electrolyte salt.

To confirm that the EPoN-derived PEG thin films exhibit Li
ion-conducting properties, (PEG-2bib),-(4A), thin films are de-
posited on planar gold electrodes, infused with a controlled
amount of lithium bis(trifluoromethane)sulfonimide (LiTFSI)
solution, and then dried. The solution is fully imbibed by the

M44 | RSC Appl. Polym., 2024, 2, 139-1146

film and no excess LiTFSI salt was observed after drying, confirm-
ing its incorporation in the thin film. Bode plots of EIS spectra
obtained before and after LiTFSI infusion reveal an impedance
plateau at medium frequencies that is almost two orders of mag-
nitude lower with lithium salt present (Fig. 3e), demonstrating
the successful incorporation of lithium ions and the coating’s
ionic conductivity. Additionally, the Nyquist plots (Fig. 3f) show
that both pre- and post-infusion films exhibit a half semi-circle at
high frequencies, with a sharp rise in the negative imaginary
component of the impedance at low frequencies. Notably, the
reduced radius of the semi-circle after lithium infusion shows the
increase in ionic conductivity by lithium infusion.

Since the two-component EPoN reported here utilizes
electrochemical reduction, it is applicable to non-noble metal
substrates. As a proof-of-concept, we deposited PEG networks
on a porous copper foam following the same method, result-
ing in passivation and complete coverage of the copper surface
by a conformal polymer network thin film of approximately
1.7 pm in thickness (Fig. S61), demonstrating the substrate ver-
satility of our reductive two-component EPoN process.

Conclusion

In summary, the electrodeposition of polymer networks
(EPoN) as conformal thin films on conductive 3-D architected
substrates has been demonstrated utilizing the electrocoupling
reaction between a polymeric extender with electrochemically
active end groups and a complementary crosslinker. The elec-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tron-transfer mediated crosslinking of pre-synthesized
PEG-2bib and 4A is surfaced confined, passivating, and self-
limiting, as demonstrated by their electrodeposition as a
polymer film covering the entire surface of a porous 3-D
carbon electrode and a copper foam. The deposited cross-
linked PEG film exhibits high electronic resistance and decent
ionic conductance, rendering it potentially useful as an ultra-
thin solid polymer electrolyte or artificial electrolyte inter-
phase. The observed non-uniformity in coating thickness is
likely due to the local differences in supply of reagents within
the porous electrodes combined with the concentration-depen-
dent film thickness. However, the self-limiting nature of EPoN
guarantees deposition everywhere with a conformal yet not
perfectly uniform coating. We postulate that a higher degree of
uniformity could be achieved with an optimized deposition
protocol such as pulsed EPoN, which may overcome variations
in local concentrations.

Since this cathodic EPoN is solution-based, vacuum-free, and
accomplished at room temperature, it is accessible and widely
applicable to coat a variety of conductive non-planar surfaces.
Importantly, the end group and crosslinker used in EPoN make
up only a small fraction of the resulting polymer thin film and
could be combined with other arbitrary functional polymer
chains, decoupling the deposition chemistry from the chemical
coating properties and rendering this approach tunable and ver-
satile. Additionally, the large potential window for electrodeposi-
tion and the two-component design offers additional degrees of
freedom to fine-tune and tailor properties of the EPoN-derived
coatings to applications of interest.
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