¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online
View Journal | View Issue

REVIEW

lon-conducting polymer thin films via chemical

’ '.) Check for updates ‘
vapor deposition polymerization

Cite this: Soft Matter, 2025,

21,1813

Kwang-Won Park, (212 Christina H Yu, (2 +° Shuaicheng Fu© +° and

Rong Yang (2 *@

lon-conducting polymers (ICPs), benefiting from the movement of ions instead of electrons, have
attracted significant interest in various scientific and technological fields, including drug delivery, water
purification, and electrochemical devices. This review aims to highlight recent advances in the synthesis
of ICP thin films, with a particular focus on chemical vapor deposition (CVD) technologies. Traditional
solution-based methods for ICP thin film deposition face challenges, including non-uniformity, low-
throughput manufacturing, and the generation of hazardous wastes. In comparison, CVD eliminates the
drawbacks associated with solution-based processes. They offer precise control film properties,
including high purity, conformal coating, delicate control over thickness, etc. This review organizes the
latest developments in CVD-based ICP synthesis, based on material properties and the synthesis
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synthesis, we aim to position CVD polymerization as an effective strategy for future materials
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1. Introduction

Ion-conducting polymers (ICPs) offer a combination of ionic
conductivity and mechanical flexibility, making them highly
versatile for a wide array of technological applications, includ-
ing energy storage devices, fuel cells, sensors, membranes,
wearable electronics, and biomedical devices.! ICP films are
particularly crucial in the context of energy storage devices,
such as lithium-ion batteries (LIBs), as these films serve as solid
electrolytes, separator coatings, and artificial solid-electrolyte
interphases (SEIs), addressing several critical challenges. For
example, ICP coatings on anode surfaces can prevent dendrite
formation, which is a major safety concern in LIBs, and
accommodate the significant volume changes in high-capacity
anode materials like Si. There have been more than 4000
publications each year during the past decades regarding ICP
films and their applications. Among them, perfluorinated
sulfonic acid (PFSA) has been most widely applied, ever since
Nafion® was developed by Dupont, due to its excellent ionic
conductive performance.”
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Traditional methods for fabricating ICP thin films often rely
on solution processing like spin casting, spray coating, and
layer-by-layer assembly. However, these methods face limita-
tions, such as poor coating conformality on nano- and micro-
structured substrates due to the dominating capillary effects at
this length scale. In addition, the ICP film quality may be
limited due to the undesirable effects of solvents and their
surface tension, which can cause issues like pinhole defects
due to dewetting. Further challenges revolve around bench-to-
manufacturing scale-up and environmental concerns associated
with the generation of large quantities of hazardous liquid waste.
These limitations become more significant as there is a growing
demand for ICP coatings on 3D structures, e.g., in energy storage
and CO, reduction, and scalable manufacturing processes.

One potential synthesis technique to address these chal-
lenges and produce high-quality conformal functional thin
films is chemical vapor deposition (CVD) polymerization.
CVD is a technique for depositing thin films from gaseous
precursors, and it offers significant advantages for precise
control over film properties. It involves one or more monomer
species delivered in the vapor phase.” These species activate in
a vacuum chamber (e.g., by plasma or hot wires), encounter a
substrate, and create a high-purity and conformal thin film,
achieving polymerization and film formation in a single step.
Due to their advantageous film quality and process scalability,
there is an emerging interest in applying CVD techniques to
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create ICP thin films. Significantly, because CVD techniques
offer a solvent-free and relatively low-temperature (temperature
of the substrate to be coated is often kept at <30 °C) reaction
environment that preserves the integrity of chemical functional
groups and sensitive or delicate substrates (e.g., reactive metal
anode), CVD-deposited ICP films have been leveraged for
efficient ion transport and enhanced electrochemical stability
of energy storage devices.>™®

Moreover, the precise control over synthesis conditions afforded
by CVD processes allows for the tuning of polymer composition
and film structure. This capability is particularly important for
creating polymer thin films to satisfy multiple material design
targets, e.g., high ionic conductivity combined with hydrophobicity
to simultaneously suppress hydrogen-evolution reactions (HER)
and dendrite formation in batteries.® Recent studies have demon-
strated the successful application of various monomers, including
acrylates, methacrylates, styrenes, and siloxanes, to produce ICP
films with good ionic conductivities.” " While a majority of these
materials have been used in LIBs, the impact of CVD-deposited ICP
films extends beyond energy storage. These materials are also being
explored for use in flexible and wearable electronics, where their
ability to form conformal coatings on complex geometries is highly
advantageous. For example, composition-tunable composite hydro-
gels produced via initiated CVD (iCVD) have shown promise
in wearable applications by offering adjustable ion conductivities
and robust performance in flexible and rugged substrates like
textiles."”>"

While various CVD processes have emerged as novel tech-
niques for synthesizing functional polymer films, including
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iCVD, oxidative CVD (oCVD), and plasma-enhanced CVD
(PECVD), each offering unique advantages, iCVD has been the
most common method for depositing ICP films, hence chosen
as the focus of this review. iCVD enables chain-growth poly-
merization using monomers with one or more vinyl moieties.
Although the resulting polymers are electrically insulating, they
could be made ionically conductive through the selection of
suitable monomers, substrate materials, and/or modification of
functional groups, as discussed in this review. A general
experimental setup for both iCVD and photoinitiated CVD
(piCVD) can be seen in Fig. 1."*" In contrast, oCVD enables
step-growth polymerization, producing electrically conductive
conjugated polymers with ionic species as dopants. Since the
electrical conductivity of oCVD polymers leads to different
conduction mechanisms and applications, it will not be
explored in this review. Readers can refer to other comprehen-
sive reviews on oCVD polymers for more information.'*™"®
Additionally, there have been no reports of ICPs produced
through PECVD or parylene CVD, to the best of our knowledge.

This review aims to explore recent advancements in ICP
films synthesized using vapor-phase precursors, mainly via
iCVD, and their distinct features and applications. While other
CVD polymerization methods for ICP film synthesis have been
rare in recent years, we introduce the few examples identified in
the corresponding sections based on the class of ICP they
enable. This review is organized based on the types of ICP
materials, including ion-containing polymers, polymer-ionic
liquids (ILs) composites, hydrogels, and ultrathin ion-
conducting films, highlighting their potential to impact a wide
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(A) The schematic of an initiated chemical vapor deposition reactor. The custom-built cylindrical chamber is connected to a vacuum pump,

thereby creating a natural vapor flow from the source of precursors (i.e., initiators and monomers) to the throttle valve that regulates the flow to the
vacuum pump. The pressure within the vacuum chamber is controlled by a feedback loop between the throttle valve and the pressure gauge. Substrates
(e.g., Si wafers) are positioned on a cooled stage equipped with a chiller, maintaining a controlled substrate temperature, commonly ranging from 5 to
50 °C. The initiators and monomers are introduced by heating them to create vaporized molecules. An array of filaments made of resistance wire (i.e.,
nichrome) is heated to approximately 200 to 300 °C to initiate the polymerization by decomposing the initiators into reactive radicals. Reprinted from
ref. 14 with permission from Frontiers, Copyright 2021. (B) Schematic depiction of the piCVD setup. piCVD operates similarly to iCVD, but the radicals are
generated by UV-induced decomposition of photoinitiators. Reprinted from ref. 15 with permission from Wiley, Copyright 2024. (C). Reaction
mechanism of iCVD.
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cross-section of industries ranging from sustainability to
healthcare.

2. iCVD polymerization techniques to
synthesize ICP thin films

iCVD is a polymer coating technique invented in the early
2000s.” A typical iCVD setup and reaction mechanism is shown
in Fig. 1. Distinct from most other CVD polymerization techniques,
iCVD leverages chain-growth polymerization to synthesize
chemically well-defined polymer thin films. Compared to tradi-
tional solution-based coating techniques, iCVD enables free
radical polymerization in the vapor phase, which allows a
uniform coating and control over the coating thickness with
nanometer-scale precision.'® Copolymers of chemically distinct
monomers and cross-linked polymers can easily be achieved
by feeding the monomer vapors with a targeted stoichiometry
in the vapor-phase. The temperature of the substrate is kept
at around 20-40 °C to promote monomer adsorption and
to preserve substrates from potential thermal damage. In
addition, iCVD typically achieves 100% functional group reten-
tion from the monomers thanks to its room-temperature reac-
tion environment.

A typical iCVD process involves several steps. Firstly, two
precursors, monomer(s) and an initiator (typically a peroxide
like tert-butyl peroxide), are vaporized and delivered into the
vacuum reactor. The monomer molecules subsequently absorb
onto the cooled substrate. The filament array suspended over
the substrate is heated to activate the initiator vapor to generate
free radicals and initiate polymerization at the substrate surface
through the reaction between radicals and adsorbed monomers.
The coating process is terminated by turning off the filament
heating and removing the unreacted vapor-phase precursors.

Similar free-radical polymerizations can be initiated by UV
radiation instead, and is termed as photoinitiated chemical
vapor deposition (piCVD). Instead of using thermal energy
produced from a filament heater for the formation of free
radicals like in iCVD, piCVD utilizes photoinitiators to create
reactive radicals upon UV radiation (Fig. 1B). The main advan-
tages of piCVD compared to iCVD include not requiring a
filament heater (hence reduced energy consumption), and the
ability to leverage line-of-sight effects to achieve non-conformal
coatings if desired.?® It was reported that some monomers (e.g.,
2-hydroxyethyl methacrylate (HEMA)) spontaneously cross-link
upon UV radiation. So, insoluble polymers can be synthesized
in piCVD without the need for cross-linking agents.'> However,
the precursors must be photosensitive for initiation, which
limits the range of materials suitable for the piCVD process.
More critically, achieving ICP films through iCVD using ionic
conductive monomers presents a significant challenge, as most
of these monomers are difficult to vaporize due to the strong
electrostatic intermolecular interactions. Volatility remains a
major limiting factor for ICP film deposition via the iCVD
technique. Nevertheless, these challenges have been addressed
through the use of volatile and pH-sensitive monomers or
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post-deposition modification strategies, which will be dis-
cussed in the later section.

3. Types of ICPs and their synthesis via
iCVD

In this section, we will review studies published within the past
10 years about iCVD-processed ICP films. We organize the dis-
cussion based on the class of ion-conducting materials, namely:
ionomers bearing ion-conducting moieties (Section 3.1), compo-
sites comprising polymer thin films impregnated with ionic
liquids (Section 3.2), hydrogels with hydration-facilitated ion
conduction (Section 3.3), and siloxane films that are not ionized
but present flexible chains that readily interact with ions (Section
3.4). For each study, the specific iCVD method, ion conductivity,
and application are the main focuses. This section also aims to
provide a comparison of ion conductivity values between novel
iCVD-deposited ICP films and traditional solution-based conduc-
tive films. From the studies, iCVD synthesized ICPs can be
comparable against traditionally used polymers such as Nafion®

and Sustainion®.

3.1. Ion-containing polymers (ionomers)

Ionomers are a class of polymers containing ionic groups
covalently bonded to the polymer backbone. They can conduct
anions (e.g., OH ™, (CF3;S0,),N~ (TFSI)) or cations (e.g., H, Li",
Na*) with ionic conductivities on the order of 1.0 x 10~° to
10" S em~".*"** Cation or proton(H")-conducting ionomers like
Nafion® are commonly employed in electrochemical fuel cells,
electrolyzers, batteries, and membranes.” Nafion® often serves as
a proton exchange membrane to facilitate proton conduction
while blocking electrons and gas molecules, thereby improving
the efficiency and durability of fuel cells.>*® In batteries such as
LIBs, zinc batteries, and all-solid-state batteries (ASSBs), anionic
sulfonic acid polymers, such as Nafion®, and sulfonated poly-
ether ether ketone (SPEEK), are employed to create artificial SEI to
improve ionic conductivity and stability at the electrode-electro-
Iyte interface, which critically improves the overall battery perfor-
mance and longevity.>>**** Additionally, ionomers with zwitter-
ionic functional groups such as poly[1-vinyl-3-(3-sulfopropyl)-
imidazolium-co-DVB] (pVSpIm-co-DVB) and poly[1-(3-sulfopropyl)-
2-vinyl-pyridinium-co-DVB] (pSPV-co-DVB) are utilized in bioma-
terial coatings for their anti-bacterial properties, where the per-
manent charge along the polymer backbone is thought to
promote material-cell interactions (e.g., the cation-n interaction
between polyimidazolium and spike proteins in human corona-
viruses).”**” Traditionally, most ionomer coating techniques are
solution-based, including solvent casting, dip coating, and spin
coating.*®*° However, solution-based polymerization faces chal-
lenges such as poor control over conformality and film thickness
and limitations regarding scalability and waste generation.*'
In iCVD, ionomer coatings have been made through two methods:
direct deposition and post-deposition modification. Using direct
deposition, the ionomers are synthesized and coated in a single
step. This enables their direct integration into various devices via
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iCVD polymerization.’ Most cation-conducting ionomers, such as
polyacids, have been synthesized via direct deposition.” In the
post-deposition modification method, a non-conductive polymer
coating is deposited via iCVD, followed by the introduction of a
secondary reagent that reacts with the polymer (usually via a
nitrogen quaternization reaction), thus transforming it into an
ion-conducting material.

3.1.1. One-step synthesis of ICPs. During the direct deposi-
tion of ICP thin films via iCVD polymerization, conductivity
could be achieved with proper monomer selection (Table 1).
These monomers often bear acid groups such as phosphonic
acid (-PO3H), carboxylic acid (-COOH), or sulfonic acid groups
(-SO3H).°> The advantages associated with CVD techniques,
such as tunable thickness and coating conformality, have been
leveraged to enable miniaturized and high-performance elec-
trochemical devices, as detailed below.

For example, copolymers of 1H,1H,2H,2H-perfluorodecyl
acrylate (PFDA) and methacrylic acid (MAA) (pPFDA-co-MAA)
have been synthesized via iCVD as proton exchange membranes
for fuel cell applications.’ Hydrophobicity and ion-conductivity
are required simultaneously for fuel cell applications.>® Hydro-
phobicity prevents flooding in the cell and enhances cell perfor-
mance, while ion conductivity is critical for ion transport and
minimizing resistance.>**> A study in 2013 highlighted iCVD’s
capability to synthesize copolymers of hydrophobic and hydro-
philic monomers.” This is generally difficult to achieve with
conventional solution-based techniques due to the lack of a
common solvent for the two monomer classes. MAA served as
the proton exchange group due to its proton conductive -COOH
groups, while PFDA increased the hydrophobicity of the polymer
due to its fluorinated carbon groups.®* The copolymer composi-
tion was varied systematically to prevent water uptake and
increase proton conductivity by altering the monomer feed ratio
between MAA and PFDA during the iCVD process. A 1 pm thick
PPFDAg,-co-MAA,, film exhibited ionic conductivity comparable
to commercial Nafion® membranes, with a value as high as
7.0 x 107" Sem .

Polymer coatings have been extensively used to mitigate
safety issues, such as short circuits between the anode and
cathode in batteries.***> Since iCVD can apply polymer films
without requiring solvent or high temperatures, it avoids
potential damage to surface or electrochemical cells, making
it ideal for various functional polymers. Notably, cross-linked
polymers effectively prevent dendrite formation during lithia-
tion and accommodate the significant volume changes in
anode materials like silicon.**® Recently, poly(acrylic acid)
(pAA) films were applied to stabilize the interface between
sulfide solid electrolytes (SSEs) and indium (In) anodes in
ASSBs.” ASSBs, despite reducing the risk of explosion and
broadening material selection by replacing liquid electrolytes
with solid electrolytes, are known to be unstable due to complex
interfacial phenomena at the electrode material and electrolyte
interface. The electrochemical reaction between anode material
and electrolyte often leads to the formation of a heterogeneous
corrosion layer, known as SEI, causing irreversible electrolytes
and lithium consumption and the formation of dendrites while
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posing significant safety concerns and limitations to long-term
performance.®® The challenges of an unstable SSE/In interface
and charge transfer at the anode surface were addressed by
incorporating iCVD polymers at the interface. Fig. 2A highlights
the iCVD synthesis process for the polymer layer on the In
metal anode.’ Fig. 2B presents the surface roughness analysis
obtained through AFM, revealing that the root-mean-square
roughness (Rq) values remain consistent. This indicates that the
iCVD process results in a uniform and well-controlled coating.
Among different iCVD polymers, pAA-coated In (In@pAA) dis-
played good long-term half-cell cycle performance with LigPS5Cl
(LPSCI), a promising SSE known for its high ionic conductivity of
3.4 x 107* S em™" (obtained using the half-cell assembly). This
performance is attributable to the higher affinity of pAA for Li"
ions and its contribution to forming a stable SEI. It was
hypothesized that spontaneous chemical reactions occurred
between the polar bonds of pAA and highly reactive LPSCI during
cell assembly, leading to the formation of native SEI, although
the precise reaction steps are not well understood. XPS con-
firmed the formation of Li,CO; as a result of the interactions
between the -COOH groups of In@pAA and LPSCl. The high
ionic conductivity of the SEI layer significantly reduced the
internal resistance of all-solid-state full cells. Consequently, the
full cells with In@pAA demonstrated robust performance with a
capacity retention of 64.8% after 100 cycles.

Moreover, a bio-inspired organic synaptic transistor was
developed that mimics biological synapses for neuromorphic
computing applications.*' Large-scale integration on a flexible
or stretchable substrate with uniformity and precise control of
film thickness was achieved. The device is composed of a thin
layer of ion-doped polyelectrolyte, created through the iCVD
deposition of pAA followed by in situ ion doping with tert-amine
cation, 2-(dimethylamino)ethyl acetate, which mimics acetyl-
choline, one of the key neurotransmitters. While the precise ion
conductivity was not reported, the formation of ionic com-
plexes imparted ionic conductivity to the films, which exhibited
the behavior predicted by the simplified Randle’s model,
whereas pristine pAA showed typical capacitance behavior in
electrochemical impedance spectroscopy (EIS) measurements.
This highlights the critical importance of the ionic functional
groups in facilitating ion transport. Consequently, the resulting
devices demonstrated low power consumption, synaptic plasti-
city, and compatibility with stretchable substrates, making
them promising candidates for future artificial nervous systems
and wearable systems.

In addition to polymers with acid groups, those with basic
groups, such as tertiary amine groups, have also been explored.
iCVD polymers have demonstrated significant potential as
polymer electrolytes in energy conversion devices. Polymer
electrolytes offer advantages over conventional liquid electro-
Iytes, including leak prevention, flexibility, and relatively high
ionic conductivity, enhancing the operability and durability of
electrochemical cells.”? In dye-sensitized solar cells (DSSCs),
the mesoscopic features of TiO, electrodes are crucial for
increasing cell efficiency by providing photosensitizers with a
larger surface area for enhanced light harvesting. While

This journal is © The Royal Society of Chemistry 2025
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Table 1 lonomers prepared by direct deposition
Types Temperature Thickness Conductivity Other
Method Polymers Chemical structure of ions (°C) (nm) (Sem™) values Application Ref.
iyt
iCVD  pPFDA-co-MAA € goo OH H'  RT 1000 7x100 — Fuel cell (PEM) 9
F3C(FC)
iCVD  pAA /{/t\{t Lt — 100 2.95 x 107%¢ — ASSBs (SEI) 5
HO o
iCVD  pAA /;/jj; \NH/\/O\[]/ — — 40 — — Synaptic transistor 41
0" o | o
/P\io
pHEMA ; /1 — — — DSSC (electrolyte)
OH
iCvD *\%LO 45
pGMA 0 /- — — —
03
p4vP S rwe — — — —
| /
N
| .
iCVD  pVIm (N — — — — — DSSC (electrolyte) 46
\J
\_/
X
iCVD  pDMAMS Li" RT 100 6.54 x 1073? 190 ohms LIB (SEI) 8
o
. PDMAEMA- o o o B .
iCVD ¢0-VBC 500 Oil/water separate membrane 40
o}
iCVD  pEGDMA O . . 20 o o Polymer electrolyte-gated 49

“ Obtained after cell-assembly. ? Electrolyte-swollen state.
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Fig. 2 (A) Schematic illustration representing the iCVD process for artificial SEI layer formation on the In metal anode. (B) Comparison of surface

morphology of In metal foil before and after the iCVD process characterized by AFM. Reprinted from ref. 5 with permission from Wiley, Copyright 2024.
(C) Nyquist plots of symmetric bare-Li and 100 nm pDMAMS-Li cells at Oth to 100th cycles. Reprinted from ref. 8 with permission from Wiley, Copyright
2023. (D) Synthetic scheme and chemical structure of cross-linked pDMAEMA-co-VBC copolymer. The m and n represent the unreacted contents of
DMAEMA and VBC, respectively. The x is the ionic cross-linked part generated through the Menshutkin reaction. These m, n, and x values are changed by
feed ratios of each monomer into the iCVD chamber. Reprinted from ref. 40 with permission, Copyright 2017 American Chemical Society.

infiltrating electrolyte materials into the mesoporous TiO, has
been a significant challenge, iCVD has been leveraged to form
uniform, conformal coatings and effectively fill nanometer-
sized pores in mesoporous TiO, photoanodes.*® It was demon-
strated that iCVD allows excellent pore filling for photoanode
layer thickness up to 12 pm.** Furthermore, poly(2-hydro-
xyethyl methacrylate) (pHEMA), poly(glycidyl methacrylate)
(pGMA), and poly(4-vinyl pyridine) (p4VP) have been deposited
via iCVD for DSSCs*® to address the major challenges of liquid
electrolyte leakage and evaporation, which limits the long-term
operation of DSSCs. The three polymers were chosen to under-
stand the influence of distinct chemical functional groups on
DSSC performance. Theoretical and experimental studies have
shown that the formation of complexes between lithium iodide
and polymer side groups affects open circuit voltage (Vo).
Specifically, pHEMA exhibited the largest V,. due to the strong
affinity of hydroxyl and carbonyl groups toward Li* ions com-
pared to epoxide and pyridine moieties of pGMA and p4VP,
respectively. Moreover, the basic pyridine group in p4VP could
create a better blocking layer between TiO, and triiodide,
compared to pGMA and pHEMA, leading to lower charge
transfer resistance and an increase in current density (Js.). This
finding indicates that DSSC device characteristics, including
Jses Voo, and fill factor (FF), can be tuned by varying polymer
electrolyte chemistry.

Poly(1-vinylimidazole) (pVIm) has also been synthesized via
iCVD as a solid-state electrolyte for mesoporous TiO, photo-
anodes in DSSCs.*® It has been hypothesized to enhance the ion
conduction of the iodide-triiodide redox couple (I/I*7),
because pVIm has been shown to bind strongly to Li" ions via

1818 | Soft Matter, 2025, 21, 1813-1834

Lewis acid-base interaction.’” Indeed, the DSSCs with pVIm
conformally covering the TiO, photoanode outperformed those
with liquid electrolytes in terms of efficiency, /s, and V.. This
improved performance can be attributed to two potential
reasons. Firstly, the basic character of the pVIm electrolyte
results in strong acid-base interaction with the electrode,
creating a blocking layer that prevents electron recombination
at the interface, thereby leading to a higher J,. in DSSCs.
Secondly, the strong binding between pVIm and Li" reduces
the surface concentration of Li* on the electrode, improving the
Voe Of the DSSC iCVD-synthesized poly(1-vinyl-2-pyrrolidone)
pVP has also been explored as a solid-state electrolyte for
DSSCs.*® Due to the solubility of pVP, the thin films were
cross-linked with ethylene glycol diacrylate (EGDA) at a cross-
linking density of 20%. First principles modeling showed that
cross-linked pVP-co-EGDA electrolytes could increase the
recombination rate constant, improving the shunt resistance
and affecting interfacial processes significantly by shifting the
conduction band of TiO,.

A “swollen-soft-scaffold (3S)” strategy has been developed
using iCVD to enable ion conductivity in a bifunctional polymer
layer, namely solvogel, which conducts metal ions via its
permeability to liquid electrolytes.® As such, the degree of
swelling is crucial for high ion conductivity. Among the poly-
mers tested, including poly(1H,1H,2H,2H-perfluorooctyl acry-
late) (pPFOA), poly(ethylene glycol dimethacrylate) (pEGDMA),
PAA, poly(divinylbenzene) (pDVB), and poly(dimethylamino-
methyl styrene) (pDMAMS), pDMAMS showed the largest swel-
ling capability. EIS and cyclic voltammetry (CV) revealed that
the iCVD coatings are electrochemically stable, except for

This journal is © The Royal Society of Chemistry 2025
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pPFDA. The electrolyte-swollen pDMAMS matrix exhibited an
ionic conductivity of 6.54 x 107° S em ', Fig. 2C shows the
Nyquist impedance of pDMAMS-Li cells compare to bare-Li
cells, as well as the Nyquist impedance of pDMAMS-Li across
different cycles. The results demonstrate that pPDMAMS effec-
tively reduces interfacial resistance (190 Q for pDMAMS-Li,
compared with =440 Q for bare-Li), leading to improved
performance compared to bare-Li cells.® XPS revealed that the
ion conductivity may have partially benefitted from a potential
electrochemical reaction with diethyl carbonate (a component
of the electrolyte), which converted the amine to quaternary
ammonium cations. The solvogel has been shown to reduce Li
dendrite formation when applied to the Li anode in LIBs during
full cell operations by forming a miscible, homogeneous layer
with the native SEI. pDMAMS coatings thicker than 100 nm
have been shown to hinder Li* ion transport and increase the
interfacial resistance.

In addition, the in situ reactions between functional moi-
eties in a CVD-synthesized copolymer have been designed to
imbue ion conductivity into polymer thin films.*° For example,
the reaction between tertiary amine (nucleophile) and alkyl
halide (electrophile) has been leveraged to create anion-con-
ducting quaternary ammonium side chains. Fig. 2D shows the
mechanism of the single-step reaction to create cross-linked
ionic copolymer.’® Using iCVD, a copolymer of 2-(dimethyla-
mino)ethyl methacrylate (DMAEMA) and 4-vinylbenzyl chloride
(VBC) has been deposited, resulting in a cross-linked network
via the amine-alkyl halide reaction.

Furthermore, ultrathin (~20 nm) pEGDMA has been suc-
cessfully demonstrated as an all-solid-state polymer electrolyte
in polymer electrolyte-gated synaptic transistor (PEGST), which is
a potential alternative to electrolyte-gated transistors (EGTs) for
artificial and deep neural networks for neuromorphic hardware
implementation.”” The iCVD deposition of pEGDMA allowed
wafer-scale fabrication with nanoscale thickness and uniformity,
making the solid-state PEGST more stable and CMOS-compatible.
The dynamic behaviour of the pEGDMA as an electrolyte gate
dielectric was investigated based on the distribution of protons as
mobile ions that migrated in response to external electric fields.
The resulting PEGST showed potential for neuromorphic comput-
ing due to its scalability, low power consumption, and excellent
linear and symmetric synaptic behaviour.

The direct deposition of ICP thin films via CVD represents
an innovative fabrication technique that offers numerous
advantages for creating uniformed and conformal ionomer
coatings. By carefully selecting monomers or monomer pairs,
it is possible to achieve reasonable ion conductivity in as-
deposited thin films. Innovative reaction schemes, such as
those between the side chains of comonomers to create a
permanent change, have advanced the all-dry synthesis of
ion-conducting polymers. Although the selection of monomers
is still limited due to the low volatility of ionic species, these
novel approaches highlight the critical role of direct deposition
in advancing the performance and durability of electrochemical
devices through precise control over polymer composition and
structure.

This journal is © The Royal Society of Chemistry 2025
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3.1.2. Ion conductivity enabled by post-polymerization
modification. To expand upon the limited selection of mono-
mers for ICP synthesis using iCVD, a series of post-polymeriza-
tion modification methods have been developed, which
create ICP films from non-ion-conducting precursor polymers
(Table 2). This method has been leveraged to enable cationic,
anionic, and zwitterionic polymer films. The quaternization
reaction is widely used to convert nitrogen-containing func-
tional groups, including 4VP, VIm, and dimethylaminoethyl
acrylate (DMAEA), etc., into quaternary ammonium cations.
Similarly, the nitrogen-containing polymers could be functio-
nalized (e.g., via ring-opening reaction with 1,3-propanesul-
tone) to prepare zwitterionic polymers possessing both
positive and negative charges. To enhance the mechanical
strength of the ICPs and reduce the solubility of zwitterionic
polymers in water, a cross-linking agent, such as DVB, can be
added during the iCVD process. In the context of ion conduc-
tion, zwitterionic polymers have been broadly explored as an
artificial SEI for batteries (e.g. Li, Zn).***?7*°2 For more
details on biological applications, readers can refer to previous
excellent reviews.>> >’

Anion-conducting ICPs have been synthesized by reacting
iCVD-synthesized p4VP films with gas-phase ICl, leading to
protonated pyridinium side groups.”® The p4VP-iodine mono-
chloride (p4VP-ICl) was subsequently used as a polymeric
charge transfer complex cathode in LIBs and significantly
improved the ionic conductivity compared to traditional
organic cathodes. Fig. 3A proposes the reaction between p4VP
and ICI in gas phase. FT-IR confirmed that thermal heterolysis
of ICl resulted in o-H substitution in the p4VP backbone,
creating halogenated p4VP.>® The resulting p4VP-ICI exhibited
a mixed ionic-electronic conductivity of 1.7 x 107®S cm ™" with
an electronic conductivity of 4.1 x 10”7 S cm™ " (22% of the total
conductivity) at room temperature. Moreover, due to the sub-
strate-independent nature of the iCVD technique, flexible bat-
teries could be fabricated using those organic cathodes.

A similar approach has been used to synthesize ICPs by post-
polymerization modification using a di-halogen alkylating
reagent.’ In this process, iCVD was used to synthesize con-
formal pDMAMS coatings on 2D and 3D substrates, which were
subsequently exposed to di-halogen alkylating reagents to yield
pDMAMS' (containing quaternary ammonium moieties for
anion conductivity, Table 2). The successful conversion was
proven by NMR, FTIR, and XPS.”>® The quaternary ammonium
was combined with anions, including Br—, HCO; , and OH ", the
electrochemical performance of which was characterized under
dry and wet states. The AFM was conducted at each processing
step during the functionalization of polymer films, including
annealing, quaternization, and ion exchange (Fig. 3B), demon-
strating that a smooth morphology (RMS roughness <1 nm) is
retained throughout the functionalization process steps.>® The
three dry films (pDMAMS' (Br ), pDMAMS' (HCO; ), and
pDMAMS' (OH7)) displayed total electrical resistances of
20 MQ, 2 MQ, and 5 MQ, respectively. In contrast, EIS indicated
that the wet pDMAMS" films exhibited higher ionic conductivity
than their dry counterparts. For example, the ionic conductivity
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Fig. 3 (A) Proposed reactions between p4VP and ICl during gas phase incorporation. Thermal heterolysis of ICl may result in a-H substitution in p4VP

and further generate pyridinium, which is detected by FTIR. Reprinted from ref. 58 with permission from The Royal Society of Chemistry, Copyright 2022.
(B) AFM and SEM analyses of pPDMAMS films as a function of processing step. The SEM image includes contamination particles to show image is in focus.
Reprinted from ref. 59 with permission from The Royal Society of Chemistry, Copyright 2024. (C) Schematic illustration of the fabrication of zwitterionic
polymeric interphases. Step 1: iCVD precursor polymer film (25 °C for p4VP-co-DVB and 30 °C for pVim-co-DVB and pDMAEMA-co-DVB). Step 2:
derivatization. Reprinted from ref. 50 with permission from American Chemical Society, Copyright 2024. (D) Schematic illustration of the ultrathin and

semicrystalline pPFDA interphases of interest in this study. Reprinted from ref. 6 with permission from American Chemical Society, Copyright 2024.

of the pDMAMS" (Br) film was 2.5 x 10 ¥+ 6.0 x 107 °Scm™*
when dryand 3.3 x 107° 4 2.0 x 10°S cm ™" when wet. Detailed
ionic conductivity data for all materials tested can be found in
Table 2. Redox-probe voltammetry results further demonstrated
that pDMAMS" allows negatively charged redox probes to reach
the electrode surface while blocking positively charged redox
probes. This behavior resembles commercial ionomers such as
Fumion®.

Despite their charge neutrality, zwitterionic polymers have
recently been used in batteries and supercapacitors, which
points to their potential ion conductivity.®> ** While there have
been limited reports that directly measure the ion conductivity of
cross-linked zwitterionic thin films, their application in lithium
metal batteries without increasing interfacial resistance hints at
reasonable Li" conductivities in the sulfobetaine zwitterionic
polymer thin films. In such applications, these thin films were
used to enhance the reversibility (retention of Coulombic effi-
ciency (CE)) and electrochemical stability (cycle life and reten-
tion of capacity) of lithium metal batteries.” Fig. 3C shows the
iCVD mechanism, as well as the modification mechanism of the
zwitterionic polymer.>® Specifically, during the iCVD process,
polymer films were fabricated through free radical polymeriza-
tion by introducing monomers, cross-linkers, and initiators into
the vacuum chamber. After the completion of iCVD process, the
resulting polymer underwent a post-deposition modification, in
which the tertiary nitrogen groups were converted into quater-
nized sulfobetaine moieties, forming a zwitterionic polymer.
When comparing sulfobetaine zwitterionic polymers bearing

1822 | Soft Matter, 2025, 21, 1813-1834

different cationic groups (e.g.,, ammonium, pyridinium, and
imidazolium), electrochemical characterizations revealed that
the ammonium-based zwitterionic polymer outperformed other
zwitterions in terms of interfacial impedance, CE, and battery
cycle life, which was attributed to the enhanced Li" solvation and
reduced cation activity.

Similar effects of the zwitterionic polymer coatings have been
captured in aqueous Zn batteries, hinting at their general cation
conductivity.”® It is worth noting that in order to suppress the
HER, a gradient coating (zwitterionic gradient (ZG)) was synthe-
sized with p4VP placed at the coating-anode interface and pyr-
idinium sulfobetaine polymer at the coating-electrolyte interface.
While the interfacial ion transportation at the polymer-electrolyte
interphase was enhanced by the zwitterionic polymer, the fact that
the battery performance (capacity, efficiency, cycling stability,
prevention of dendrite formation) was enhanced and not reduced
from the p4VP layer implies that p4VP may exhibit cation
conductivity as well. EIS spectra confirmed the protection of the
ZG interphase against electrochemical corrosion on the Zn anode
in an alkaline aqueous environment. Consequently, high-perfor-
mance Zn|[NiOOH batteries with the ZG interphase demonstrated
long-term durability.

While the aforementioned examples invariably require an
additional step to convert a polymer of presumed low ion
conductivity to an ion-conducting one, the post-polymerization
modification could occur spontaneously in operando to
enhance ion conductivity. One such example is iCVD-synthe-
sized pPFDA coatings.® pPFDA bears a labile fluorocarbon side

This journal is © The Royal Society of Chemistry 2025
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group that is prone to hydrolysis in alkaline environments,
giving rise to a carboxylic acid side group with demonstrated
cation conductivity.®® Fig. 3D demonstrates the hydrolysis
reaction of pPFDA in alkaline environment, where the ester
group in pPFDA at the interface is hydrolyzed, creating a
carboxylic acid group (COO™).® That hydrolysis reaction is
faster in amorphous pPFDA regions and slower in crystalline
regions, thus giving rise to the adaptive formation of cation-
conducting channels (concentrated in amorphous regions)
embedded in stable and hydrophobic crystalline regions to
maintain film stability and hydrophobicity. This design of
adaptive ion channel formation has been demonstrated in a
Zn aqueous battery.® The spontaneous hydrolysis of amorphous
PPFDA is shown to facilitate cation transportation and enhance
interfacial stability, as shown by a decrease in interfacial
impedance of EIS measurement using a 150-nm thick semi-
crystalline pPFDA coating. The crystalline domains are shown
to protect the electrode, inhibit side reactions like HER, and
improve the overall cycling stability. The pPFDA interphases,
with adaptive ion channel formation during battery cycling, can
extend the cycle life of full Zn|MnO, batteries to over 11000
cycles.

Recently, a new pathway for fabricating ICPs has been
developed via ion exchange, as demonstrated by Li*-conducting
polyelectrolytes in 3D micro batteries,®! where a pMAA-co-EDGA
thin film is synthesized using iCVD as solid-state thin film
electrolytes These films gained Li'-conductivity through a H'/
Li" ion exchange. The cross-linking provided by EDGA rendered
the polymer films insoluble, preventing dissolution during ion
exchange while enhancing the mechanical properties. The
highest ion conductivity was observed in pMAAg;-co-EDGAy
films, reaching a value of 9.59 x 1077 S cm'. Notably, the
ion exchange strategy led to a transference number of 1, thus
eliminating transport limitations associated with conventional
salt-loaded polymer electrolytes. Its simultaneous improvement
in ion conductivity, stability, and mechanical robustness
addresses critical challenges in 3D micro batteries.®

In summary, post-deposition modification methods have
emerged as a powerful strategy to overcome the limitations of
direct deposition in the synthesis of ICPs via iCVD. These
methods enable the transformation of non-conductive poly-
mers into ionically conductive materials through simple
nucleophilic substitution reactions, spontaneous side-chain
hydrolysis, or ion exchange, thereby expanding the range of
potential precursors and the palette of ion-conducting poly-
mers. The ability to fine-tune the chemical composition
and structure of these polymer films post-deposition allows
for the simultaneous yet independent optimization of key
performance indicators, including mechanical strength, ion
conductivity, and electrochemical stability, making post-poly-
merization modification a promising technique in the advance-
ment of high-performance ICPs.

3.2. Stable ionogels

Ionogels are a class of gel material comprised of Ionic liquids
(ILs) dispersed in a solid network like polymers.”””"

This journal is © The Royal Society of Chemistry 2025
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These composite materials merge the beneficial properties of
both polymers and ILs. ILs are renowned for their use as
solvents due to their remarkable chemical and thermal stabi-
lity, wide electrochemical window, and exceptional ionic
conductivity.”> However, their liquid state presents practical
and environmental challenges, such as processability, leakage,
and toxicity.”> Consequently, ionogels, especially polymer-IL
(PIL) composites, have attracted intensive research interest.
Traditional methods for producing PIL composites include
solution-casting, electrospinning, and printing. For example,
the combination of HEMA monomer and a polymerizable ionic
liquid, 1,4-di(vinylimidazolium)butane bisbromide (DVIMBr)
have been polymerized in 1-butyl-3 methylimidazolium hexa-
fluorophosphate ([bmim][PF]) solvent, resulting in the in situ
entrapment of the IL in the gel during polymerization and
cross-linking.”* Electrochemical characterizations, including
CV and EIS measurements, have shown that these composite
materials have conductivity as high as 3.0 x 107* S em ™.

ILs are known for their low volatility, which makes them
unique liquid substrates that are compatible with CVD techni-
ques. For example, iCVD polymers have been discovered to
form polymer films on top of an IL layer or polymeric particles
within an IL layer (Table 3), depending on the spreading
coefficient.®*®””> The spreading coefficient indicates whether
it is energetically favorable for the polymer to spread over a
liquid.”® Its common expression is given in eqn (1):

S= 'YLVs =7YLv X (1 + cos 9) - Z’VPV (1)

where S is the spreading coefficient, y is the surface tension
between interfaces (liquid-vapor and polymer-vapor), and 6 is
the contact angle of the liquid on the polymer.

Since its first demonstration in 2011, 4 polymers with
varying surface energy have been deposited on/in IL using
iCVD, a method termed ILiCVD (Fig. 4A).°® Beyond the spread-
ing coefficient, the temperature at which polymerization occurs
also plays a critical role in determining the morphology of the
CVD-enabled ionogels. For example, pHEMA has been depos-
ited in the presence of the IL, [bmim][PF] using iCVD. A free-
standing film formed after 2 minutes of deposition, and a skin
layer completely encapsulating the IL formed after 15 minutes
(Fig. 4B). When varying stage temperatures for the 15-minute
deposition of pHEMA, 35 °C resulted in a skin layer, 55 °C
resulted in a film with polymer pieces concentrated at the edge
of the IL droplet, and 75 °C led to polymer pieces floating
throughout the droplet (Fig. 4C).

Changing the polymer from pHEMA to pPFDA led to skin
formation at 35 °C and 55 °C, but not at 75 °C since the
monomer’s vapor/IL interface concentration was low with a
Pyp/Pg, of 0.03 (0.1-0.7 are considered desirable Py,/Pg,, values)
along with the low solubility of PFDA (Fig. 4D).*° The different
solubilities of monomers in ILs can be utilized to create
heterogeneous polymer films through simultaneous or sequen-
tial depositions using iCVD. Combining insoluble monomers
like PFDA and soluble monomers such as EGDA leads to a
PEGDA ionogel at the polymer-IL interface and a copolymer
film on top of the ionogel.”®
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In subsequent studies, ionogels comprising high-molecular-
weight polymer networks infiltrated by ILs have been produced
via iCVD on thin IL layers.®” The solubility of HEMA in 1-ethyl-
3-methylimidazolium tetrafluoroborate ([emim][BF¢]) enabled
polymerization at the IL-vapor interface as well as within the IL
layer. Polymerization in ILs resulted in higher propagation
rates and lower termination rates, leading to the formation of
longer polymer chains within the IL layer. Increasing the
chamber pressure further increased the molecular weight.
The as-synthesized ionogels achieved an ionic conductivity of
1.0 x 107> S em™ " at 25 °C, comparable to pure IL counterpart
(2.2 x 107> S em™ ') and pHEMA-[emim][BF,] gels made via
in situ polymerization (2.0 x 10~ >S cm ™ ').”” Longer deposition
times increased the polymer concentration in the iCVD-enabled
ionogel, transitioning it from a viscous liquid to a solid gel,
demonstrating the ability to manipulate ionogel properties by
adjusting synthesis conditions.

A copolymer of HEMA and EGDMA (pHEMA-co-EGDMA) on IL
droplets of 1-allyl-3-methylimidazolium dicyanamide (JAmim]-
[DCA]) has recently been made via iCVD, with ionic conductivity
values as high as 1.8 x 107> S ecm ™' in ambient air, higher than
that for the neat [Amim]|[DCA] (i.e., 1.7 x 107> S cm™ ').°® This
result is in contrast with previous studies where high conductivity
in pMAA-HEMA-EGDMA ionogels was only observed in high
humidity (>95%) after prolonged equilibration times of up to 400
minutes.®® Precoating substrates with a pHEMA-co-EGDMA could
improve the spreading and uniformity of the solidified ionogel,
but decrease overall conductivity. In addition, varying deposition
conditions influenced the homogeneity and conductivity of the

This journal is © The Royal Society of Chemistry 2025

resulting ionogel membranes (Fig. 5A).°® An increase in pre-flow
time, IL:HEMA ratio, and top-coating thickness all seemed to
decrease the conductivity.

Another liquid substrate similarly used is liquid crystal,
which has a similar structural order of a crystal while being a
liquid.”® Previously, nematic liquid crystals were used to tem-
plate iCVD-produced pDVB microspheres and chemical vapor
polymerized (CVP) nanofibers due to its ordered structure.”**°

Besides iCVD, a recent study employed an ‘all-in-vacuum”
process to fabricate an IL-containing porous PU nanogel elec-
trolyte for electric double-layer transistors (EDLTs).®® 4,4'-
Methylene bis(2-chlorophenyl isocyanate) (MBCI) and 2,7-dia-
minofluorene (DAF) monomers were co-deposited at room
temperature via continuous-wave IR (CW-IR) laser deposition
(Fig. 5B). CW-IR was first introduced in 2007,*" and organic
sources in crucibles are ablated by an IR laser (4 = 808 nm),
showing equivalent quality to that fabricated by thermal eva-
poration and similar controllability to pulsed laser deposition
(PLD). Following monomer deposition, IL 1-ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)-amide ([emim][TFSA])
was deposited using the same method. Subsequent annealing
of the bilayer thin film led to the formation of a porous PU-IL
composite nanogel film. The composite film annealed in air at
100 °C showed comparable ionic conductivity to a neat IL film
(Fig. 5C), indicating a uniform distribution of the IL within the
porous PU matrix. In contrast, annealing of the composite film
at 200 °C in vacuum increased the impedance to levels compar-
able to those of bare substrate, attributable to the almost
complete evaporation of IL molecules from the composite thin

Soft Matter, 2025, 21,1813-1834 | 1825
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Fig. 5 (A) Effect of various deposition conditions on the resultant conductivity ¢. “Pre-flow time" refers to the time HEMA was pre-flowed into the

system. “IL : HEMA ratio” refers to the ratio of IL and HEMA when drop casted onto the substrate instead of pure IL. “Pre-coating” refers to the influence
of precoating the samples with pHEMA-EGDMA before drop-casting. “Top-coating” refers to the influence of the thickness of the pHEMA-EGDMA top
coating on the conductivity. Reprinted from ref. 68 with permission from American Chemical Society, Copyright 2020. (B) Schematic of porous PU-IL
film procedure. (C) Impedance measurements of PU-IL film based on annealing at 100 °C or 200 °C in air or vacuum. Reference impedance of the
substrate and pure IL was also given. (D) Schematic of all production stages represented in D. (E) Impedance data of the rewriteability experiment at
different production stages. Reprinted from ref. 69 with permission from American Chemical Society, Copyright 2020.

film. Additionally, the rewriteability of the composite films was
demonstrated, as the IL can easily be removed and reintro-
duced into the PU matrix to make the film insulating or highly

Nevertheless, a potential issue with CW-IR deposition is that
the target selection is largely limited to those that can absorb
IR.*> An example of a substance that does not absorb IR light is
IL, such as [bmim][NTf,]. To resolve this issue, an IR absorbent
like Si powder can be added to the target. Recently, binary
mixtures of IL droplets of [bmim][NTf,] and 1-butyl-3-methyli-
midazolium hyxafluorophosphate ([bmim][PF]) mixed with Si
powder have been deposited onto a sapphire (0001) substrate
via CW-IR.*

In summary, by integrating the exceptional ion conductivity of
ILs with the structural benefits of polymers, such as mechanical

conductive, respectively (Fig. 5D). Annealing in vacuum at
100 °C for 10 min can remove the IL, while depositing the IL
and then vacuum annealing at 60 °C for 10 min can reintroduce
IL into the material. The rewriteability was further demon-
strated through impedance measurements (Fig. 5E). The impe-
dance data indicate that the PU-IL composite nanogel film
retained consistent impedance ranges with and without the
incorporation of IL into the film, respectively.

1826 | Soft Matter, 2025, 21, 1813-1834 This journal is © The Royal Society of Chemistry 2025
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properties and solidity, researchers have created composites that
exhibit high ionic conductivity, stability, and versatility. Innova-
tions such as the ILICVD system and the creation of high
molecular weight PIL gels have demonstrated the potential of
these composites for various applications, including energy sto-
rage and biomedical devices. In developing an ionogel, one must
consider conditions such as the IL concentration, stage tempera-
ture, deposition time, and IL and monomer solubility. Still, the
current understanding of PILs is not complete. For example,
conflicting reports exist for ionogels’ conductivity relative to the
base IL.°”*® Solution-based methods have attributed a decreased
ionic conductivity in ionogels to a decrease in ion mobility, which
could occur at greater ion size, polymer concentration (which
lowers ion concentration), viscosity, or upon changes in morphol-
ogy (e.g., from a porous to dense architecture).®**> While those
factors have not been as extensively studied for iCVD-produced
ionogels, this represents a great opportunity to gain a deeper
understanding of the structure-property relationships.*® Another
property to consider for the future is the dielectric constant, as it
has been demonstrated to be directly correlated to the ionic
conductivity of solution-based ionogels,?” as shown in eqn (2):

(2)

()

opC = T
where opc is the DC conduction of the ionogel, ¢ is the static
dielectric constant, ¢ is the vacuum permittivity constant, and 7,
is the time scale when the counter ion motion is diffusive.’”
Despite the gaps in knowledge, these advancements highlight the
promising future of CVD processes for PIL composites in over-
coming the limitations of pure ILs.

3.3. Hydrogels

Charge-neutral hydrogels have proven effective in facilitating ion
transportation.®®*° These hydrogels often retain water molecules
within their polymer network (mesh size of ~10 nm), demonstrat-
ing physicochemical properties that resemble liquid water. This
feature makes hydrogels elastic solids and ionic conductors.*
Several hydrogels, e.g., pHEMA,”" poly(hydroxypropyl methacrylate)
(pHPMA), and pHEA,*>** that have been synthesized using iCVD
(Table 4) have demonstrated rapid swelling with water content as
high as 35%.%* Notably, pHEMA is not sufficiently hydrophilic to

Table 4 Hydrogel polymers

View Article Online

Review

dissolve in water;® therefore, incorporating a cross-linker is
required for gel properties.

Based on that ion conductivity, iCVD-synthesized pHEMA
films have been integrated into DSSCs as quasi-solid-state poly-
mer electrolytes (Fig. 6A), resulting in enhanced device perfor-
mance compared to cells with conventional liquid electrolytes.**>
By engineering the synthesis conditions, the pHEMA films
were shown to infiltrate mesoporous TiO, electrodes, leading
to an increase in V,., while J,. does not change significantly
(Fig. 6B).*** This suggests that quasi-solid-state polymer electro-
Iytes can maintain ion transport properties similar to those of
liquid electrolytes. EIS analysis revealed an increased electron
lifetime of ~50 ms in the polymer electrolyte due to reduced
recombination, compared to ~12 ms in the liquid electrolyte.

An interesting class of composition-tunable composite hydro-
gels has been developed using piCVD recently.'”> A mixture of pAA
and NaCl dissolved in water was doctor-bladed onto a substrate as a
precursor layer, which was subsequently coated by pHEA using
piCVD (Fig. 6C)."> The precursor layer likely underwent dehydration
during the piCVD step, giving rise to interconnected polymer
networks of pAA and pHEA and preventing their dissolution in
water in subsequent processing. Additionally, as mentioned in
Section 2, highly cross-linked polymer thin films can be fabricated
via piCVD without additional cross-linkers."> The ionic conductivity
of the composite hydrogel films was tunable from 1 x 10~ to 3 x
10~*S cm™ ! by adjusting the salts (Fig. 6D) and salt concentrations
(Fig. 6E), and/or the piCVD deposition conditions (e.g., concen-
tration of initiator and reaction time)."*

While the ion conductivity of hydrogels is often coupled with
the content of water and/or salt, hydrogel-based ICPs have the
distinct advantage of biocompatibility. As such, they are particu-
larly promising for biosensing, actuation, and human-machine
interactions, e.g., in developing soft robotics, neurosensing, and
next-generation wearable devices. The distinct conformality and
substrate-independence of CVD-synthesized thin films render
such ICPs compatible with a wide range of substrates and devices.

3.4. Ultrathin siloxane and silazane polymer films

Although dielectric polymers like polysiloxanes were initially
utilized as dielectric materials and insulators, they were found
to conduct Li* ions effectively after lithiation. Several ultra-thin

Method Polymer Chemical structure Types of ions Temperature (°C) Thickness (nm) Conductivity (S cm™") Other values Application

Ref.

/P\io
iCVD pHEMA ; Li", I /’” RT —
OH
Na', Cl~
X Ca2+, Cl™
Choline*, C1~
iCVD  pHEA o~ o RT —
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DSSC (electrolyte) 44

Wearable sensors 12

1x10°to3 x 1072 —
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Copyright 2023.

dielectric polymer films have been successfully applied to LIBs
with considerable Li* ion conductivity using monomers like
1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane (V3D3) and 2,4,6,8-
tetravinyl-2,4,6,8-tetramethyl cyclosiloxane (V4D4). Homopoly-
mers of cyclic siloxane (Si-O) and silazanes (Si-N) can be
described as organic covalent networks due to their multiple
reactive vinyl groups (three and four vinyl groups for V3D3 and
V4D4, respectively), potentially forming permeation channels
for metal ions like Li*.”* The deposition of conformal thin films
at the nanometer scale at room temperature has been leveraged
in many battery applications, as summarized in Table 5 and
detailed below.

A ~3.9 nm thick cross-linked polyhexavinyldisiloxane
(pHVDS) coating has been synthesized via iCVD, which exhib-
ited a Li* ionic conductivity of 8.7 x 10°° S em *.* When
applied to poly ethylene (PE) separators, the coating led
to a modest improvement of ion conductivity from 6.6 x
107" Scem™ to 8.4 x 107* S em ™!, which was attributed to a
greater wettability of the LIB electrolyte (i.e., LiPFg in ethylene
carbonate and ethyl methyl carbonate) on the pHVDS coating
than uncoated PE. Half coin-type cells using a pHVDS-coated
PE separator showed enhanced electrochemical performance in
terms of capacity (by almost two times), rate capability, and
stability after 70 charge-discharge cycles.

1828 | Soft Matter, 2025, 21, 1813-1834

Siloxane-based polymer films have also been used for solid-
state electrolytes in LIBs due to their Li" ion conductive
characteristics. In 3D battery applications, ultrathin and con-
formal ICP films that uniformly cover 3D electrodes with
complex geometries serve as solid-state electrolytes, whose
nano-scale ion diffusion lengths compensate for modest ionic
conductivities. Lithiation of a 25-nm thick pv4D4 film exhibited
a Li" ion conductivity of 7.5 x 10~® S em™" at room temperature
(Fig. 7A).°°® The ultra-thin pv4D4 films (~10 nm-thick) were
deposited via iCVD as smooth and conformal coatings that
uniformly cover Ag nanowires (Fig. 7B), demonstrating minimal
morphological or thickness changes during lithiation and, thus,
reasonable stability.

Density functional theory (DFT) calculations revealed that
the Li‘-siloxane ring interactions are stable near the electro-
negative oxygen atoms. For example, the electrostatic potential
of the ground state configuration of a single V4D4 shows a
particularly negative electrostatic potential, which is localized
near the oxygen atoms, highlighted in blue (Fig. 7C)."° Opti-
mized geometries of single Li" ion-coordinated V4D4 (Fig. 7D)
demonstrate that Li* is stable within the blue-highlighted
regions in Fig. 7C. Furthermore, based on the investigation
on the Li'-siloxane ring binding energies, it was asserted that
the ring structure in pv4D4 films would lead to higher Li" ion

This journal is © The Royal Society of Chemistry 2025
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Table 5 Ultrathin polymer films
Method Polymer Chemical structure Types of ions Temperature (°C) Thickness (nm) Conductivity (S em™") Other values Application Ref.
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Table 5 (continued)
Method Polymer Chemical structure Types of ions Temperature (°C) Thickness (nm) Conductivity (S em™") Other values Application Ref.
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conductivity than pv3D3 or polysilazane, attributed to the more
energetically favorable Li" binding sites and lower ring strain
in V4D4.

Cyclic polysilazanes, such as poly(1,3,5-trivinyl-1,3,5-trimethyl-
cyclotrisilazane) (pV3N3) and poly(1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasilazane) (pV4N4), have also been synthe-
sized and characterized for their ion conductivity.”® By replacing
the O atoms in polysiloxanes with N atoms, polysilazane films,
including pV3N3 and pV4N4, showed lower ionic conductivities
at room temperature, averaging around 2.0 x 107° S em ™,
compared to pv4D4, which exhibited an ion conductivity of
6.0 x 107® S cm™". That has been attributed to the polarity
and flexibility of the Si-O-Si bonds, which facilitate ion transport
through the molecular motion of the cross-linked network.

Those ultra-thin siloxane and silazane films have been
applied as artificial SEI layers in LIBs to restrict the liquid
electrolytes from accessing the anode, hence preventing electro-
lyte reduction, while allowing Li* transfer. They have been shown
to maintain the passivation of Si electrodes, even with their
volumetric evolutions during cycling. In one example, a 25-nm-
thick pv4D4 film on a Si electrode improved the initial CE by
12.9% and capacity retention by 64.9% over 100 cycles relative to
untreated Si electrodes.”” By comparing the film thicknesses of
0, 15, 25, 35, and 45 nm, it was shown that thicknesses greater
than 25 nm lead to reduced ion conductivity, slower ion trans-
port, and poor lithiation of the silicon anode.

Anode materials, including graphite and Cu, have also been
modified by polysiloxane films. LIBs with pV3D3-coated graphite
anodes exhibited greater cycling stability, reduced fade of capacity
over 100 charge/discharge cycles, and better performance under
high loads and overcharge conditions.”® With 50-nm pv3D3
coating on the graphite anode, the cells remained well-behaved
in EIS measurements and demonstrated Nyquist responses, indi-
cating good Li" ion transfer into the graphite. Post-mortem XPS
measurements revealed that the pv3D3 layer led to SEIs with
desirable compounds (LiF) and improved uniformity while redu-
cing undesirable side reactions compared to the cells with
uncoated graphite anodes.

Recently, a Cu current collector coated with a 25-nm-thick
pVv4D4 layer enabled robust Li plating and stripping by serving
as an artificial SEI that mitigates electrolyte decomposition and
facilitates a uniform permeation flux of Li*, pointing to their
potential applications in anode-free Li metal batteries
(AFLBs)."® While a 25-nm-thick pv4D4 layer as an artificial
SEI was shown to enable Li deposition underneath the film,

1830 | Soft Matter, 2025, 21, 1813-1834

increasing the thickness to 147 nm led to Li nucleation and
deposition atop the pv4D4 layer, likely caused by the permea-
tion resistance associated with a thicker layer. In addition,
exposure to a liquid electrolyte significantly altered the thick-
ness and morphology of the 147-nm-thick pv4D4 films
(Fig. 7E). The wrinkle-like features were attributed to the
compressive stress upon deswelling. The ultrathin pv4D4 films
remained stable after the exposure to electrolytes.'®® EIS also
indicated that the lithiation and delithiation of the 25 nm
pv4D4 were stable over 100 cycles, pointing to high cycling
efficiency (retaining a CE > 80%), especially compared to cells
with 5, 25, or 147-nm pv4D4 films (Fig. 7F).'* Post-mortem
analysis demonstrated that the 25-nm pv4D4 effectively
blocked electrolytes from accessing the anode and the asso-
ciated decomposition while promoting an artificial SEI com-
prising LiF (Fig. 7G)."*° These effects were partially attributed to
the Li* ionic conductivity of the 25-nm-thick pv4D4, although
the intrinsic ionic conductivity value was omitted.

The siloxane- and silazane-based ICPs have the distinct
advantages of tunable cross-linking density, (electro)chemical
stability, and deformation tolerance compared to other ICP
thin films synthesized via CVD polymerization techniques,
making such ICPs excellent candidates for artificial SEI layers
in energy storage devices. In addition, the CVD technologies
afford nanometer-scale precision in thickness control, which
has been leveraged to form ultrathin siloxane- and silazane-
based ICP coatings that deliver targeted interfacial properties
(e.g., mechanical stability) without introducing additional ion-
conducting resistance.

4. Conclusions and perspectives

This review summarizes the recent updates on ICP films
synthesized via CVD polymerization techniques (predominantly
iCVD and its variants). The ICPs discussed include ionomer
thin films that have been directly deposited or synthesized via
post-deposition modifications, ionogels, hydrogels, and ultra-
thin siloxane-based polymers. The uniform, conformal, high-
purity, and thickness-controlled ICP films, synthesized in a
solvent-free and at mild temperatures using various CVD tech-
niques, are becoming increasingly prevalent in energy storage
devices. They present a unique advantage when combined with
complex nano- and micro-structures, such as 3D electrodes in
batteries, due to the conformality and substrate independence,

This journal is © The Royal Society of Chemistry 2025
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copyright 2023.

which points to device miniaturization and, in some cases,
improved ion conductivity.

Many CVD-enabled ICP thin films have been successfully
integrated into batteries as artificial SEIs or solid-state electro-
lytes, exhibiting reasonable ionic conductivity and electroche-
mical stability. The all-dry synthesis and processing conditions
allow ICP coatings to be applied directly on highly reactive
alkali metals or transition metals, thus bypassing common side
reactions caused by impurities or solvents that are introduced
during conventional solution-based coating methods. Although
most CVD-synthesized ICPs have shown lower ionic conductivities
than liquid electrolytes, recent advancements, such as ionogel and
hydrogel composites, have narrowed that gap. Furthermore, the

This journal is © The Royal Society of Chemistry 2025

nanometer-scale thickness control afforded by CVD technologies
has been leveraged to synthesize ultrathin ICP films to compensate
for the lower ionic conductivity by shortening the ion diffusion
length. That is particularly effective in 3D battery electrodes or
electrolytes, where CVD could enable the conformal growth of ICP
nanolayers.

Iontronic devices, including artificial muscles, skins, touch-
pads, sensors, and wearable electronics, could also benefit
from CVD-synthesized ICPs. With the combination of ion
conductivity and biocompatibility, CVD-synthesized hydrogels
have the potential to mimic living tissues in terms of mechan-
ical, chemical, and electrical properties, bridging the human-
machine interface and facilitating their integration. While most

Soft Matter, 2025, 21,1813-1834 | 1831
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devices reported to date employ planar interfacial structures, CVD
technologies will allow the facile integration of ion-conducting
hydrogels into 3D interfaces/devices with complex nano/micro-
structures, pointing to enhanced sensitivity and responsiveness,
e.g., in artificial skins and neuromorphic devices.

A third potentially fruitful direction of future research we would
like to highlight is the application of CVD-synthesized ICPs in
electrochemistry, e.g., the electro-reduction of CO,. Such electro-
chemical processes often pose multi-faceted challenges to the
interface design, which could be addressed by leveraging the
precision of synthesis enabled by CVD polymerization. For exam-
ple, the design of gas-diffusion layers in a CO,-reduction flow cell
simultaneously requires high surface area (for electrocatalysis),
high ionic conductivity, and hydrophobicity (to improve the selec-
tivity and efficiency), which could be met by synthesizing conformal
ultra-thin ICPs, their copolymers, or composites using CVD poly-
merization. Nevertheless, achieving ionic conductivities that are on
par with current gold standards such as Nafion®, Sustainion®, or
Aquivion®™ could be challenging for CVD polymerization.

While ion conductivity, film quality, and device integration/
fabrication have attracted the most attention in recent research,
this review also aims to highlight several key knowledge gaps in the
fundamental structure-property relationships, which, once
addressed, could guide the design of next-generation ICPs. For
example, in the development of ionogels, a better understanding of
the effects of ion mobility, polymer concentration, dielectric con-
stant, viscosity, and morphology on ion conductivity could lead to
ICP composites with designer properties to meet the aforemen-
tioned multi-faceted requirements. Furthermore, the exploration of
novel ICP chemistries that are compatible with CVD polymerization
remains limited, with a particular unmet need in proton or cation
exchange polymers beyond the well-established (meth)acrylic acid
chemistry. The widely accepted best-in-class ICPs, such as the
PFSAs family, remain to be achieved using all-dry synthesis meth-
ods. That breakthrough will likely require major innovations in the
CVD process and/or the development of new monomers.

This review showcases the transformative potential of CVD-
synthesized ICP films in advancing energy storage, iontronic
devices, and electrochemical processes, where recent break-
throughs are paving the way for enhanced performance and
device miniaturization. While challenges remain in achieving
higher ionic conductivities, the path forward is full of promise,
with exciting opportunities for novel chemistries and innova-
tive designs to shape the next generation of advanced materials.
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