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a b s t r a c t

Herein, we report a straightforward, scalable synthetic route towards poly(ionic liquid) (PIL) homopoly-
mer nanovesicles (NVs) with a tunable particle size of 50 to 120 nm and a shell thickness of 15 to 60 nm
via one-step free radical polymerization induced self-assembly. By increasing monomer concentration for
polymerization, their nanoscopic morphology can evolve from hollow NVs to dense spheres, and finally
to directional worms, in which a multilamellar packing of PIL chains occurred in all samples. The trans-
formation mechanism of NVs’ internal morphology is studied in detail by coarse-grained simulations,
revealing a correlation between the PIL chain length and the shell thickness of NVs. To explore their
potential applications, PIL NVs with varied shell thickness are in situ functionalized with ultra-small
(1 � 3 nm in size) copper nanoparticles (CuNPs) and employed as electrocatalysts for CO2 electroreduc-
tion. The composite electrocatalysts exhibit a 2.5-fold enhancement in selectivity towards C1 products
(e.g., CH4), compared to the pristine CuNPs. This enhancement is attributed to the strong electronic
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interactions between the CuNPs and the surface functionalities of PIL NVs. This study casts new aspects
on using nanostructured PILs as new electrocatalyst supports in CO2 conversion to C1 products.
� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Polymer nanovesicles (NVs) self-assembled from amphiphilic
polymers have aroused intensive interest in diverse research areas
such as drug delivery, cell mimicking, nanoreactors, and water
remediation.[1–5] Owing to their inherent hollow shape, polymer
NVs possess light weight, large surface area, and a unique compart-
mentalized cavity.[6–8] These structural characteristics are
directly associated with their mechanical stability, membrane per-
meability, and encapsulating capability, which impact their mate-
rial performance.[9–11] For instance, when it comes to
nanoreactors, the tiny cavity of the NVs is beneficial for achieving
higher reaction rates and potentially better catalytic performance
due to the shortened transport distance for the reaction medium
and reactants.[12,13] Recently, various synthetic approaches
toward precise control over the size of NVs have been developed,
including the solvent exchange method, template-assisting route,
and microfluidics.[14–17] However, from the applicative perspec-
tive, the involvement of organic solvents and/or complex devices
in the above-mentioned approaches is undesirable and may limit
their future practical use.

From the structural perspective, in addition to the dimension of
the NVs, the shell thickness is essential in regulating the shape
robustness and mass transport into and out of NVs. As the majority
of vesicles are made up of amphiphilic block polymers via the
default concept of block copolymer self-assembly, it is common
to alter the relative and absolute length scale of the hydrophilic
and hydrophobic blocks to dictate the shell thickness.[18,19] How-
ever, the tedious, time-intensive synthetic protocols for block
copolymers via multistep polymerizations are the apparent
dilemma and bottleneck for real-life applications. By contrast,
efforts have been rarely directed to tailor shell thickness by the
homopolymer approach, which is often ignored in the NV synthesis
for lack of qualified homopolymers and the fuzzy boundary
between hydrophobic and hydrophilic moieties within the same
repeating unit.

Poly(ionic liquid)s (PILs), as a fascinating group of functional
ionic polymers, have been actively employed in multiple research
areas including ionic liquids (ILs), polymer science, materials
chemistry, sensing technology, and analytic chemistry, just to
name a few.[20–25] In terms of molecular structure design, a series
of PIL homopolymers has been fabricated from diverse IL mono-
mers; these PIL homopolymers typically carry cationic backbones
(e.g., polyimidazolium, polypyridinium, and polyphosphonium)
with side alkyl chains of various lengths and counter anions (e.g.,
halides, acetate, and hexafluorophosphate).[26,27] The
amphiphilicity of PILs is readily modulated by the choice of the
alkyl chain length and counterion type, without varying the syn-
thetically complex backbone.[28–30] Taking advantage of a large
number of existent amphiphilic IL monomers, a couple of PIL
homopolymers in vesicular nanostructures have been indeed
made.[31] The microphase separation of PILs during their polymer-
ization gives rise to the simultaneous formation of NVs, that is to
say, the chemical polymerization drives the physical self-
assembly process. This straightforward technique for polymer
assembly is often defined as ‘‘polymerization induced self-
assembly” (PISA), which due to its easiness in implementation
has been prevailing for preparing nanoparticles of a rich library
of morphologies at a broad polymer concentration window.[32]
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Nevertheless, the essential factors affecting the internal structures
and self-assembled morphologies of PILs via PISA remain mysteri-
ous and lack in-depth investigation.

In addition to the prominent advantages in vesicle assembly,
PILs find versatile applications including drug delivery, catalyst
supports, and CO2 sorption/conversion.[26,33–35] In light of the
growing demand for clean energy sources, the electrochemical
conversion of CO2 (CO2ER) into valuable chemicals provides an
auspicious approach to mitigating the negative impacts of excess
CO2 emissions. [36–38] A primary technological challenge is to
design selective electrocatalysts with high stability and production
rates. Tackling the undesired parasitic hydrogen evolution reaction
(HER) is crucial to mitigate the aforementioned-challenges.[39,40]
Copper (Cu) is the only known metal that enables CO2 electrore-
duction to high-value hydrocarbons (e.g., CH4 and C2H4) with con-
siderable production rates, despite its poor selectivity towards
specific products.[41–43] A variety of approaches, including sur-
face functionalization, surface nano-structuring, and alloying, have
been used to enhance the selectivity of Cu catalysts.[44–46] Very
recently, copper nanoparticles (CuNPs) functionalized with PILs
have been used to tune CO2ER selectivity towards hydrocarbons.
[47] In addition, PILs are an excellent stabilizer and carrier for
metal nanoparticles, and are capable of efficiently tailoring their
particle size.[48–51]

Herein, we finely modulated the CO2ER selectivity of CuNPs by
in situ synthesis and anchoring them into structurally well-defined
PIL NVs with specific surface functional groups. Concretely, we first
systematically investigated the morphological transformation of
PIL homopolymer NVs via free radical polymerization by varying
the concentration of monomer 3-n-decyl-1-vinylimidazolium bro-
mide (3 � Cm � 48 mg/mL) (Scheme 1). Intriguingly, multilamellar
NVs with controllable overall size and shell thickness were
obtained via PISA, and the corresponding formation mechanism
was proposed and validated via coarse-grained simulations. As a
step forward to explore the utilization of such exquisitely con-
structed nanostructures, the PIL NVs with different shell thick-
nesses were in situ decorated by uniform ultra-small CuNPs of
1 � 3 nm in size for CO2ER. The synthesized hollow PIL/Cu compos-
ite particles exhibited an enhanced selectivity towards C1 products,
especially CH4 as a crucial chemical feedstock. Moreover, quasi
in situ X-ray photoelectron spectroscopy has been adopted to probe
the surface speciation changes of the prepared PIL/Cu composite
catalyst and correlating them to the CO2ER processes.

2. Materials and methods

2.1. Chemicals

1-Vinylimidazole (99 %), 1 bromodecane (99 %), diethyl ether
(�99 %), methanol (�99 %), 2,6-di-tert-butyl-4-methylphenol
(BHT, �99 %), copper (II) acetate monohydrate (CuAc2∙H2O), and
hydrazine hydrate (N2H4, 35 wt%) solution in water were pur-
chased from Sigma-Aldrich. 2,20-Azobis[2-methyl-N-(2-hydroxye
thyl) propionamide] (VA86, �99 %) was purchased from FUJIFILM
Wako Chemicals. Ultrapure water with a resistance of 18.20
MX�cm was purified using the Thermo Scientific Barnstead Gen-
Purex CAD Plus system). 2-propanol (�99.8 wt%), sulfuric acid
(H2SO4, �98 wt%, EMSURE� purity), and potassium hydrogen car-
bonate (KHCO3, 99.7–100.5 wt% ACS, EMSURE� purity) were pur-
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Scheme 1. Synthetic scheme of PIL NVs from its IL monomer at varied concentrations and their functionalization by CuNPs.
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chased from Merck. Carbon dioxide (CO2) gas with 4.8 purity was
purchased from Linde. All chemicals were used without any further
purification.

2.2. Synthesis of the IL monomer

The synthesis of the IL monomer 3-n-decyl-1-vinylimidazolium
bromide was follow our previous report,[52] and briefly described
as follows. 0.1 mol of 1-vinylimidazole and 10 mL of methanol
were loaded into a 100 mL of flask. 0.1 mol of n-decyl bromide
and 50 mg of inhibitor (BHT) were introduced to the solution.
The mixture was stirred at 60 �C in an oil bath for 15 h. After cool-
ing down, the reaction mixture was slowly added into an excess
amount of diethyl ether. Then, the supernatant layer was removed
and the precipitate was washed with diethyl ether 5 times. Finally,
the obtained viscous liquid was dried into a brown solid under vac-
uum overnight to completely remove the residual solvent. The
yield is ca. 34 %.

2.3. Synthesis of PIL NVs

In a typical run, various amounts of monomer (0.3–4.8 g) were
dissolved in 100 mL of water in a 250 mL of Schlenk flask. The
monomer solution was mixed with 50 mg of initiator (VA86) for
ca. 30 min under magnetic stirring at 250 rpm. The mixture was
completely deoxygenated by five cycles of the freeze–pumpthaw
procedure. Subsequently, the mixture was continuously stirred at
75 �C in an oil bath overnight. After cooling down, the final colloid
dispersion was exhaustively dialyzed against deionized water until
the conductivity of water is below 3 lS/cm. The PIL dispersion was
collected and stored in the fridge at 4 �C for further use. The PIL
nanovesicles (termed ‘‘NVs”) and solid nanospheres (termed
‘‘SNSs”) were first prepared at a monomer concentration (Cm) of
12 and 24 mg/mL respectively, according to their morphology
observed in TEM characterization. To calculate the polymerization
yield (Y), the desired amount of PIL dispersion at a given Cm (V mL)
after dialysis was contained in a clean dry vial and placed in an
oven at 90 �C until its weight was kept constant (W). Each sample
410
was repeated 5 times to calculate the average value. Therefore, Y
can be determined by the following equation (1):

Y ¼ V � cm �W
V � cm

� 100% ð1Þ
2.4. Synthesis of PIL/Cu composite particles

The facile synthesis of colloidal PIL/Cu composite particles was
conducted based on our recent study.[53] For PIL NVs (Cm � 12 mg/
mL), the colloidal dispersion (4 mL, 10 mg/mL) was diluted with
32 mL of deionized water. Then a fresh CuAc2 solution (4 mL,
10 mg/mL) was slowly added to the dispersion under stirring. After
stirring at 250 rpm at room temperature for 4 h, an aqueous N2H4

solution (0.4 mL, 35 wt%) was quickly injected into the mixture.
The color of the solution turned from light blue to pink. Afterwards,
the solution was placed in an oil bath under stirring at 250 rpm at
80 �C overnight to complete the reduction. The color of the solution
gradually changed to wine-like. After cooling down, the dispersion
was sonicated again for 20 min. Subsequently, the dispersion was
filtered off using a syringe with a filter (an average pore size of
1.2 lm) to remove any big aggregates. After centrifugation at
8500 rpm for 30 min and washing with fresh water, the precipi-
tated PIL/Cu composite particles were redispersed in 25 mL of fresh
water before further use. For PIL SNSs (Cm � 24 mg/mL), the syn-
thesized dispersion (2 mL, 20 mg/mL) was used for synthesis of
copper nanoparticles (CuNPs) in the same manner as mentioned
above. For comparison, the pristine CuNPs were also prepared in
the same way without any PIL templates. CuNP-decorated NVs
and SNSs are denoted as NVs/Cu and SNSs/Cu, respectively.

2.5. CO2 electrochemical reduction

Electrode preparation by spray coating: the as-prepared pristine
CuNPs and PIL/Cu dispersions (ca. 4 mg/mL) were deposited onto a
Freudenberg H1C49 gas diffusion layers (GDLs, 180 lm in thick-
ness) using an ultrasonic atomizer (Sonaer 130 kHz Low Flow
tapered tip atomizer) was used in conjunction with a focusing
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plume shaper LF130K). The GDLs were placed on a hot plate
(150 �C) while maintaining a distance of 15 cm from the nozzle
tip. The dispersions were pumped through the nozzle using a Har-
vard Apparatus syringe pump at a flow rate of 0.5 mL/min. The
compressed air supplied to the nozzle was at a pressure of 0.5 bar.

The CO2 electrochemical reduction (CO2ER) tests were per-
formed in an H-type two-compartment electrochemical cell filled
with 0.1 M KHCO3 aqueous solution. The cathodic compartment
was continuously purged with CO2 gas at a flow rate of 20 mL/
min. The as-prepared pristine CuNPs and PIL/Cu composite parti-
cles deposited GDL substrate acts as a working electrode fully
immersed in the electrolyte, while Pt wire and Ag/AgCl were used
as counter and reference electrodes, respectively. The electrochem-
ical bias was provided using SP-200 potentiostat (Biologic) under
chronoamperometry mode. 85 % of ohmic resistance (iR) was com-
pensated automatically and all applied potentials were converted
with respect to the Reversible Hydrogen Electrode (RHE). The
cathodic gaseous products (H2, CO, CH4, and C2H4) were quantified
using an online gas chromatograph (GC, Thermo Scientific)
equipped with a flame ionization detector (FID) and a pulse dis-
charge detector (PDD). The quantification interval was 10 min. Liq-
uid products contained in the electrolyte were quantified using a
high-performance liquid chromatography (HPLC) with a UV detec-
tor for the non-volatile (HCOO�) and head-space gas chromatogra-
phy (GC-HS) with FID detector for the volatile ones (e.g., alcohols).
A more detailed description of the electrochemical setup and quan-
tification methods can be found in our previous report.[54]

2.6. Characterization methods

Nuclear magnetic resonance (NMR): 1H NMR spectra were
recorded at room temperature using a Bruker DPX-400 spectrom-
eter operating at 400 MHz. Dimethyl sulfoxide-d6 (DMSO d6) was
used as a solvent to dissolve both the IL monomer and the corre-
sponding PIL.

Differential scanning calorimetry (DSC): DSC measurements were
conducted on a Netzsch Phoenix F204 instrument at a heating rate
of 10 K min�1 under an N2 flow.

Gel permeation chromatography (GPC): Number-average molecu-
lar weight (Mn) and molecular weight distributions of PIL samples
were determined by GPC. The GPC equipment is equipped with a
PSS SECcurity 1260 autosampler injector, a PSS SECcurity 1260
HPLC pump, and a PSS SECcurity 1260 differential refractometer
(RID) detector using PSS columns (PSS GRAM, 10 mm, Guard + 10
0 Å + 2 � 10,000 Å). The eluent is N, N-dimethylacetamide (DMAc)
containing 10 g/L of lithium bromide (LiBr) at a flow rate of 1.0 mL/
min at 70 �C.[55] The PIL powders after freeze-drying were first
dissolved in eluent and kept shaking at 50 �C for ca. 1 h to ensure
complete dissolution. Afterwards, the solutions (ca. 3 mg/mL) were
left overnight at room temperature for equilibration. The as-
prepared solutions were filtered through a PTFE syringe filter (an
average pore size of 1.0 lm) before injection. The Mn and its distri-
butions were calculated using linear polystyrene standards (Mn =
470–2520000 g/mol) for calibration by a PSS WinGPC UniChrom
Version 8.4 software.

Dynamic light scattering (DLS): The average hydrodynamic diam-
eter (Dh) and distributions were determined by using a Malvern
Zetasizer Nano ZS. The scattered light was detected at an angle
of 173�.

Scanning electron microscopy (SEM): The morphologies of the PIL
samples were recorded on a LEO GEMINI 1530 microscope oper-
ated at 3 kV. All the samples were coated with a thin carbon layer
(ca. 5 nm) before measurement.

Transmission electron microscopy (TEM): Conventional TEM,
high-resolution TEM (HRTEM), and cryogenic transmission elec-
tron microscopy (cryo-TEM) were performed on a JEOL JEM-2100
411
instrument operated at an acceleration voltage of 200 kV. Cryo-
TEM specimens were prepared by applying a 4 lL drop of a disper-
sion sample to Lacey carbon-coated copper TEM grids (200 mesh,
Science Services) and plunge-frozen into liquid ethane with an
FEI Vitrobot Mark IV set at 4 �C and 95 % humidity. Vitrified grids
were either transferred directly to the microscope cryogenic trans-
fer holder (Gatan 914, Gatan, Munich, Germany) or stored in liquid
nitrogen. Imaging was carried out at temperatures around 90 K.
The TEM was operated at an acceleration voltage of 200 kV, and
a defocus of the objective lens of about 2.5–3 lm was used to
increase the contrast. Cryo-TEM micrographs were recorded at a
number of magnifications with a bottom-mounted 4 k � 4 k CMOS
camera (TemCam-F416, TVIPS, Gauting, Germany). The total elec-
tron dose in each micrograph was kept below 20 e�/Å2.

Small angle X-ray scattering (SAXS) and wide angle X-ray scatter-
ing (WAXS): SAXS/WAXS measurements of the PIL dispersions have
been performed at the four crystal monochromator (FCM) beam-
line of the PTB at the BESSY II synchrotron radiation facility
(Helmholtz-Zentrum Berlin, Germany).[56] The PIL dispersions
have been measured in sealed 80.0 � 4.2 � 1.25 mm3 borosilicate
glass cuvettes purchased from Hilgenberg (Malsfeld, Germany, a
wall thickness of ca. 120 lm). All measurements have been per-
formed at a photon energy of (8000.0 ± 0.8) eV. The SAXS data have
been recorded at a sample detector distance of (5.107 ± 0.005) m
with a Pilatus 1 M detector (Dectris ltd., Baden, Switzerland) and
a distance of (0.206 ± 0.002) m for WAXS measurement.[57] Dis-
tance from sample to detectors has been determined with the
long-period spacing (001) peak of silver behenate by the triangu-
lation method. To determine the scattering from the solvent and
the glass-cuvettes, prior measurements of the empty cuvettes
and pure water in a separate cuvette have been performed. In all
measurements, the lower section of the cuvettes was filled with
Fluorinert FC-3283 acquired from Iolitec (Heilbronn, Germany) to
determine the optical path length of the cuvettes.[58] The SAXS
and WAXS scattering images have been recorded on multiple spots
along the cuvettes and averaged to reveal possible effects of sedi-
mentation. The whole sequence of measurements was repeated
three times to detect potential X-ray damage of the PIL NVs. The
scattering images have been circularly averaged and the resulting
SAXS data curves have been accordingly fitted using custom-
made software with a model for hollow spherical core–shell parti-
cles under the assumption of a log-normal size distribution. The
uncertainties of the fit parameters for the overall diameter and
shell thickness and the errors of the fits of the SAXS data have
finally been determined by the reduced v2- method.[59]

X-ray diffraction analysis (XRD): The powder XRD measurements
were conducted on Bruker D8 using a monochromatized X-ray
beam with Cu Ka radiation at a scan rate of 0.05�/min. The PIL/
Cu samples were collected after freeze-drying and kept in an air-
tight XRD holder from Bruker.

UV–vis absorption spectra: the colloidal dispersions of PILs and
PIL/Cu composite samples were contained in a clean quartz cuvette
(110-QS Hellma, 10 mm) and measured on a PerkinElmer Lambda
650 spectrometer at room temperature.

Thermogravimetric analysis (TGA): the fully dried PIL template
and PIL/Cu composite samples were measured on PerkinElmer
(TGA 8000) in a temperature range of 25–900 �C at a heating rate
of 10 �C/min under synthetic air. The copper loading of PIL/Cu sam-
ples is calculated based on the mass of CuO residual after calcina-
tion in air.[53]

Quasi in situ X-ray photoelectron spectroscopy (XPS): the XPS
measurements were carried out in a SPECS PHOIBOS 100 analyzer
with Al Ka radiation (1486.74 eV). For the quasi in situ XPS mea-
surements, the CO2ER experiments were carried out in an O2-free
glovebox using the H-type cell specified above and under the same
conditions. After the electrolysis, the samples were completely
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dried and stored in the glovebox. The samples were then trans-
ferred to the XPS vacuum chamber using a transfer arm, which
was kept under an inert atmosphere. Further details on the quasi
in situ XPS measurements are referred to our previously published
work.[60]

Coarse-grained simulations for self-assembled PIL NVs: The
coarse-grained (CG) model for PILs is constructed with the follow-
ing principles: the planar imidazolium ring is represented by a sin-
gle bead carrying a partial charge of + 1.0 e; the Br� anion is
mapped into a single CG bead carrying a partial charge of �1.0 e;
each ethyl or ethylene unit is coarsened into one neutral CG bead.
The bonded and non-bonded interaction potentials between CG
beads are described by the AMBER FF format. The effective interac-
tion parameters between these CG beads were determined follow-
ing the similar procedures described in the previous work.[61] In
brief, the relative positions and sizes of these CG beads are deter-
mined from the center-of-mass of the corresponding atomistic
units. The bonded interaction parameters between virtually
bonded CG beads including bond stretching and angle bending
terms were calibrated to reproduce probability distributions of
bond lengths and angles of atomistic groups in ILs derived from
extensive atomistic reference simulations. The non-bonded inter-
action parameters between CG beads were determined to repro-
duce microstructures (e.g., radial distribution functions) of
atomistic modeling systems at varied thermodynamic states.[61]

The CG MD simulations of the self-assembly behavior of PILs in
an aqueous solution were performed using the GALAMOST pack-
age.[62] The equations of motion were integrated using a classical
velocity Verlet leap-frog integration algorithm with a time step of
2.0 fs to accelerate CGMD simulations of PILs modelling systems at
extended spatiotemporal scales with a modest computational cost.
A cut-off distance of 1.6 nm was set for short-range van der Waals
interactions and real-space electrostatic interactions between
point charges. The ENUF method, an abbreviation for the Ewald
summation based on the non-uniform fast Fourier transform tech-
nique, was employed to handle long-range electrostatic interac-
tions in reciprocal space calculations.[63,64]

Each modeling system contains �375,000 CG beads and the
number concentration of ion pair beads is kept at 20 %. The degree
of polymerization (n) of PIL chains varies from 1 (IL monomer) to
50 to explore its overall effect on the self-assembled structures
at constant Cm. Additional CG MD computations were performed
for PILs consisting of 2, 4, 6, 12, and 30 IL monomers. All modeling
systems were first energetically minimized using a steepest des-
cent algorithm, and subsequently annealed gradually from 600 K
to target temperatures within 10 ns. Afterwards, the system was
equilibrated in an isothermal-isobaric ensemble for 20 ns of phys-
ical time maintained using Nose-Hoover thermostat and
Parrinello-Rahman barostat with time coupling constants of
0.4 ps and 0.2 ps, respectively, to control temperatures and pres-
sure at 1 atm. All CG MD simulations were sampled in a canonical
ensemble for 20 ns, and simulation trajectories were recorded at an
interval of 100 fs for further structural and dynamical analysis.
3. Results and discussion

3.1. Formation of PIL NVs via PISA

Polymerization induced self-assembly (PISA) of amphiphilic PIL
homopolymers in an aqueous solution triggers the facile synthesis
of well-defined PIL structures from a surfactant-like IL monomer.
Without any externally added stabilizer in polymerization, stably
dispersed PIL homopolymer particles in different forms were pre-
pared in water, driven by incompatibility between the hydrophilic
charged backbones and the hydrophobic neutral long alkyl sub-
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stituents.[32] Herein, we began with the chemical synthesis of
the amphiphilic IL monomer 3-n-decyl-l-vinylimidazolium bro-
mide, followed by its free radical homopolymerization in an aque-
ous solution. The successful preparation of this monomer and its
corresponding PIL (Cm at 12 mg/mL for initial tests) was confirmed
by 1H NMR measurements (see details in Fig. S1). Their thermal
behavior and relative stabilities were subsequently characterized
by DSC and TGA, as summarized in Fig. S2 and S3. A distinct melt-
ing peak at ca. 33 ℃ (below 100 �C) for the IL monomers was
observed in the DSC curve, which classifies itself into the group
of ionic liquids. Besides, no apparent weight loss (up to 200 ℃) in
its TGA curve was found for the as-synthesized PILs, indicating
their good thermal stability (Fig. S3).

The self-assembly of the PIL can be controlled by simply poly-
merizing the IL monomer at chosen Cm. The morphologies of these
featured PIL nanoparticles prepared at specific Cm in aqueous solu-
tion were first characterized by conventional TEM and SEM, as
shown in Fig. S4 and S5, respectively. The samples for electron
microscopies were prepared by drying their dispersions at room
temperature. We observed that the particle size increased along
with Cm from 3 to 6 mg/mL (Fig. S4). Subsequently, their shape
was transformed from hollow NVs at Cm � 12 mg/mL, to dense
spheres at Cm � 24 mg/mL, and finally into directional worms (at
Cm � 48 mg/mL). Generally speaking, when polymerizing the IL
monomer at both low (3 to 6 mg/mL) and medium Cm (from 6 to
12 mg/mL), the observed lighter contrast in the center area of PIL
particles than their edge in TEM images indicates a hollow core
that was filled with water before drying. The morphology of col-
lapsed thin shells after drying under ambient conditions was sim-
ilarly spotted in SEM images (Fig. S5). Interestingly, in the case of
high Cm (from 12 to 24 mg/mL), the center void gradually shrank
in size and eventually disappeared at Cm � 24 mg/mL or above to
form only dense particles. A further increase of Cm to 48 mg/mL
triggers the formation of linear PIL aggregates, i.e., one-
dimensional PIL fibers with a length of up to � 10 lm and a diam-
eter of (110 ± 13) nm. A similar morphology was observed in our
previous report of a different PIL system.[65]

Due to the ambient-condition drying effect in the TEM sample
preparation step, the authentic architecture, particularly the hol-
low inner structure of the PIL particles, is hard to be convincingly
verified by conventional TEM. A morphology-verification step by
cryo-TEM is thus required.[66] As shown in Fig. 1a-b, e-f, and S6,
large spherical cavities inside PIL NVs were found at both low (3
to 6 mg/mL) and medium (6 to 12 mg/mL) Cm. In high Cm range
(from 12 to 24 mg/mL), the ordered curved multilamellar wall
gradually extended its thickness to downsize the central void (Cm
at � 16 mg/mL), and eventually filled in the hollow interior to form
solid nanospheres (SNSs) at Cm � 24 mg/mL, as shown in Fig. 1c-d,
and g-h. Beyond this concentration, e.g., at Cm � 48 mg/mL, the lin-
ear attachment of primary PIL nanoparticles occurred and gave rise
to hierarchical structures, namely primary nanoparticles formed
first and next fused into nanoworms (Fig. 1i-k). For all PIL nanopar-
ticles prepared in this work, a general molecular organization in
the form of an alternating multilamellar packing of polymer chains
was identified under the cryo-TEM conditions. The hydrophobic
alkyl substituent as a side chain covalently tethered to the ionic
polymer backbone accounts for the lighter lamellae domain in
the cryo-TEM images, while the darker rings (or planes) stem from
the polymer backbone made up of the imidazolium bromide ion
pairs of a higher electron density.[65] The average bilayer spacing
of NVs (Cm � 12 mg/mL) is measured to be (3.1 ± 0.1) nm from
cryo-TEM images (see the detailed bilayer structure in Fig. S7).

By carefully analyzing the cryo-TEM images, we identify that
the overall diameter and shell thickness of NVs (i.e., the total thick-
ness of the multilamellar layers shown in Fig. 2a) strongly depends
on Cm in the polymerization. The particle sizes and size distribu-



Fig. 1. Cryo-TEM images of the PIL NVs prepared via PISA method at various monomer concentrations (Cm): (a, e) 3 mg/mL, (b, f) 12 mg/mL, (c, g) 16 mg/mL, (d, h) 24 mg/mL,
and (i-k) 48 mg/mL. The insets are the corresponding 3D models.

Fig. 2. (a) Scheme of the cross-section of the multilamellar PIL NVs. (b) Plots of the diameter and shell thickness of the PIL particles as a function of Cm. (c) SAXS profiles
(scatter patterns) of the PIL dispersions prepared at various Cm plotted together with the analytical fit (solid lines) using a core–shell form factor. Scattering curves are
vertically shifted for clarity.
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tions determined from cryo-TEM analysis are shown in Fig. 2b and
S8. Specifically, increasing Cm in the low range of 3 to 6 mg/mL
leads to an initially dramatic expansion of the NVs size from
(51 ± 8) to (109 ± 14) nm. In the medium Cm range (6 to 12 mg/
mL), the diameter of PIL particles does not change significantly
from (109 ± 14) to (108 ± 22) nm. Meanwhile at high Cm (12 to
24 mg/mL), the diameter increases slightly to (118 ± 28) nm at Cm-
� 24 mg/mL. It is worth noting that the shell thickness undergoes a
413
slight decrease ranging from (18 ± 6) to (16 ± 6) nm in the low con-
centration zone (Cm of 3 to 6 mg/mL) and is followed by a minor
jump to (22 ± 9) nm at medium Cm of 6 to 12 mg/mL. At higher
Cm above 12 mg/mL till the Cm at which the hollow space is fully
filled, the shell thickness sharply rises to a maximum value of
(59 ± 14) nm. The Dh and distributions of these assembled
nanoparticles were also determined by DLS and plotted against
Cm (Fig. S9), and the results are in good agreement with cryo-
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TEM analysis. Hence, it can be addressed that in the low Cm zone
(below 6 mg/mL), the addition of more monomers only enlarges
particle size. In the medium Cm zone (from 6 to 12 mg/mL), neither
the particle size nor the shell thickness of PIL particles exhibits any
drastic change. Polymerization at a high Cm (beyond 12 mg/mL)
will vary the internal nanostructure by thickening the shell, trig-
gering the complete transformation of NVs to SNSs (Fig. 1f-h and
2b). In short, the Cm is correlated with the shell thickness and the
diameter of PIL NVs, which offers a useful tool to manipulate the
dimension and morphology of PISA-induced PIL homopolymer
nanostructure.

To verify the structural information, the colloidal dispersions of
the PIL particles were further investigated by synchrotron-based
SAXS/WAXS measurements. Fig. 2c displays their corresponding
SAXS profiles at various Cm. Taking PIL NVs prepared at Cm-
� 3 mg/mL as an example, their SAXS plot has been fitted in the
region from 0.04 to 0.8 nm�1 with an analytical form factor of a
core–shell particle Fcs according to the following equation (2):

FCS q;R; mð Þ ¼ FSphere q; Rð Þ � 1� lð ÞFSphere q; m � Rð Þ ð2Þ
where FSphere (q, R) is the form factor of a sphere with an overall
radius R, q is the scattering vector, l is the electron density differ-
ence between core and solvent relative to the shell contrast, and m
is the ratio of the core radius to R.[67] To simplify the model, the
PIL vesicle is assumed to logically adopt a hollow core (l = 0) filled
with water as a solvent. Moreover, a homogeneous shell is assumed
here and the scattering from the internal lamellar layers is not con-
sidered in the simplified form factor of the fit.[68] The particle size
distribution is further given in the form of a log-normal distribu-
tion. The fit of the SAXS profile reveals an average diameter of
(56.1 ± 3.8) nm with a size distribution of ca. 7.9 nm, which resem-
bles the results of cryo-TEM at (51 ± 8) nm. The shell thickness is
determined to be (16.0 ± 2.2) nm, which also agrees well with that
of cryo-TEM. The overall diameter and shell thickness of all the PIL
particles were summarized in Table S1, generally following a simi-
lar trend to that of cryo-TEM analysis. In addition, the prominent
peak is located at a q value of ca. 2.1 nm�1 in the WAXS data orig-
inated from the bilayer spacing of the NVs (Fig. S10). The average
bilayer spacing is calculated to be (3.0 ± 0.1) nm based on Bragg’s
law, which is in good accordance with the value of (3.1 ± 0.1) nm
determined in the cryo-TEM analysis.[69] The bilayer spacing of
all the PIL assemblies shows only a slightly different value of 2.9
to 3.1 nm, confirming that the bilayer spacing stays constant, inde-
pendent on the final morphologies of the assembled PIL NVs
(Table S2).

3.2. Evolution mechanism of PIL NVs

Generally speaking, the morphology transformation and struc-
tural characteristics of polymer vesicles strongly correlate with
the chain structure and polymer concentration.[9,70,71] In the cur-
rent study, a higher Cm indicates a higher polymer concentration
(see Table S3). At a low Cm window ranging from 3 to 6 mg/mL,
we found a sharp increase in overall diameter but little change in
thickness (Fig. 2b). Before polymerization, the 1-
vinylimidazolium cations in IL monomer in water are reported to
be associated with counter anions via Coulombic interaction.[72]
The subsequent polymerization leads to the spontaneous self-
organization of PIL chains packing into layered assemblies (as pri-
mary particles) due to the strong hydrophobic interaction of the
long alkyl groups.[65] Meanwhile, the propagating PIL chains can
be diffusively captured by the primary PIL vesicles until all the IL
monomers are depleted. In addition, the primary particles tend
to coalesce together and eventually form stabilized particles. Both
effects could contribute to the appreciable size expansion of PIL
vesicles when increasing Cm. In the medium Cm zone (from 6 to
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12 mg/mL), however, neither the diameter nor the shell thickness
of the PIL vesicles shows the drastic change. A possible explanation
is that the number of the PIL particles increased due to the
enhanced polymer concentration.[9]

At an even high Cm (from 12 to 24 mg/mL), we observed only a
significant increase in shell thickness but a slight change in ulti-
mate diameter. Particle coalescence or diffusion capture of PIL
chains could not fully explain the increase in the shell thickness
rather than diameter. It is essential to gain a deeper insight into
the structural evolution in a molecular chain level. Chain length
of amphiphilic homopolymers has been reported to affect their
final assembly morphologies.[73,74] GPC (see Fig. S11 and
Table S4) was thereby used to determine the number-averaged
molecular weight (Mn) of PIL chains. Elevating Cm from 12 to
24 mg/mL increases their Mn from 43 to 49 kg/mol. Note that the
Mn reported here stands for an apparent molecular weight using
polystyrene standard for lack of suitable PIL standards, which can
sufficiently reflect the relative length of PIL chains. When keeping
the initiator concentration constant, a high Cm in free radical
homopolymerization leads to a high propagating rate and there-
fore the formation of long PIL chains.[75] As a result, the PIL chain
length (or Mn) is suggested to play a dominant role in the internal
organization at high Cm, which will be further discussed in the lat-
ter simulation part. In principle, the increase in shell thickness
could be separately or simultaneously realized in two possible
ways: one mainly results from the expansion of the bilayers, which
is commonly found in block copolymers; [76,77] the other primar-
ily comes from the folding of more bilayers into the vesicle center.
Evidently, the shell thickening of our PIL homopolymer NVs will
merely expand in the latter manner. Independent on the Cm, the
bilayer spacing keeps practically constant for all PIL NVs, which
has been proved by cryo-TEM and WAXS analyses (Table S2).
When the Cm keeps increasing (up to 48 mg/mL), the strong
Hamaker force induced by charge polarization promotes the align-
ment organization of the neighboring particles due to the liquid
character of their interior. Thus, the PIL particles partially deform
and fuse into directional worms, as described in our previous
study.[65]

Extensive coarse-grained (CG) molecular dynamics simulations
were performed to confirm the dependence of self-assembled
structures of PILs on the polymerization degree (n), i.e., chain
length of PILs. The adopted CG model for the IL monomer cation
3-n-decyl-l-vinylimidazolium is depicted in Fig. 3a. The principles
for constructing such a CG model and determining the effective
interaction potentials between CG beads were detailed in our pre-
vious work.[61] The relevant computational methodology is pro-
vided in Supporting Information. On account of the high bending
energy, short PIL chains will require a long time to mediate their
spatial distributions and coordinate with anions and solvent mole-
cules.[78] In comparison to neutral polymers, our cationic PILs by
virtue of their ionic nature present a more complex molecular
organization behavior. For polyelectrolytes, the electrostatic inter-
actions between and inside polymer chains have been documented
to result in counterion condensation.[79,80] The number of con-
densed counterions increases with the polymerization degree
and polymer concentration. The strong condensation effect is likely
to weaken the intrachain repulsion, thus driving severe deforma-
tion of polymer chains (mostly shrunk, collapsed, or unfolded
chains).[81,82] In our case, as the presence of long side chains
attached to the PIL backbone provides a strong steric hindrance
between the neighboring PIL chains; it could favor retaining their
layered packing rather than complete collapse during assembly.
Therefore, the interplay of the effects as mentioned above presum-
ably jointly facilitates the formation of well-defined vesicular
nanostructures with anions and solvent molecules encapsulated
inside (Fig. 3b and 3c).



Fig. 3. (a) The constructed CG model for 3-n-decyl-1-vinylimidazolium bromide. Full and cross-section views of the self-assembled structure of PILs in an aqueous solution.
PIL (b, c) with n = 4, (d, e) n = 12, and (f, g) n = 30. The solvent molecules encapsulated within and outside the self-assembled PIL particles are indicated by a gray medium. (h)
Number density distributions of the CG beads in PILs, anions, and solvent molecules in modeling systems.
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It is noticeable that a gradual increase in chain length from
monomeric to an oligomeric chain with 6 repeating units (i.e., n
of 1 to 6) promotes a considerable expansion of the inner space
of vesicular structures, and thereafter a substantial decrease in
the inner volume with a further lengthening of PIL chains
(Fig. S12). It resembles the experimental results of PIL NVs with
the Cm increasing from 3 to 6 mg/mL. PILs with intermediate chain
length (n = 12 in Fig. 3d and 3e) are self-assembled into solid
spheres with residual solvent molecules incorporated inside,
which is in line with the transformation of PIL NVs to SNSs (Cm
of 12 to 24 mg/mL). PILs with an even longer chain (n = 30 in
Fig. 3f and 3 g) tend to form solid self-assembled structures with
less solvent encapsulated than the PIL NVs. On the basis of these
findings, we may argue that the PIL chains with relatively higher
n are more likely to extend into the center of the vesicle due to
their better flexibilities and weaker intrachain repulsions, thus
diminishing the central cavity. The number density distributions
of representative CG beads in modeling systems (Fig. 3h) demon-
strate that the self-assembled structures from PILs with intermedi-
ate and long backbones are characterized by structure-less interior
and stripe-patterned shells, which are probably relevant to the
residual solvent molecules inside the self-assembled PIL particles.
Therefore, we demonstrated that the polymerization degree of
PIL homopolymers plays an essential role in dictating the overall
shell thickness (i.e., the number of folded bilayers), thus enabling
the transformation of their morphology.
3.3. PIL NVs-supported ultra-small CuNPs for CO2ER

PIL NVs were further explored as a template to immobilize and
stabilize ultra-small CuNPs. The obtained PIL/Cu composite parti-
cles were utilized as electrocatalysts for CO2ER. Briefly, the PIL
templates were incubated with CuAc2 salt in an aqueous solution
for 4 h to ensure sufficient enrichment of the Cu2+ ions into the
PIL particles. Subsequently, the copper ions were reduced into
metallic copper in the presence of N2H4 as a strong reducing agent
at 80 �C (Fig. 4a).[53] As a result, ultra-small CuNPs (highlighted by
white arrows in Fig. 4b) were directly immobilized into the PIL
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nanostructures. In addition, the multilamellar structure in PIL
NVs was observed to be slightly distorted in the composite parti-
cles. While N2H4 treatment can hardly influence the morphology
of PIL NVs (Fig. S13), penetration of Cu2+ ions into the neighboring
PIL layers is likely the drive for deforming the PIL internal struc-
ture. The CuNPs in NVs (denoted as NVs/Cu thereafter) and in SNSs
(denoted as SNSs/Cu thereafter) show an average particle size of
(1.8 ± 0.4) and (1.7 ± 0.5) nm, respectively (Fig. 4c and S14). The
successful incorporation of CuNPs within the PIL templates is sup-
ported by the observation of a weak absorption peak at 200 to
300 nm in the UV–vis absorption spectra (Fig. 4d).[49] To confirm
the presence of CuNPs, the PIL/Cu composite particles and the pris-
tine PIL templates were characterized by X-ray diffraction (XRD).
As shown in Fig. 3e, three distinct peaks at 43�, 55�, and 74� are
observed for both PIL/Cu composite particles, which can be
assigned to the (111), (200), and (220) reflections of face-
centered cubic (fcc) metallic Cu, respectively. The pure PIL tem-
plates show no reflection at all due to their amorphous nature,
which is in line with the DSC analysis (Fig. S2). The amount of cop-
per loading in PIL NVs/Cu and SNSs/Cu is 19.2 and 8.9 wt%, respec-
tively, calculated from the aerobic residual (CuO) in the TGA test
(Fig. 4f and S15). The PIL NVs show a higher Cu loading than that
of SNSs, as expected for a hollow structure with a relatively higher
specific surface area (Fig. S16) to provide more surface area to load
CuNPs as active sites for CO2ER. As reference, pristine CuNPs were
prepared using the same protocol but without any PIL template.
Only Cu particles with an irregular morphology were obtained.
Their much larger size was revealed by SEM and TEM images
(Fig. S17), emphasizing the essential role of PIL NVs in controlling
the ultra-small size of CuNPs in the composite particles.

The as-prepared pristine CuNPs and NVs/Cu particles were
directly spray-coated on GDLs. The coated GDLs were served as
the working electrode for CO2ER experiments (Fig. 5a). The CO2ER
activity was examined in a CO2-saturated 0.1 M KHCO3 solution
using a conventional H-cell configuration (Fig. S18). The product
distributions (Faradaic efficiency, FE) of the CO2ER as a function
of the applied potential of the synthesized catalyst materials are
summarized in Fig. 5b and S19. At low negative potentials between



Fig. 4. (a) Scheme of the synthesis of the colloidal PIL/Cu composite particles. (b) Cryo-TEM images of the PIL NVs/Cu composite particles. The inset is a close view with a scale
bar of 30 nm and some tiny CuNPs are indicated by white arrows. (c) The corresponding size distribution histogram of CuNPs (calculated from over 100 particles) in PIL NVs/
Cu determined from its cryo-TEM image. (d) UV–vis absorption spectra of the dispersions of PIL template, NVs/Cu, and SNSs/Cu. (e) XRD diagrams of the PIL templates, NVs/
Cu, and SNSs/Cu powders after a thorough freeze-dry, which are referenced to the JSPD card (Cu: 04–0836). (f) TGA curves measured under synthetic air of the NVs/Cu and
SNSs/Cu powder after freeze-drying.
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�0.8 and �0.9 V vs RHE, a mixture of H2 and C1 products (CO, CH4,
and HCOO�) were the major products in the case of all studied
electrocatalysts. For the PIL NVs/Cu electrodes, with the applied
potential increasing from �0.8 to �1.1 V the total FE of all C1 prod-
ucts increased from � 38 % to � 58 %, concurring with decreasing
H2 FE. It is notable that the FE of CH4 significantly increased
from � 6 % to � 34 % when the potential increased from �0.8 to
�1.2 V for NVs/Cu, while the FE of CH4 of the pristine CuNPs
remained below 8 % (Fig. 5b). Upon increasing the applied cathodic
bias, the FE of the pristine CuNPs shifts from C1 products (CO and
HCOO� as main products) towards C2/C2+ products (mainly C2H4),
see Fig. S19. In other words, the FE of the pristine CuNPs entirely
shifts to C2+ products at the expense of C1 products, while the FE
of the PIL NVs/Cu shifts from CO and HCOO� to CH4 as a major pro-
duct (Fig. 5b and S19). Note that the PIL SNSs/Cu shows higher
selectivity towards H2 generation despite having similar CH4 selec-
tivity to that of NVs/Cu (Fig. S20). Thus, we focused on PIL NVs/Cu
for further study. Overall, our PIL/Cu composite particles show rel-
atively high CH4 selectivity compared with the current reports, as
shown in Table S5.

To gain deep insights into the CO2ER behavior of the pristine
CuNPs and PIL NVs/Cu, the partial current densities (i.e., production
rates) of their main products are displayed in Fig. 5c and d. An
increase in H2 production was observed for both catalysts upon
increasing the applied cathodic potential. The PIL NVs/Cu showed
a significant surge in CH4 production rate from� 2.0 to 38mAmg�1

cm�2 when the applied cathodic potential increased from �0.9 to
�1.2 V. As shown in Fig. S21, the PIL NVs/Cu also exhibited higher
specific current density than the commercial CuNPs (40–60 nm in
size). Additionally, the FE ratio of CH4/C2H4 on PIL NVs/Cu particles
was enhanced by a factor of 22 at �1.2 V in comparison with that
of pristine CuNPs, highlighting the significant impacts of PIL tem-
plates on the CuNPs electrocatalytic behavior for CO2ER.

Apart from the structural merits of the hollow nanovesicle, the
chemical nature of PIL NVs is expected to crucially facilitate the
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CO2ER process. The enhanced selectivity of CO2ER towards CH4

on NVs/Cu could be attributed to one (or more) of the following
effects: (1) special surface defects (low coordinated sites) provided
by the small size of CuNPs in PILs; (2) stabilizing effect of key inter-
mediates for CH4 by surface functionalities of PILs; (3) electronic
interactions between the PILs and the CuNPs. It has been reported
in recent works that a strong interfacial electric field induced by
the imidazolium moieties at the PIL/Cu interface could stabilize
key intermediates in CO2ER.[47,83] Quasi in situ XPS was employed
here to investigate the interplay between the CuNPs and PILs, and
to examine the induced surface speciation changes of PIL/Cu
induced during CO2ER. The results are displayed in Fig. 6 and
Fig. S22. As-prepared pristine CuNPs (in the absence of PILs)
showed a mixture of Cu2+, which is indicated by the observed
shoulder peak at 934.2 eV, and Cu+/Cu0 as demonstrated by the
strong sharp peak at 932.3 eV. On the other hand, the as-
synthesized PIL NVs/Cu exhibited merely a single peak at
936.0 eV, which is strongly shifted to higher binding energy than
the observed Cu2+ peak of the pristine CuNPs (see Fig. 6a and c).
This may suggest an intense electronic interaction between Cu
and the polyimidazolium backbone via the formation of copper
1,3-dialkylimidazol-2 ylidene carbene complex, which is different
from the copper oxide species (e.g., CuO and Cu(OH)2).[49,84]
The absence of the metallic Cu surface species in the case of pris-
tine CuNPs was further indicated by fitting the Auger region, see
Fig. 6d. Following the application of the cathodic bias, both the
pristine CuNPs and the NVs/Cu exclusively exhibited metallic Cu
surface species, as indicated by the absence of the Cu2+ shoulder
and its related strong satellite on the Cu 2p spectra. The full reduc-
tion of the oxidized copper surface species of both electrodes (pris-
tine CuNPs and NVs/Cu) during CO2ER is further indicated by their
respective fitted Auger regions (Fig. 6b and d). The post XPS surface
analysis of the NVs/Cu catalyst after CO2ER (air-exposed) shows a
surface consisting of a mixture of Cu2+ and Cu+ species resembling
the as-prepared pristine CuNPs. The related peaks for the Cu2+ and



Fig. 5. (a) Scheme of CO2ER using PIL/Cu composite particles after coating on GDLs. (b) Summary of the CO2ER activity trend for various catalysts, highlighting the tunable
selectivity toward CH4. The complete dataset is found in Fig. S19. FE% of the PIL NVs/Cu and pristine CuNPs coated GDLs is measured in CO2-saturated 0.1 M KHCO3 solution at
applied potentials (V vs RHE). Partial current density toward the generation of CH4 and C2H4 on (c) NVs/Cu, (d) pristine CuNPs as a function of applied potential.
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Cu+ surface species were observed at 932.5 eV and 934.6 eV,
respectively, which are still positively shifted (�0.2 eV) compared
to that of the pristine CuNPs. The appearance of the mixture of Cu+

and Cu2+ for the PIL/Cu catalysts after CO2ER instead of the strong
positively shifted peak may indicate the transformation of the PILs
under CO2ER measuring conditions. The transformation of PILs
under bias was also evidenced by the observed significant changes
in the obtained C 1 s spectra of PIL NVs/Cu before and after CO2ER,
see Fig. S22. Regardless, retesting the same electrode after removal
of bias in a fresh electrolyte still showed a high FE towards CH4

(33 % FE). Based on these XPS results, the enhanced C1 selectivity
of the PIL NVs/Cu electrode might be attributable to the strong
electronic interaction between PILs and CuNPs as well as the
ultra-small size of CuNPs, resulting from in situ reduction of PIL
NVs/Cu complex under CO2 electrolysis conditions. The enhanced
CH4 production due to the reduction of Cu from copper complexes
is also in line with previous findings.[85,86]
4. Conclusion

In summary, we successfully fabricated PIL homopolymer NVs
with a characteristic multilamellar chain stacking via free radical
homopolymerization, which is in line with our previous studies.
[30,52] Their morphologies were tailored from hollow to solid
spheres, further to directional solid worms by simply increasing
Cm applied in polymerization. Manipulation of the overall size
and shell thickness of PIL NVs has been achieved by tuning the
Cm, which has been scarcely reported before. Next, we systemati-
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cally studied the influence of the Cm on their size variation and
morphological transformation. The formation mechanism of PIL
NVs has been further confirmed by CG simulations, illustrating
the essential role of polymerization degree of PIL chains in direct-
ing the assembly behavior. Our well-defined PIL NVs with a hollow
interior enabled high loading amounts of ultra-small CuNPs (1–
3 nm in size) that were used for CO2ER. Large pristine CuNPs and
PIL-functionalized CuNPs (above 30 nm) have been reported to
improve the selectivity towards C2 products in CO2ER. [47,83] In
our study, PIL/Cu composite particles exhibited a high FE towards
C1 products, especially CH4 (FE of � 34 % at �1.2 V). The XPS anal-
ysis showed that the strong electronic interactions between the
imidazolium units of PILs and the surface Cu atoms of CuNPs
results in the high FE towards CH4. This contribution highlights
the potential of future research interest in the use of well-
defined PILs to tune the selectivity of metallic electrocatalysts for
CO2 reduction. Future work is expected to deepen our understand-
ing via a systematic study on the role of PIL and the size effect of
CuNPs on CO2ER performance by in situ Raman and XPS.
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