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harvesting technology that has the poten-
tial to generate electricity that is other-
wise lost.[1,2] TENG can be produced from 
essentially any material opening up the 
capability of energy production in new 
areas. Electrodes can vary from classical 
rigid electrode materials such as metals[3] 
and semiconductors,[4] to soft electrodes 
such as conductive polymer films, hydro-
gels, or ionogels.[5] In addition, TENG 
is capable of converting many types of 
mechanical movements into electricity, 
such as human motion,[6] wind,[7] and 
water droplets.[8] Furthermore, the struc-
tural flexibility and simplistic working 
principle of TENGs allow it to be readily 
combined with other energy harvesting 
devices, such as piezoelectric nanogenera-
tors,[9] electromagnetic generators,[10] and 
solar cells,[11] which increases the potential 
energy that can be harvested.

Ionic liquids (ILs) are molten salts that 
possess low volatility and can often be 
liquid at room temperature. The thermal 
stability and ionic conductivity of ILs are 
attractive properties for the replacement 

of water in hydrogels for many applications, which have given 
rise to IL-based gels (i.e., ionogels). In recent years, ionogels 
have been increasingly reported as soft conductors for TENGs 
by taking advantage of their adjustable conductivity, flexibility, 
transparency, as well as thermal stability.[12–16] Previously, 
ionogels have been reported as both the electrode and posi-
tively charged triboelectric layer;[12] recent examples of these 
ionogel-TENG (I-TENG) devices have shown use as stretch and 
tactile sensors and energy generating electronic skin.[13] Thus 
far, I-TENG studies have mainly focused on either improving 
the physical properties of ionogels such as stretchability,[14] or 
tailoring the properties of the ionogels for use in harsh condi-
tions.[15] The conductivity of ionogels is an important parameter 
that can affect the ion transport and further charge induction 
and charge transfer of TENGs. How the relationship of ionogel 
components to conductivity and the translation to I-TENG 
device performance would be informative for advancing the 
performance of ionogel-based electronic device generally from 
a fundamental understanding perspective.

Water droplets possess mechanical energy that is preva-
lent, is a renewable source of energy, and thus far relatively 
underutilized. TENGs have been employed as water droplet 
harvesters previously, albeit with low output performance. 
To enhance the droplet harvesting efficiency, focus has been 

Given the ability to convert various ambient unused mechanical energies 
into useful electricity, triboelectric nanogenerators (TENGs) are gaining 
interest since their inception. Recently, ionogel-based TENGs (I-TENGs) have 
attracted increasing attention because of their excellent thermal stability 
and adjustable ionic conductivity. However, previous studies on ionogels 
mainly pursued the device performance or applications under harsh condi-
tions, whereas few have investigated the structure–property relationships of 
components to performance. The results indicate that the ionogel formula-
tion—composed of a crosslinking monomer with an ionic liquid—affects the 
conductivity of the ionogel by modulating the cross-link density. In addition, 
the ratio of cross-linker to ionic liquid is important to ensure the forma-
tion of efficient charge channels, yet increasing ionic liquid content delivers 
diminishing returns. The ionogels are then used in I-TENGs to harvest water 
droplet energy and the performance is correlated to the ionogels structure–
property relationships. Improvement of the energy harvesting is further 
explored by the introduction of surface polymer brushes on I-TENGs via a 
facile and universal method, which enhances droplet sliding by means of 
ideal surface contact angle hysteresis and improves its anti-reflective proper-
ties by employing the I-TENG as a surface covering for solar cells.
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1. Introduction

The growing popularity of smart electronics has triggered 
increasing demands for portable power sources. Triboelec-
tric nanogenerators (TENGs) that are based on contact elec-
trification and electrostatic induction are a promising energy 
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limited to increasing the hydrophobicity of the top surface.[17–20] 
These advancements have included employing patterned supe-
rhydrophobic fluorine-laser-induced graphene (F-LIG) layer on 
the TENG surface—imparting hydrophobicity to an otherwise 
hydrophilic substrate—resulting in a ten-times increase in 
device output.[17] The interfacial surface chemistry is known to 
be an important factor on improving TENG output, although 
other mechanisms of improvement may be possible and highly 
suited for combined energy harvesting.

Water droplet harvesting TENGs have been combined with 
solar cells to allow harvesting during both sunny and raining 
weather events. Presently, TENG cannot reach energy har-
vesting quantities of solar cells, but in combination provide 
avenues to achieve clean energy harvesting during different 
weather events. Previous research in using TENG as surface 
coverings for solar cells has focused on modifying the TENGs 
exposed surfaces to achieve both high hydrophobicity and good 
light absorption.[21–24] However, most enhancement methods 
employed are technically difficult/complicated to fabricate, or 
only applicable to limited sets of materials. A facile and uni-
versal surface enhancement method may improve the adoption 
of combining TENGs with solar cells and provide additional 
avenues to untapped renewable energy resources.

Herein, the relationship between cross-link density and 
ionogel ionic conductivity is explored and its relationship to 
I-TENG output is analyzed. The I-TENG is then used as a cov-
ering for a solar cell for power harvesting from water droplets. 
The enhancement of the I-TENG output is obtained by utilizing 
a surface polymer brush, which is synthesized using a uni-
versal vapor-phase polymerization procedure, imparting a slip-
pery surface increasing the energy generation. Interestingly, the 
surface brush also provided an anti-reflective characteristic that 
was ideal for obtaining high solar cell performance.

2. Results and Discussion

The ionic liquid (IL) chosen was 1-butyl-3-methylimidazolium 
hexafluorophosphate ([BMIM]PF6) and was synthesized from 
[BMIM]Cl through a salt metathesis reaction (Figure 1a, con-
firmed with ATR-FTIR in Figure S1, Supporting Information, 
and NMR in Figures S2–S4, Supporting Information). The 
[BMIM]PF6 provided a hydrophobic, nonvolatile, and con-
ductive room temperature liquid suitable for synthesizing  an 
ionogel that can eliminate the presence of water in the network. 
The cross-linking monomer polyethylene glycol dimethacrylate 
(PEGDMA) was used as the sole polymerizable component 
since it can be obtained with various number average molecular 
weights (Mn) allowing the study of cross-link density. The cross-
linking monomer was synthesized from the corresponding 
poly ethylene glycol’s (PEG with Mn of 400, 1500, 6000, 10 000, 
and 20  000  g moL−1) as illustrated in Figure  1b and was con-
firmed with 1H NMR (Figures S5–S9, Supporting Information).

As shown in Figure  1c, the ionogels were synthesized by 
photopolymerization; formulations consisted of PEGDMA, 
IL ([BMIM]PF6), and photo-initiator phenylbis(2,4,6-trimethy-
lbenzoyl)phosphine oxide (BAPO) under UV light (365  nm 
LEDs, see the Experimental Section for details). Monitoring the 
polymerization of acrylate-based formulations can be completed 

using ATR-FTIR spectroscopy analyzing the disappearance of 
the CH and CC of the acrylate and normalizing to CH 
bending at 2875 cm−1 of the PEG. As expected, the increasing 
peak intensities of the CO stretch versus CH bending 
match with the decreasing Mn of PEG cross-linking monomers 
(Figure 1d and Figure S10, Supporting Information). The disap-
pearance of the methacrylate CH and CC peaks and the 
shift of the CO peak indicate essentially complete polymeri-
zation of the formulation. The other characteristic peaks are 
consistent with those shown in Figure S1 (Supporting Informa-
tion), indicating the existence of [BMIM]PF6 in the photopo-
lymerized PEGDMA and the formation of ionogel. Therefore, 
our subsequent analysis focused on the effect of cross-link den-
sity and ionic liquid density on the ionogels conductivity. It is 
noted that the cross-link density is the number of polymeriz-
able groups to the mass of cross-linker—the quantitative ratio 
of cross-links has been calculated. As shown in Figure 1e, when 
PEGDMA with higher initial Mn is used as the matrix of the 
gel, it has a lower cross-link density compared to that of a lower 
Mn PEGDMA.

It was found that the cross-link density of PEGDMA affected 
the conductivity of the ionogels for the same weight percent 
of IL (Figure 2a and Figure S11a, Supporting Information). 
Increasing the Mn of the cross-linker PEGDMA from 400 to 
6000 increased the conductivity of the ionogels from 0.014 to 
0.036 S m−1. However, the conductivity decreased as PEGDMA 
Mn was increased to 10  000 and decreased further at an Mn 
of 20  000. Analogous results were obtained when changing 
the polymerizable group between methacrylate and acrylate 
(Figure S12, Supporting Information), leaving us with only the 
Mn of the cross-linker responsible for the change in ionic con-
ductivity (Figure 2b). At a 1:1 ratio of PEGDMA:IL, the increase 
of ionic conductivity is directly related to the lower cross-link 
density and therefore increased charge mobility in the ionogel. 
The decrease in conductivity at higher PEGDMA Mn’s was a 
result of incomplete swelling of the polymer matrix by the IL. 
Higher Mn requires greater ratios of IL to solvate the 10  000 
and 20  000 PEGDMA, which is required to obtain a conduc-
tive network throughout the ionogel. The homogeneity of the 
ionogel can be analyzed using transmittance of UV–visible 
spectroscopy. The ability of the IL to solvate the PEGDMA is 
dependent on the weight ratio of the formulation (PEGDMA:IL) 
and the Mn of the PEGDMA. As the PEGDMA Mn is increased, 
the ability of the IL to solvate the PEGDMA is decreased, as 
shown in Figure 2a,c, where PEGDMA 10 000 and 20 000 had 
decreasing conductivity and transmittance.

By changing the ratio of PEGDMA:IL with a static PEGDMA 
Mn, we observed the same result whereby too little IL in the 
formulation would lead to decreased conductivity of the ionogel 
(Figure 2d and Figure S13, Supporting Information), which was 
accompanied by a decrease in transmittance through that gel 
(Figure  2e). Increasing the ratio of IL to PEGDMA increased 
the ionic conductivity and analogously eliminated any non-
homogeneity of the ionogel. For our formulations, there was a 
minimum amount of IL required to obtain a transparent film 
and below this ratio of components the amount of IL is not suf-
ficient to solvate the PEGDMA. At a PEGDMA:IL ratio of 2:1, 
the ionogel was only possessed transmittance of ≈71% and had 
the lowest ionic conductivity of below 0.02 S m−1. Increasing 
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to a ratio of PEGDMA:IL of 1:1 had a transmittance of ≈90% 
and an increase in ionic conductivity of up to 0.04 S m−1. 
Increasing the ratio further with more IL resulted in completely 
transparent films with 100% transmittance, and an increasing 
ionic conductivity. The highest ratio of 1:8 PEGDMA:IL pos-
sessed the highest conductivity, although it was not eight 
times the conductivity of the 1:1 ratio ionogel. The reduction in 
ionic conductivity improvement likely because achieving com-
plete charge channels (and fully swollen polymer networks) 
increases the conductivity more than increasing the amount of 
IL in the gel. Therefore, once ionic charge channels are formed 
and there is enough mobility in the viscous ionogel network 
(Figure  2f), the increase in conductivity across the gel is not 
greatly improved by further increasing the amount of IL in 
comparison to creating an efficient ionic network. Conversely, 
excess ILs in ionogels come at a cost of mechanical robustness 

(Figure 2g and Figure S14, see detailed discussion in the Sup-
porting Information).

To elucidate if our ionogel findings in the above section 
affect the performance of the TENG, we then characterized the 
PEGDMA ionogel films with respect to cross-linking monomer 
Mn and IL weight percent as electrodes in TENGs for water 
droplet energy harvesting (Figure 3a). As shown in Figure 3b, 
the ionogel was sandwiched between two polydimethylsiloxane 
(PDMS) layers with two Ag tapes as the electrodes (one con-
nected to the ionogel and the other to the top surface). When a 
single water droplet is dropped onto the inclined device, it slides 
down and off the surface and generates an electrical signal. 
The working mechanism of water droplet energy harvesting 
has been proposed previously[25,26] and the detailed discussion 
can be found in the Supporting Information (Figure S15, Sup-
porting Information).

Small 2023, 19, 2301381

Figure 1. Synthesis and characterization of PEGDMA and its ionogels: a) synthesis reaction of [BMIM]PF6, b) synthesis reaction of PEGDMA, c) sche-
matic illustration of photopolymerization of PEGDMA with bond breaking and forming details, d) ATR-FTIR spectra of the synthesized PEGDMA, and 
e) cross-link density of PEGDMA with various average molecular weights.
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As shown in Figure  3c–e, the TENGs output matched our 
preliminary ionogel conductivity findings—we observed an 
increase in TENG output as the ionogel conductivity increased 
with decreasing cross-link density; PEGDMA 10 000 and 20 000 
decreased in output, which meant that electrode ionic conduc-
tivity has a direct relationship with the output of the TENGs 
employing ionogels. The TENG output increase when using 
higher conductivity ionogels was reasoned to aid in charge 
induction and result in faster charge transfer. The output of the 
TENG device when the ratio of IL was increased from 2:1 to 1:8 
PEGDMA:IL increased in both voltage and current (Figure S16, 
Supporting Information, and Figure  3f), with the highest of 
both occurring in the 1:8 PEGDMA:IL sample. The increase of 
voltage and current do not increase linearly with the increases 
of PEGDMA:IL. These data follow the same trend as the ionic 
conductivity in the optimization of the ionogel, indicating 
that for each Mn of PEGDMA there is likely an ideal ratio of 
cross-linking monomer to IL; increasing the IL weight percent 
beyond this ideal ratio will lead to a diminishing return in con-
ductivity and reduce the mechanical properties such that they 
may not be robust enough for the intended use (Figure 2g and 

Figure S14, Supporting Information). Therefore, the formula-
tion PEGDMA 6000:[BMIM]PF6 with a ratio of 1:2 was there-
fore chosen for the subsequent investigation.

To assess the practical use of the electricity generated by 
water droplets energy harvesting, the PEGDMA 6000-1:2 device 
was connected to a circuit consisting of a rectifier and external 
loads including resistors and LEDs as shown in Figure S17 
(Supporting Information). As the load resistance was raised 
from 100 to 200 MΩ, the current decreased and the voltage 
increased according to the Ohm’s law. Thus, the generated 
power (PR = IR*VR, Figure  3h) increased initially and then 
declined when the resistance was increased. The maximum 
power reached 115.2 µW for a load resistance of 2 MΩ. When 
further connecting the circuit to LEDs, it was observed in the 
Video S1 (Supporting Information) and the inset of Figure 3h 
that a single droplet moving across the device can light up 
18 LEDs connected in series.

To improve the TENG output for water droplet energy har-
vesting, previous works focused on increasing the hydropho-
bicity of the device by physical modification or chemical func-
tionalization.[17,20,27] An alternative method that we hypothesized 

Small 2023, 19, 2301381

Figure 2. Interaction mechanism between cross linking and ion mobility and the impact on ionogels: a) dependence of the cross-link density on the 
conductivity of the ionogels, b) schematic diagram of ion mobility for different cross-link densities, c) effect of the cross-link density on the transmit-
tance of the ionogels, d) dependence of the ion density on the conductivity of the ionogels, e) effect of the ion density on the transmittance of the 
ionogels, f) schematic diagram showing the formation of charge channel for various ion densities, and g) strength and elongation at break of ionogels 
with different PEGDMA:[BMIM]PF6 ratios.
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would improve the output of the TENG is to impart greater 
water droplet sliding efficiency rather than simply a more 
hydrophobic surface. Therefore, we decided to induce a type of 
slippery surface by employing PDMS brushes fabricated with 
vapor-phase polymerization directly on the surface—a synthetic 
strategy that is relatively simple and universal if OH are avail-
able. Inspired by previous studies,[28,29] when the material/
device was pretreated with an air plasma—to create surface 
OH functionality—the vapor-phase polymerization of PDMS 
was possible with dichlorodimethylsilane (DCDMS) and water 
vapor in a closed container as shown in Figure 4a. Conse-
quently, many PDMS brushes will form and grow on the mate-
rial surface as illustrated in Figure 4b. The effect of the PDMS 
brush on water droplet surface sliding resulted in an increase 
in water droplet sliding across the surface when at a nonzero 
angle (Video S2, Supporting Information). Water droplets were 
static on the untreated PDMS surface, whereas the droplet slid 
to the end of the PDMS/PDMS brushes surface in a few sec-
onds at an angle of 45°. PDMS brushes act as lubricating layers 
and provide access to hydrophobic slippery surfaces through 
low contact angle hysteresis, which is a function of high 

mobility of the siloxane brushes.[30] Further investigation of 
the static water contact angles of these two surfaces reveals no 
obvious difference (i.e., on a flat surface, Figure S18, Supporting 
Information), which comes from same intrinsic chemical com-
ponents of PDMS and PDMS brushes. SEM (Figure S19, Sup-
porting Information) and AFM (Figure S20, Supporting Infor-
mation) images without or with PDMS brushes were further 
provided and discussed (see details in Supporting information). 
As shown in Figure 4c–e, the increase in water droplet sliding 
resulted in the average voltage and current increasing from 
42  V and 11.3  µA to 55.4  V and 14.6  µA. Improving the “slip-
periness” of the TENGs surface can force the water droplet to 
move faster along the surface, have a faster charge induction 
and accumulation, and thus generate a sharper electrical signal.

To assess the performance of the PI-TENGs in real use-
case scenarios, rainwater collected in Zurich, Switzerland was 
tested for harvesting droplet energy. As shown in Figure S21 
(Supporting Information) and Figure  4f, replacement of dis-
tilled water with rainwater produces a higher voltage and cur-
rent. It was found that the highly increased conductivity of the 
rainwater (Figure S22, Supporting Information) was the main 

Small 2023, 19, 2301381

Figure 3. Demonstration of I-TENGs for droplet energy harvesting: a) schematic diagram of TENGs harvesting droplets energy, b) schematic diagram 
and photograph of a typical I-TENG, and the measurement conditions for water droplet energy harvesting, c–e) effect of the cross-link density on the 
device output, f) effect of the ion density on the device output, g) dependence of the load resistance on the voltage and current, and h) dependence 
of the load resistance on the power, with the inset is showing 18 green LEDs lit up by one single droplet.
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factor contributing to the current increase, as the higher con-
ductivity of rainwater gave rise to faster directional transfer of 
charges and thus sharper signals.[25,26] When connecting the 
device to the external load resistance, the difference in current 
between distilled water and rainwater (Figure  4g) resulted in 
apparent power difference (Figure  4h). The maximum power 
achieved by rainwater was 688 µW, which was 3.2 times that 
of distilled water. As shown in Table S1 (Supporting Informa-
tion), the developed devices in the work showed high output 
performance compared with reported TENGs in droplet energy 
harvesting.

As shown in Figure S23 (Supporting Information), I-TENGs 
with or without PDMS brushes both had a high transmittance 
of >95% in the visible light range. With our understanding of 
how to improve power output by creating a slippery and trans-
parent I-TENG, we decided on an appropriate application as 
a solar cell coating. The I-TENG covering possessed an anti-
reflective property, which was ideal for covering a solar cell 
(Figure 5a). As shown in Figure 5b,c and Table S2 (Supporting 

Information), the silicon solar cell covered with our I-TENG 
exhibited an open-circuit voltage (VOC) of 3.45  V, short-circuit 
current density (JSC) of 5.88  mA cm−2, and power conversion 
efficiency (PCE) of 17.23%. These characteristics were similar 
to those of bare solar cells, indicating the highly transparent 
I-TENG did not impact the performance of solar cells. When 
the PI-TENG was covered on the solar cell, JSC increased from 
5.81 to 6.13 mA cm−2 and PCE from 17.14% to 18.24%. The 1.1% 
increase of PCE stems from more light accessing the solar cell 
through the PDMS brushes, as these brushes on the surface 
result in greater refraction and diffraction rather than reflec-
tion.[31,32] As shown in Table S3 (Supporting Information), the 
PCE increase caused by the PI-TENG covering was high com-
pared with reported works combining TENGs and solar cells. 
The fill factor (Figure  5c) was barely affected by the covered 
I-TENG and PI-TENG. The concept of PDMS brushes can be 
extended to common materials (such as metals, polymers, etc.), 
thus constituting a mild and universal strategy to enhance the 
properties of both TENGs and solar cells.

Small 2023, 19, 2301381

Figure 4. Introduction of PDMS brushes for the output enhancement of I-TENGs: a) schematic showing the synthesis of the PDMS brushes, b) sche-
matic diagram of the typical PI-TENG and sliding comparison of the surfaces with or without PDMS brushes, c–e) effect of PDMS brushes on the 
device output, f) effect of distilled water and rainwater (Swiss) droplets on the device output, g) dependence of the load resistance on the voltage 
and current for distilled water or rainwater droplets, and h) dependence of the load resistance on the power for distilled water or rainwater droplets.
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Other previous reports have focused on the simultaneous 
harvesting of droplet and solar energy.[21,23,33] However, in 
reality, most of the time the solar cell or the droplet harvesting 
will be functioning separately at different times. Thus, it was 
important for us to investigate if there was any influence of the 
solar cell on the TENG. We expect that in typical use a solar 
cell is exposed to increased temperatures as it is meant to be 
in direct sunlight. It is known that, for common TENGs, a 
higher temperature decreases the device output because of the 
thermal fluctuation and electron thermionic emission.[34,35] On 
the other hand, a higher temperature increases the conduc-
tivity of ionogels because of the reduced viscosity and increased 
ion mobility. As shown in Figure  5d, when the temperature 
increased from 25 to 56  °C, the conductivity of the ionogel 
increased from 0.057 to 0.16 S m−1, and thus the device output 
was expected to increase. However, the results in Figure  5e 
indicate that both the voltage and current exhibit no appreciable 
change in the temperature range of 25–56  °C, which is con-
sistent with previous reports using ionogels as electrodes.[36,37] 
Therefore, for I-TENG systems, there are two opposite factors 
balancing the temperature effect as shown in Figure  5f. On 

one hand, the temperature increase leads to the conductivity 
increase and thus the output enhancement. On the other hand, 
the temperature increase also produces thermal fluctuation or 
electron thermionic emission to decrease the output. The two 
competing factors likely increase with the increase of tempera-
ture, resulting in a stable device output. Therefore, the temper-
ature rise from sun exposure does not affect the operation of 
the covered I-TENGs, which is another advantage of this work 
compared to common reported TENGs combining with solar 
cells.

3. Conclusion

The impacts of cross-link density of the monomer and ion 
density of the ionic liquid on the conductivity of ionogels were 
investigated systematically to elucidate the structure–func-
tion relationship to the TENG output. Owing to the faster ion 
mobility with the lower cross-link density, the ionogels with 
a PEGDMA synthesized from PEG 6000 possessed the best 
ionic conductivity within our formulation matrix. We found 

Figure 5. Introduction of PDMS brushes on the performance improvement of solar cells: a) schematic diagram of the PI-TENGs working as both 
energy harvesting and anti-reflective layers, and the enhancement mechanism caused by anti-reflection, b) J–V curves of the bare SC, SC+I-TENG, and 
SC+PI-TENG, c) PCE and FF comparison between the bare SC, SC+I-TENG, and SC+PI-TENG, d) dependence of temperature on the conductivity of 
ionogels, e) dependence of the temperature on the output of PI-TENGs, and f) schematic diagram of the two main factors affecting the temperature-
output stability of the devices.
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a minimum ionic liquid density was required in the gel to 
form a complete charge channel. As a demonstration, the 
ionogels were employed as electrodes of droplet-TENGs to 
harvest energy from rainfall. The growth of PDMS brushes 
on I-TENGs not only enhanced the device output because of 
faster water droplet sliding, but also improved the performance 
of solar cells by serving as an anti-reflective layer. This study 
reveals insights about the relation between the cross-link den-
sity and ion mobility to ionic conductivity, which can be used 
to optimize device and material performance for future ionogel 
employment in TENGs and devices requiring ionic conductors. 
The proposed PDMS brushes strategy has the potential to be 
extended to all types of TENGs and solar cells to enhance their 
performance in electronic applications.
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