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today keeps being surprised about how 
much 2D materials are interesting in their 
own right. With the advent of graphene 
and 2D transition metal dichalcogenides, 
probably most of the excitement has been 
about the exotic electronic and optical 
properties of these materials.[2–6] Their 
controlled intercalation with ions is con-
sidered a powerful knob for tuning these 
properties.[7] Yet more understanding 
about the behavior of ions within 2D 
materials is needed. And although the 
extent to which the knowledge on bulk 
phases is applicable to the 2D case has still 
to be determined, it is already clear that 
van der Waals stacking of atomic layers 
with controllable twist opens possibilities 
to the study of ion insertion that have no 
bulk analog.[8,9]

To investigate 2D materials, a common 
route is to have them supported on 
the surface of a solid substrate. In this 
scenario, if ions are to be inserted on 
demand, i.e., via a control mechanism of 

some sort, they have to be put in contact with an electrolyte. 
The difference in chemical potential for a given species of ions 
in the 2D material with respect to a counter electrode provides a 
driving force for ion insertion that can be controlled. Although 
the substrate itself can serve as a solid-state electrolyte, as for 
example in the case of ion conducting glass ceramics,[10–12] ion 
insertion between the layers of a supported 2D material may be 
hampered due to the fact that efficient insertion typically pro-
ceeds via edges or defect sites. Covering these is more likely 
when applying an electrolyte from the top—an approach that 
has become widely used in recent years mostly for the sake of 
electrostatic gating.[13,14] For the purpose of addressing in a sys-
tematic manner ion insertion and transport, it is important to 
integrate electrolytes with 2D materials in a patterned way, such 
as for example to impose directionality on the ionic diffusion 
process. This is mainly a sample size and patterning resolution 
issue, which on the scale of 100 µm and beyond can be solved, 
e.g., by additive manufacturing of solid-state electrolytes[15] or 
by inkjet printing of liquid ones.[16–18] Current limitations of 
these approaches are set by printing resolution as well as by 
the mechanical properties of the electrolytes. As such, viscous 
electrolytes or ion-gels are more straight-forward to print,[16] 
while a range of low viscosity battery-grade electrolytes (such as 
LiPF6 in ethylene carbonate/diethyl carbonate) are not. These 
tend to easily wet large portions of a sample’s surface and must 

Layered materials are widely used for their capacity to incorporate and store 
foreign ionic species. It has become possible to exploit this process at the 
level of single crystals consisting of individual atomic layers: 2D materials and 
their van der Waals heterostructures. Due to the small size of available high-
quality specimen, however, it remains challenging to probe ion transport and 
storage in these systems. To promote future advances in this field, wettability 
engineering is introduced as a strategy for the on-chip integration of elec-
trolytes with micrometer-sized samples of 2D materials. Contact angles are 
systematically measured for a variety of electrolyte–surface couples to identify 
a rational device design, and engineer lateral contrasts in surface chemistry 
to control the rims of drop cast electrolytes with micrometer precision. This 
allows covering single crystalline flakes of 2D materials only partially, leaving 
most of the sample surface uncovered and imposing directionality on ion 
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study of nonlocal electrolyte gating effects.
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The properties of 2D layered materials regarding ion uptake, 
transfer, storage, and release receive increasing attention as dif-
ferences from their bulk equivalents manifest.[1] Although lay-
ered materials consist of individual atomic layers, one or few of 
these layers taken alone are more than just the building block 
of the bulk. Instead, an entire field of interdisciplinary research 
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thus be contained (also for reasons of non-negligible vapor 
pressure).[19,20] While future advances are expected to reduce 
achievable feature size in printing technology, the patterned 
integration of low-viscosity electrolytes on the micrometer scale 
likely demands alternative approaches.[21]

For feature sizes below 100  µm, lithographically patterned 
masks can be used that restrict the contact area of a much 
larger electrolyte with the sample under study. Such masks 
need to be ion-impenetrable dielectrics, a range of which have 
been successfully employed: Hard-baked photoresist,[22–24] 
SiO2,[25,26] SU-8,[27,28] polymethyl methacrylate (PMMA),[29–34] 
alumina,[30] and hydrogen silsesquioxane (HSQ).[35] A potential 
disadvantage of this approach is that it typically entails also cov-
ering the rest of the sample with the mask material.

Here, we introduce wettability engineering as a mask-free 
alternative to achieving partial electrolyte coverage of a sub-
strate-supported 2D material in a deterministic manner. The 
technique relies on drop-casting, which would easily cover 
a micron sized device fully,[36,37] onto a patterned surface that 
pins the advancing contact line of the spreading electrolyte to 
the border line with a region of higher contact angle. We report 
static contact angle values for three electrolytes used in the field 
after drop-casting: lithium perchlorate (LiClO4) in poly(ethylene 
oxide) (PEO), LiTFSI in PEGMA/BEMA, and [DEME][TFSI] 
(see the Experimental Section for details). The latter serves as 
a proxy for [DEME][TFSI]-based binary salt mixtures such as 
[DEME][TFSI]-LiTFSI.[38,39] We present guiding principles for 
the integration of these electrolytes with micrometer-scale 2D 
material devices, the electrolyte-free parts of which remain 
entirely uncovered. In a next step we fabricate a wettability 
engineered micro two-compartment cell, inspired from the 

analysis of hydrogen permeation through solid metal, and 
use it to control and probe the room-temperature diffusion of 
Li in few-layer graphene. As opposed to a technique reported 
earlier,[40] here we do not require the application of very strong 
magnetic fields.

We first determine the static contact angles upon drop-casting 
of three electrolytes commonly used in the field: LiClO4 in 
PEO (dissolved in acetonitrile), LiTFSI in PEGMA/BEMA, and 
[DEME][TFSI]. To this end, we deposit drops of each electrolyte 
solution on different surfaces and measure their static contact 
angle θ. In Figure 1a–d, we show results for LiTFSI in PEGMA/
BEMA. This electrolyte wets Au better than SiO2, as reflected by 
θ  =  18° for Au and θ  =  28.7° for SiO2. To achieve larger values 
of θ, we prepare surfaces covered by self-assembled monolayers 
(SAMs) of molecules with nonpolar end groups. Figure  1c,d 
shows results obtained on octadecyltrichlorosilane (ODTS) and 
12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-pentadecylfluoro-octa-
decylphosphonic acid (FODPA) treated surfaces, respectively. 
The static contact angles, determined for all three electrolytes 
subject to this study, are shown in Figure 1e. As we present in 
the Supporting Information, we find the electrolyte surface ten-
sions to be dominated by dispersive components that govern 
their interaction with substrate surfaces. More information on 
the different electrolytes and the surface preparation are given 
in the Experimental Section. In Figure 1e we also include static 
contact angles measured on commercial monolayer graphene 
(Graphenea, 300 nm SiO2/Si substrates).

We exploit variations in wettability among surface termina-
tions to fix position and course of an electrolyte drop’s contact 
line. Using standard lithography tools, we create patterns on the 
surface of SiO2-terminated Si substrates that a given electrolyte 

Figure 1. Electrolyte wetting. a–d) Static contact angle measurements of LiTFSI in PEGMA/BEMA electrolyte on different surfaces as indicated.  
e) Static contact angle of three electrolytes measured on different surfaces. f) Schematic top view of a drop cast electrolyte after spreading on a sub-
strate with two patterned surface regions characterized by low and high contact angle θ. g) Optical micrograph of a LiTFSI in PEGMA/BEMA electrolyte 
after spreading on a substrate with wettability contrast as in (f).
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wets either better or worse than SiO2. The result is a surface 
exhibiting areal contrast in contact angle. The border line 
between regions of different wettability serves to pin the con-
tact line of the electrolyte during drop-casting. Casting a drop 
onto a surface, its contact line advances until the drop shape 
reaches steady state. Ignoring contact angle hysteresis, this 
steady state is described by Young’s equation.[41] However, on a 
low-θ region, spreading can be entirely stopped at the border to 
a high-θ region. This works well especially when the contrast 
in contact angle is large (imposing a high penalty on surface 
energy for wetting the high-θ region), the border line is smooth 
with a curvature close to the one of the equilibrium drop, and 
the encounter with the high-θ region happens near the end of 
spreading, i.e., when the velocity of the advancing contact line is 
small. The third point sets a constraint on the distance between 
the drop’s center during drop-casting and the border to the 
high-θ region. Ideally, this distance is smaller than, yet compa-
rable to, the radius R of the circular shape the drop assumes on 
an exclusively low-θ region. If chosen too small, the initial rapid 
spreading of the drop will entail wetting of the high-θ region 
which is undesirable in the context of this work. In Figure  1f 
we show the schematic equilibrium shape of an electrolyte after 
drop-casting onto a substrate with two surface regions differing 
in contact angle. As a desired result, the drop’s contact line is 
partially pinned at the border to a high-θ region. Figure  1g is 
the optical micrograph of an electrolyte drop, here LiTFSI in 
PEGMA/BEMA, cast onto such a surface. Here, we chose Au as 
the low-θ region and SiO2 as the high-θ region.

We now relax the condition of having a smooth border 
between low-θ and high-θ regions. Also, for the purpose of 
this work but with no loss of generality, we restrict the dis-
cussion to the border between SiO2 and a region with either 
lower or higher contact angle θ. We design protrusions of 

SiO2 into this region by patterning dents or gaps in its outline 
(Figure  2). After spreading, the contact line of the electrolyte 
drop still gets pinned at the remaining segments of the initial 
(not indented) border line. Moreover, the drop’s contact line 
closely follows their projected continuation between segments. 
This holds as long as the separation between segments is about 
an order of magnitude smaller than the drop radius. For larger 
separations, deviations from the projected continuation become 
more noticeable. In the lower panel of Figure 2a we show the 
optical micrograph of a LiTFSI in PEGMA/BEMA drop after 
spreading. We find the drop’s contact line to continue smoothly 
across narrow gaps in the pattern, but deviations occur from 
smooth continuation across larger gaps. For the given case of a 
drop with radius of ≈500 µm, the largest gap across which the 
course of the contact line remains visibly unaffected is 60 µm. 
From optical inspection, for gaps of this width or narrower, 
the contact line typically deviates by about +/− 1 µm or better 
from the projected continuation between adjacent border seg-
ments. This enables tailored on-chip integration of electrolyte  
drops with micrometer-sized samples. Depending on the pair 
of surface terminations chosen, different design strategies for 
taming the electrolyte drop can be envisaged, as we show in 
Figure 2.

In Figure 3a we present images of micro two-compartment 
cells fabricated using our wettability engineering strategy. As 
described in the Experimental Section, here we use mechani-
cally exfoliated few-layer graphene transferred onto a SiO2-
terminated silicon substrate. The graphene flake is patterned 
using a combination of electron-beam lithography and O2 
plasma etching. We then created nonlithiating electrical con-
tacts to the flake in a second electron-beam lithography step, 
followed by the deposition of 60 nm Ti. After a third lithography 
step, 60 nm Al is deposited, oxidized, and functionalized with 

Figure 2. Wettability engineering. a–c) Schematic illustrations of different approaches used to determine position and course of a drop cast electro-
lyte’s contact line after spreading (top and middle rows) as well as optical micrographs of realized samples (bottom row). White (black) scale bars 
are 100 µm (1 mm), respectively.

Adv. Mater. Interfaces 2021, 8, 2001453



www.advancedsciencenews.com
www.advmatinterfaces.de

2001453 (4 of 7) © 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

FODPA to yield high-θ regions akin to the schematic shown 
in Figure  2c. As can be seen in the lower panel of Figure  3a, 
few layer graphene extends into designated openings of the 
FODPA barriers, resulting in only its two ends being covered 
by two LiTFSI in PEGMA/BEMA electrolyte drops. Small pro-
trusions of electrolyte material onto the graphene, visible in 
the lower panel of Figure 3a, stem from device operation and 
were not observed on the as-fabricated device. Prior to electro-
lyte drop-casting, lithium metal was deposited onto designated 
Ti contact pads to realize the electrochemical two-compartment 
cell schematically shown in Figure  3b. Akin to the Devana-
than–Stachurski cell,[42] initially designed for the investigation 
of hydrogen permeation through solid metal, the device com-
prises two electrochemical cells sharing a common working 
electrode (WE). Li metal serves as the counter electrodes CE1 
and CE2 in cell 1 and 2, respectively. Persson et  al. previously 
adapted the Devenathan–Stachurski scheme to study lithium 
diffusion.[43] Their implementation, however, required the use 
of macroscopic graphitic membranes.

In Figure  3c we show experimental data obtained from 
operating a few-layer graphene micro two-compartment cell 
using a bipotentiostat. In cell 1, the WE is repeatedly polar-
ized galvanostatically at ICell1  = − 50 pA, while in cell 2 we 
maintain the WE at a high anodic potential of 3 V versus Li/
Li+ throughout the course of the experiment. This leads to the 
immediate oxidation of Li having arrived in cell 2 from cell 1 
via diffusion through the 2D material under study. The anodic 

current response in cell 2 thus reflects the deintercalative flux 
of ions from the WE and its time dependence bears informa-
tion about ionic diffusivity. In Figure 3c, we plot the chrono-
amperometric response of cell 2 that results from the repeated 
application of a 50 pA current in cell 1. The device shows lim-
ited cycling stability likely related to a parasitic effect respon-
sible for offsetting the anodic current from zero by ≈15 pA. 
Also, the reduced Coulombic efficiency of the redox processes 
in cells 1 and 2, here at most on the order of 60%, may indi-
cate non-negligible side reactions. As can be seen, galvano-
static polarization in cell 1 results in a steep increase of the 
anodic current measured in cell 2 until it reaches a plateau. 
Upon removing the galvanostatic polarization in cell 1, the 
anodic current in cell 2 decreases and converges toward its 
initial value. Given the approximately linear configuration of 
the device, we can model lithium diffusion according to Fick’s 
second law

c

t
D

c

x
Li

2
Li
2

∂
∂

= ∂
∂

δ

 
(1)

where cLi is the lithium concentration at time t and position 
x, and Dδ is the chemical diffusion coefficient of lithium. We 
solve Equation (1) with a standard differential equation solver, 
given the initial condition

c x t, 0 0Li ( )= =  (2)

Figure 3. Wettability engineered micro two-compartment cells. a) Scanning-electron micrograph (top panel) and optical micrographs (bottom panels) 
of few-layer graphene devices with LiTFSI in PEGMA/BEMA electrolyte. The lower right is a zoom-in on the central region of the lower left micrograph. 
Red shading denotes high-θ regions modified with FODPA. b) Schematic of a two-compartment cell with a 2D material featuring as the common 
working electrode (WE). Li counter and reference electrodes are labeled as CE and RE, respectively. c) Measured chronoamperometric response ICell2 
of a few-layer graphene micro two-compartment cell to the intermittent galvanostatic polarization of the WE with ICell1 in cell 1. In cell 2, the WE is 
potentiostatically polarized at 3 V versus Li/Li+ throughout the course of the experiment.
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and the boundary conditions

c x t c c x L t( 0, 0) ,and ( , 0) 0Li 0 Li= > = = > =  (3)

Here, the electrolyte-uncovered region of the few-layer gra-
phene WE starts at x = 0 and ends at x = L. As in ref. [43], 
we consider galvanostatic polarization to cause a constant 
concentration c0 of Li at the WE/electrolyte interface in cell 1. 
The ionic flux j into cell 2 is given by Fick’s first law as

j D
c

x x L

Li= − ∂
∂

δ

=

 (4)

and can be related to the current according to Faraday’s law of 
electrolysis

I t n FAj FAD
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∂

δ

=
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Here, ne =  1 is the number of electrons involved in the rel-
evant electrochemical reaction (Figure 3b), F is the Faraday con-
stant, and A  =  5 µm · (n − 1) · 0.335 nm is the cross-sectional 
area of the 5 µm wide working electrode consisting of n gra-
phene layers with interlayer distance 0.335 nm. Since here both 
c0 and Dδ are fit parameters, we do not need to rely on knowing 
the exact layer number n, since A · c0 only affects the amplitude 
of the anodic current response while Dδ determines its time 
dependence (in fact we use “A · c0” as a fit parameter). This can 
be seen directly in the expression of Equation (5) that we obtain 
by solving Equation (1)
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The term in the square bracket is a theta function.

We use Equation (6) to fit the anodic current response meas-
ured in cell 2 separately for each of the three galvanostatic 
polarization cycles (Figure 4). Best fits to the data are obtained 
by standard nonlinear least squares fitting with values of Dδ as 
stated in the figure. As mentioned above, we allow for a con-
stant offset in current for each dataset. Except for the first gal-
vanostatic polarization cycle, we find that the anodic current 
response measured in cell 2 is well described by the model. 
Overall the values determined for Dδ appear low compared 
with in-plane lithium diffusion in graphitic carbon.[43] Also, Dδ 
was previously shown to attain about three orders of magni-
tudes larger values in bilayer graphene.[40] However, in contrast 
to this work, in ref. [40] the lithium concentration was meas-
ured simultaneously at several locations along an elongated 
graphene bilayer, allowing to extract the in-plane diffusion 
kinetics more directly. If we think of the approach in ref. [40] 
as a four-point probe experiment, the one here would be a two-
point analog. Thus, although we find our model to show good 
agreement with the data in Figure 4, the low Faradaic efficiency 
points to non-negligible side-reactions. These are likely associ-
ated with a resistive solid electrolyte interphase (SEI) growing 

at the lithium electrodes, due to the poor stability of LiTFSI in 
PEGMA/BEMA with lithium metal demonstrated previously.[40] 
Impedance measurements to subtract this SEI contribution 
would allow for a more accurate estimation of the lithium 
chemical diffusion coefficient, as is customary in the characteri-
zation of liquid electrolytes.[44,45] A practical approach targeting 
to minimize this undesirable effect would consist in replacing 
lithium metal with a less reactive electrode material, such as 
LiC6.

We qualify wettability engineering as an approach to inte-
grate electrolytes in 2D material devices in a deterministic 
manner. Using this method, we fabricate the first on-chip 
electrochemical micro two-compartment cell with a single-
crystalline few-layer graphene flake serving as shared working 
electrode. We demonstrate controlled lithium insertion and 
directed diffusion, here characterized by a comparatively low 
chemical diffusion coefficient yet to be optimized. The pro-
posed strategy complements existing approaches to tailored 
integration of electrolytes in on-chip device applications, and 

Figure 4. Measured chronoamperometric response ICell2 of a few-layer 
graphene micro two-compartment cell to the intermittent galvanostatic 
polarization ICell1 of cell 1 (gray, data as in Figure 3d). Red and orange lines 
are least-square fits obtained with the indicated values for the lithium 
chemical diffusion coefficient Dδ.
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in principle may be scaled through the use of microsyringes, 
microprinters, or dip pen nanolithography for controlled and 
automated electrolyte deposition. We believe it will contribute 
to further advances in the field of iontronics and the study of 
intercalation-induced effects in 2D materials systems.

Experimental Section
Electrolytes: “LiClO4 in PEO” denotes LiClO4 dissolved in PEO, 

average molecular weight M  = 100  000  g mol−1. This electrolyte was 
prepared by dissolving a ≈1:1.27 w/w mixture of LiClO4 and PEO in 
anhydrous acetonitrile (CH3CN) at a concentration of 100  mg mL−1, 
yielding an ether-oxygen-to-lithium ratio (EO/Li) of 4:1. The solution 
was stirred over night at 50  °C and then passed through a 0.2  µm 
poly(tetrafluoroethylene) (PTFE) filter. The density of the solution is 

1.13 gcmLiClO inPEO
3

4
ρ ≈ − . More information on this electrolyte can be 
found in ref. [46] and references therein.

“LiTFSI in PEGMA/BEMA” denotes 0.35 m lithium bis 
(trifluoromethane) sulfonimide (LiTFSI) in polyethylene glycol methyl ether 
methacrylate:bisphenol A ethoxylate dimethacrylate (PEGMA:BEMA) w/w 
3:7 with an added 2–4 wt% of 2-hydroxy-2-methylpropiophenone, a common 
photoinitiator. The density of the electrolyte is ρLiTFSI in PEGMA/BEMA ≈ 0.84 g cm−3.  
More information on this electrolyte can be found in.[40,47]

“[DEME][TFSI]” denotes N,N-diethyl-N-methyl-N-(2-methoxyethyl)
ammonium bis (tri-fluoromethane) sulfonimide. The density of this ionic 
liquid is ρDEME-TFSI  ≈ 1.38  g cm−3. This ionic liquid was widely used in 
the field in its pure form for electrolyte gating purposes, but also binary 
salt mixtures with LiTFSI have been explored for Li–O2 batteries.[39] No 
difference was observed in static contact angle after drop-casting this 
electrolyte on commercial monolayer graphene (Graphenea, 300  nm 
SiO2/Si substrates), both with and without a small addition of LiTFSI 
(10 wt%).

Contact Angle Measurements: Static contact angles of electrolytes 
were determined at room temperature by the sessile drop method 
using a contact angle goniometer (Erma G-1). To prevent gravitational 
distortion, drops of ≈2  µL volume were cast onto solid surfaces using 
a microsyringe. The static contact angle was measured immediately 
after spreading and on multiple samples. The images of 2 µL drops in 
Figure 1a–d were taken with a video contact angle measurement system 
(OCA40, Dataphysics Instruments, 48% relative humidity).

Wettability Engineering: Square pieces cut from 300  nm SiO2-
terminated Si-wafers served as substrates for the on-chip devices.

Au: A fresh gold (Au) surface was created by physical vapor 
deposition of 5 nm Ti (as an adhesion layer) followed by 25 nm Au.

ODTS: A self-assembled monolayer (SAM) of octadecyltrichlorosilane 
(CH3(CH2)17SiCl3, ODTS) was formed on SiO2. To this end the substrate 
was first exposed to oxygen plasma. The substrate as well as a few drops 
of ODTS were then placed inside an oven and kept at a temperature of 
170 °C for a few hours. During this process, the ODTS molecules from 
the vapor phase formed a smooth, densly packed monolayer by bonding 
covalently to OH groups on the SiO2 surface under the formation of HCl 
gas. See ref. [48] for more information on this type of SAM.

FODPA: A SAM of 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-penta-
decylfluoro-octadecylphosphonic acid (C7F15C11H22PO(OH)2, FODPA) 
was formed on AlOx. To this end Al, previously evaporated onto a target 
substrate, was exposed to oxygen plasma, thereby forming an AlOx 
surface with unsaturated OH groups. The substrate was then immersed 
into a 2-propanol solution of FODPA, allowing a monolayer to self-
assemble on the AlOx. See ref. [49] for more information on this type 
of SAM.

Device Fabrication: Graphene flakes were obtained by mechanical 
exfoliation from bulk graphite (NGS Naturgraphit GmbH) using 
adhesive tape onto a sacrificial PMMA layer. Large flakes with typically 
at least one lateral dimension exceeding 50 µm were selected based 
on the optical contrast. A dry transfer technique was deployed to 
position the flake on the target SiO2-terminated silicon substrate.[50] 

Electron beam lithography was used to pattern PMMA masks for 
shaping and/or isolating the flakes of interest via O2-plasma etching, 
as well as for the lift-off of metallic contacts to the bilayer flake 
and the counter-electrode contact for the electrochemical cell. The 
deposition of lithium as well as the electrolyte was done in an Ar-filled 
glovebox. Microliter drops of LiTFSI in PEGMA/BEMA electrolyte were 
placed using a microstreaker and subsequently solidified by ultraviolet 
curing.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Fowkes[S1] suggested that the surface tension 𝛾𝛾𝑖𝑖 of a liquid 𝑖𝑖 (respectively the surface 

free energy of a solid) can be written as the sum of contributions 𝑗𝑗 from different classes of 

interactions, i.e., 

 𝛾𝛾𝑖𝑖 = ∑ 𝛾𝛾𝑖𝑖
𝑗𝑗

𝑖𝑖 . (S1) 

The most important classes of interactions have however been identified in different ways. Here, 

we consider the approaches of Owens, Wendt, Rabel, and Kaelble (OWRK),[S2–S4] as well as 

van Oss, Chaudhury, and Good (vOCG).[S5] 

 

 

In the OWRK framework, the most important components of the surface tension 𝛾𝛾𝑖𝑖 of 

material 𝑖𝑖 are 𝛾𝛾𝑖𝑖D and 𝛾𝛾𝑖𝑖P, stemming from dispersive (D) and polar (P) interactions, respectively. 

Equation S1 can thus be stated as 

 𝛾𝛾𝑖𝑖 = 𝛾𝛾𝑖𝑖D + 𝛾𝛾𝑖𝑖P. 

Measuring the contact angle of a set of suited reference liquids on a solid surface, 𝛾𝛾𝑠𝑠 can be 

determined using the modified Young equation 

 𝛾𝛾𝑙𝑙(1 + cos 𝜃𝜃) = 2�𝛾𝛾𝑙𝑙D𝛾𝛾𝑠𝑠D + 2�𝛾𝛾𝑙𝑙P𝛾𝛾𝑠𝑠P. (S2) 

We use the set of five liquids with tabulated surface tension parameters as given in Table S1. 

Using this set, we determine the surface tension values 𝛾𝛾𝑠𝑠 for seven surfaces using a least square 

fit to Equation S2. We obtain the values stated in Table S2. 
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Table S1. Surface tension parameters of liquids at room temperature in mJ/m2 according to 
[S6]. 

 𝛾𝛾𝑙𝑙 𝛾𝛾𝑙𝑙D 𝛾𝛾𝑙𝑙P 𝛾𝛾𝑙𝑙LW 𝛾𝛾𝑙𝑙+ 𝛾𝛾𝑙𝑙− 𝛾𝛾𝑙𝑙AB 

H2O 72.8 21.8 51 21.8 25.5 25.5 51 

n-Hexadecane 27.47 27.47 0 27.47 0 0 0 

Glycerol 64 34 30 34 3.92 57.4 30 

Dimethylsulfoxide 44 36 8 36 0.5 32 8 

Diiodomethane 50.8 50.8 0 50.8 0 0 0 

 

 

Table S2. Surface free energy values of solids at room temperature in mJ/m2, calculated from 
measured contact angle data. 

 OWRK vOCG 

 𝛾𝛾𝑠𝑠D 𝛾𝛾𝑠𝑠P 𝛾𝛾𝑠𝑠 𝛾𝛾𝑠𝑠LW 𝛾𝛾𝑠𝑠+ 𝛾𝛾𝑠𝑠− 𝛾𝛾𝑠𝑠AB 𝛾𝛾𝑠𝑠 

Au 33.76 7.44 41.2 34.82 0.15 19.63 3.42 38.23 

SiO2 30.13 10.79 40.92 29.97 1.88 11.01 9.11 39.08 

SiO2 (O2 plasma) 29.22 33.9 63.12 30.82 1.76 66.19 21.56 52.38 

ODTS 27.32 0.18 27.5 27.39 0.01 0.42 0.12 27.51 

ODPA 24.73 0.03 24.76 24.8 0 0.13 0 24.8 

FODPA 11.52 0 11.52 11.44 0 0.02 0 11.44 

Polystyrol 32.23 2.92 35.15 32.92 0.05 7.83 1.25 34.17 

 

 

In the vOCG framework, the most important components of the surface tension  𝛾𝛾𝑖𝑖 of 

material 𝑖𝑖 are 𝛾𝛾𝑖𝑖LW and 𝛾𝛾𝑖𝑖AB, stemming from Lifshitz-van der Waals (LW) and Lewis acid-base 

(AB) interactions, respectively. Equation S1 can thus be stated as 

 𝛾𝛾𝑖𝑖 = 𝛾𝛾𝑖𝑖LW + 𝛾𝛾𝑖𝑖AB. 

The polar component 𝛾𝛾𝑖𝑖AB can further be written as 

 𝛾𝛾𝑖𝑖AB = 2�𝛾𝛾𝑖𝑖+𝛾𝛾𝑖𝑖−, 

where 𝛾𝛾𝑖𝑖+ is the electron acceptor parameter and 𝛾𝛾𝑖𝑖− is the electron donor parameter. The Young 

equation to consider acquires the form 

 𝛾𝛾𝑙𝑙(1 + cos 𝜃𝜃) = 2�𝛾𝛾𝑙𝑙LW𝛾𝛾𝑠𝑠LW + 2�𝛾𝛾𝑙𝑙+𝛾𝛾𝑠𝑠− + 2�𝛾𝛾𝑙𝑙−𝛾𝛾𝑠𝑠+. (S3) 

Again using the set of five liquids with tabulated surface tension parameters as given in Table 

S1, we determine the surface tension values 𝛾𝛾𝑠𝑠 for seven surfaces using a least square fit to 

Equation S3. We obtain the values stated in Table S2. An alternative two-step approach 

consisting in fitting data from non-polar liquids first using the reduced equation 
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 1 + cos𝜃𝜃 = 2�𝛾𝛾𝑠𝑠LW

𝛾𝛾𝑙𝑙
LW 

to determine 𝛾𝛾𝑠𝑠LW, followed by fitting data from polar liquids using Equation S3, resulted in 

<  1 % variation in values of the best fit parameters only. 

 

In order to determine the surface tension components of our three electrolytes, we 

measure their contact angles on the set of seven different surfaces given in Table S2. Results 

are summarized in Table S3. The absolute liquid surface tension values 𝛾𝛾𝑙𝑙 of our electrolytes 

were determined from drop shape analysis, see Table S4. By fitting the overdetermined set of 

contact angle data by Equations S2 or S3, respectively, we obtain all other values given in Table 

S4. 

 

 

Table S3. Static contact angles (in units of deg) of electrolytes measured on the surface of 
different solids. These measurements were taken partially using a video contact angle 
measurement system (DataPhysics) and partially by eye using an analog contact angle 
measurement setup. We state mean values of 2 or more repeated measurements and include 
uncertainties in last digits (standard deviations) if readings differed. 

 LiTFSI in 
PEGMA/BEMA 

LiClO4 in 
PEO 

[DEME][TFSI] 

Au 18 25 19.1(17) 

SiO2 28.7(9) 20 30.8(5) 

SiO2 (O2 plasma) 12 10 19 

ODTS 59 47.3(25) 62.5(15) 

ODPA 68 58.7(9) 69.5(15) 

FODPA 87.7(5) 74(3) 82.9(9) 

Polystyrol 20(1) 27(1) 20 

 

 

Table S4. Surface tension values of electrolytes at room temperature in mJ/m2. 𝛾𝛾𝑙𝑙 values were 
obtained from three repeated drop shape analyses (DataPhysics). 

 𝛾𝛾𝑙𝑙 𝛾𝛾𝑙𝑙D 𝛾𝛾𝑙𝑙P 𝛾𝛾𝑙𝑙LW 𝛾𝛾𝑙𝑙+ 𝛾𝛾𝑙𝑙− 𝛾𝛾𝑙𝑙AB 

LiTFSI in PEGMA/BEMA 40.10(4) 38.70 1.40 37.86 0.24 5.22 2.24 

LiClO4 in PEO 29.36(1) 29.36 0 17.87 1.10 29.91 11.49 

[DEME][TFSI] 33.71(2) 33.71 0 22.65 1.13 27.11 11.06 
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