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Highly concentrated aqueous electrolytes (termed water-in-salt electrolytes, WiSEs) 
at solid-liquid interfaces are ubiquitous in myriad applications including biological 
signaling, electrosynthesis, and energy storage. This interface, known as the electrical 
double layer (EDL), has a different structure in WiSEs than in dilute electrolytes. Here, 
we investigate how divalent salts [zinc bis(trifluoromethylsulfonyl)imide, Zn(TFSI)2], 
as well as mixtures of mono- and divalent salts [lithium bis(trifluoromethylsulfonyl)
imide (LiTFSI) mixed with Zn(TFSI)2], affect the short- and long-range structure of the 
EDL under confinement using a multimodal combination of scattering, spectroscopy, 
and surface forces measurements. Raman spectroscopy of bulk electrolytes suggests that 
the cation is closely associated with the anion regardless of valency. Wide-angle X-ray 
scattering reveals that all bulk electrolytes form ion clusters; however, the clusters are 
suppressed with increasing concentration of the divalent ion. To probe the EDL under 
confinement, we use a Surface Forces Apparatus and demonstrate that the thickness of 
the adsorbed layer of ions at the interface grows with increasing divalent ion concen-
tration. Multiple interfacial layers form following this adlayer; their thicknesses appear 
dependent on anion size, rather than cation. Importantly, all electrolytes exhibit very 
long electrostatic decay lengths that are insensitive to valency. It is likely that in the WiSE 
regime, electrostatic screening is mediated by the formation of ion clusters rather than 
individual well-solvated ions. This work contributes to understanding the structure and 
charge-neutralization mechanism in this class of electrolytes and the interfacial behavior 
of mixed-electrolyte systems encountered in electrochemistry and biology.

electrolytes | electrical double layer | solid-liquid interfaces | surface forces | scattering

Concentrated aqueous electrolytes (water-in-salt electrolytes, WiSEs) are omnipresent in 
biology and electrochemical systems, including in biological signaling, electrosynthesis, 
brine remediation/desalination, and aqueous batteries. Of particular note, WiSEs are 
gaining increasing attention because they display much wider electrochemical stability 
windows (>3 V) than the thermodynamic limit of water (≈1.23 V), making them exciting 
candidates for a variety of electrochemical systems including aqueous lithium-ion batteries 
(1). The low water-to-cation ratio leads to limited free water and the formation of heter-
ogeneous ion clusters and networks (2–4). This unique solution structure is hypothesized 
to affect the properties (e.g., reactivity, conductivity, or viscosity) of these electrolytes. 
However, both the structure, particularly at an interface, and how it controls these prop-
erties are poorly understood.

Importantly, it is the arrangement of ions directly at the electrode-electrolyte interface 
that likely mediate electrochemical reactivity (5, 6). This ion arrangement, termed the 
electrical double layer (EDL), consists of ions and solvent molecules that accumulate near 
the solid surface to maintain charge neutrality (7, 8). The thickness of the EDL is given 
by an electrostatic decay/screening length, classically called the Debye length for dilute 
electrolytes. For concentrated electrolytes, and specifically for WiSEs, the nature of the 
EDL is more complex. Classical EDL theories including the Gouy–Chapman–Stern 
(GCS) framework do not hold (9–13). Motivated by lithium-ion battery applications, 
most experimental, theoretical, and simulation work has focused on lithium-based WiSEs, 
predominantly using lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) (11, 12, 14–18). 
These prior studies revealed that the EDL is composed of multiple interfacial layers of 
ordered ions (11, 12, 14, 19) closest to the solid surface, followed by decay lengths that 
are much larger than a Debye length calculated based on the GCS description (i.e., the 
EDL is underscreened). This phenomenon is known as anomalous underscreening (referred 
to here simply as underscreening). This leads to EDL thicknesses that are larger than 
expected (upward of 50 nm). Beyond lithium-based WiSEs, both the layering structure 
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and underscreening have been observed in other concentrated 
electrolytes, including other WiSEs (11–14, 20–23) and ionic 
liquids (10, 24–31) (ILs) primarily via surface forces measure-
ments, X-ray reflectivity, or fluorescence measurements. However, 
while underscreening is generally attributed to ion–ion correla-
tions, the exact origin of these long electrostatic decay lengths is 
still actively debated (9, 10, 26, 32–45). Both the short-range 
layering structure (<10 nm from a solid-liquid interface) as well 
as longer-range charge-neutralization decay lengths (10 to 50 nm 
from a solid-liquid interface), are critical to understand interfacial 
reactivity.

In this work, we aim to understand how multivalent cations in 
WiSE electrolytes alter both the short-range and long-range sig-
natures of the EDL, particularly under confinement. For most 
electrochemical and biological systems, reactions occur within a 
confined pore of a porous electrode or within a molecularly 
crowded biological environment. While there exists some theo-
retical work describing how divalent electrolytes alter the EDL 
(46), the experimental evidence is more scarce. Moreover, our 
understanding is even more limited for mixed valency ions or for 
confined (or overlapping) EDLs. While single-cation studies have 
certainly helped build our understanding of the EDL, many 
energy (47–52) and biological (53–57) applications use mixed- 
cation systems (including mixed-cation salts). Divalent ions can 
form multidentate bonds which we expect to alter the short-range 
structure at an interface. Additionally, electrostatic interactions 
(dipole, Coulomb, charge, etc.) all depend on valency. We there-
fore hypothesize that underscreening will be altered when com-
paring monovalent and divalent WiSEs. Furthermore, exploration 
of underscreening as a function of valency should provide insight 
into the mechanistic origins of these phenomena.

Here, we probe how divalent cations order at charged interfaces 
in concentrated aqueous environments, both as the only cation and 
in mixtures of other cations. We choose Zn(TFSI)2 as the divalent 
salt due to its relevance for aqueous Zn–ion batteries (47, 58). In 
the first part of this paper, we establish the bulk structure of LiTFSI, 
Zn(TFSI)2, and two mixtures of LiTFSI and Zn(TFSI)2 WiSEs via 
wide-angle X-ray scattering (WAXS) and Raman spectroscopy. The 
data reveal that all electrolytes form clusters, as seen for pure LiTFSI 
WiSEs via molecular dynamics (MD) simulations (3, 59), and that 
the anions exist within the cation solvation shells. We then report 
on the EDL structure under confinement for the same series of 
WiSEs using a Surface Forces Apparatus (SFA), an instrument 
uniquely suited to characterize the EDL under confinement. The 
forces measured in the SFA can be converted to an interaction 
potential, a necessary dataset to verify double-layer theories and to 
quantify fluid layering away from a solid surface. Here, we study 
surface forces as a function of confinement to measure the adsorbed 
ion-layer thickness (adlayer), the layering structure at a solid- 
electrolyte interface, and the electrostatic decay length, to reveal 
that both the anion and cation play critical roles in all parts of the 
EDL. While the ionic species chosen are directly relevant for battery 

applications, the understanding gained here is translatable to any 
complex (and more general) multi-ion application.

Results and Discussion

Bulk Electrolyte Characterization. We use four electrolytes with 
LiTFSI:Zn(TFSI)2 molality (moles solute/kg water, m) ratios 
of 10:0, 10:1, 7:2, and 0:3 (i.e., 10:1 is 10 m LiTFSI mixed 
with 1 m Zn(TFSI)2 dissolved in water). The ratios are chosen to 
slowly increase the concentration of Zn(TFSI)2 while decreasing 
the concentration of LiTFSI, moving from pure LiTFSI to pure 
Zn(TFSI)2, while being mindful of the much lower solubility 
limit of Zn(TFSI)2 (60) compared with that of LiTFSI (~3.5 m 
Zn(TFSI)2 vs. >21 m LiTFSI). For context, at these solubility 
limits for 3.5 m Zn(TFSI)2 in water, there are roughly 16 water 
molecules per cation, while at 21 m LiTFSI, there are only 2.6 
waters per cation (SI  Appendix, Table  S1). Therefore, lower 
LiTFSI concentration than the prototypical 21 m is chosen here 
to maintain a more similar water environment across the salt 
series. As a reference, in a dilute electrolyte, Li+ will have roughly 
four water molecules in a primary solvation shell, while Zn2+ 
will have six (58). The electrolyte concentrations, their known 
materials properties, and quantities characterized in this work are 
shown in Table 1. Note that Table 1 summarizes values that are 
determined throughout the rest of this paper and will be referred 
to throughout. Additional details on the calculations in Table 1 
are presented in the SI Appendix.

We begin our analysis by exploring the bulk TFSI− arrangement 
via WAXS. The WAXS data are shown in Fig. 1A in which the 
capillary background is subtracted (see SI Appendix, Fig. S1 for 
unsubtracted data and the empty capillary background). Distinct 
peaks are observed for each electrolyte. Our 10:0 and 10:1 data 
agree with previously reported LiTFSI and Zn(TFSI)2 WiSEs (58, 
59, 62–65). Therefore, we use these previous works to interpret 
our WAXS data. MD simulations show that there are two charac-
teristic WAXS peaks that are due to different TFSI−–TFSI− arrange-
ments. The peak at around 0.5 Å−1 (larger real space, leftmost peak 
in Fig. 1A) corresponds to correlation distances between anions 
solvated by water and separated by additional water molecules, 
while the peak around 1 Å−1 (middle peak in Fig. 1A) is due to 
anion–anion spacing within an ionic cluster and/or network (i.e., 
the anions are closely associated with each other because their 
solvation shells contain a mixture of anions and water molecules, 
or because the anions are separated by only one water molecule in 
a TFSI–H2O–TFSI cluster) (59, 62–65). An ionic network forms 
when multiple clusters come together, but we note that WAXS 
data cannot distinguish between clusters and networks because the 
spacing within a single cluster is the same as (or very similar to) 
spacing within many clusters joined together. Despite this, MD 
simulations of LiTFSI WiSEs suggest that these percolating anion 
networks form at concentrations greater than those considered here 
(2). Therefore, throughout we refer to this anion–anion structure 

Table 1.   Electrolyte properties for LiTFSI and Zn(TFSI)2 WiSEs

LiTFSI (m)
Zn(TFSI)2 

(m)
Mass 

fraction
Density (51) 

(kg/m3)
LiTFSI 

(mol/L)
Zn(TFSI)2 
(mol/L)

H2O 
(mol/L) �(18) a(nm) �

D(nm)
�
F

�
D

a

�
D

10 0 0.74 1,581 4.08 0.00 22.69 19.8 0.642 0.076 207 8.45

10 1 0.78 1,628 3.62 0.36 20.12 15.9 0.625 0.064 280 9.77

  7 2 0.77 1,611 2.65 0.76 21.01 17.1 0.605 0.064 356 9.45

  0 3 0.65 1,480 0.00 1.54 28.58 31.9 0.613 0.090 144 6.81
a is taken from the WAXS cluster d-spacing in Fig. 1C. The last two columns are the data plotted in Fig. 6B.

http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
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peak at ≈1 Å−1 as spacing within a cluster. The shoulder in the 
cluster peak around 1.5 Å−1 corresponds to anions directly in con-
tact with each other within the network (62, 63). Using the above 
interpretation of the data, we analyze each of the two TFSI−–TFSI− 
peaks in Fig. 1 B and C. Fig. 1B shows the integrated area of the 
solvated anion peak (indicative of the degree of ordering) as well 
as the corresponding real-space domain (d-) spacing (spacing 
between solvated anions). In Fig. 1C we plot the anion-cluster 
peak, summing the peaks associated with the cluster/network struc-
ture (main peak and shoulder defined above) for the integrated 
area, representing anions within these ionic clusters. The right-most 
peak around 2.5 Å−1 scales with cation concentration and is likely 
related to cation solvation structures (either via water or TFSI−) 
(64); however, additional simulations would be needed to deter-
mine the exact structures.

The solvated anion peak (0.5 Å−1) is highly influenced by ionic 
strength. This is evident because the 10:1 electrolyte has the 
strongest ordering (largest integrated area in Fig. 1B and highest 
TFSI− concentration), likely because this electrolyte has the great-
est concentration of TFSI− as compared with the other electrolytes 
(Table 1). For reference, TFSI− concentration increases according 
to 10:1 > 7:2 > 10:0 > 0:3. Additionally, the d-spacing for the 0:3 
electrolyte is significantly larger than the other electrolytes and 
the 0:3 electrolyte has the greatest concentration of water.

Furthermore, addition of Zn2+ disrupts the ionic clusters. We see 
a very strong effect of Zn2+ concentration on cluster formation in 
Fig. 1C: as the divalent ion concentration increases, the peak area 
steadily decreases to less than 30% of its baseline value. This is likely 
because Zn2+ has a higher hydration number than Li+: the stronger 
preference for water molecules surrounding the Zn2+ cation would 
reduce anion–anion proximity. Because the Zn2+ is less likely to 
desolvate, the presence of additional water molecules would disrupt 
anion–anion interactions, leading to reduced cluster formation. It 
should be noted that differences in the partial scattering functions 
of Li+ and Zn2+ (due to differences in electron density) may also play 
a role in the decrease in peak area with Zn2+ concentration. 
Destructive interference from Zn2+ cation scattering could cause a 
decrease in the peak area, though we believe to be a minor effect; if 
the Zn2+ was highly structured such that destructive interference was 
the dominant cause in the decreased peak area, one would expect to 
see scattering from the Zn2+ structure elsewhere in the data. This is 
not observed, thus we believe this to be a minor effect.

To complement the anion–anion arrangement information gained 
from the WAXS data, we characterize the cation–anion solvation 
structure and water coordination environment via Fourier-transform 
(FT) Raman spectroscopy. The Raman band at wavenumber (ν) ≈ 
742 cm−1 is associated with the expansion and contraction of TFSI− 
and can be used to assess the anion coordination environment. The 
maxima of this band as a function of salt concentration and the 
spectra between 720 ≤ ν ≤ 780 cm−1 for different TFSI−-based elec-
trolytes are plotted in Fig. 2 A and B. A shift toward higher 

Fig. 1.   Transmission WAXS experiments of bulk electrolytes. (A) Background-subtracted linecuts showing the intensity ( I(q) , a.u.) as a function of the scattering 
vector, q . Labels describe the ratio of LiTFSI to Zn(TFSI)2 in molality (e.g., 10:0 is 10 m LiTFSI, 0 m Zn(TFSI)2), see Table 1. Extracted integrated area (purple circles) 
and real-space d-spacing (orange squares) for (B) the solvated anion peak (≈0.5 Å−1 in A) and (C) the anion cluster peak (≈1 Å−1 in A). Note that the x axis scaling 
is different in (B) and (C).

Fig. 2.   Raman spectroscopy results of bulk LiTFSI and Zn(TFSI)2 electrolytes.  
(A) Maxima of the Raman bands associated with TFSI− (720 ≤ ν ≤ 780 cm−1) 
for pure LiTFSI and Zn(TFSI)2 WiSEs as well as two mixed-salt electrolytes as a 
function of TFSI− concentration. (B) The normalized Raman spectra of the four 
electrolytes used in this study and shown in the boxed region in (A), displaying the 
TFSI− band (720 ≤ ν ≤ 780 cm−1). Concentrations of LiTFSI:Zn(TFSI)2 are in molality.
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wavenumbers is associated with stronger coordination (66, 67), indi-
cating interactions between the anion and the cation. The Raman 
shift of LiTFSI-based WiSEs increases with increasing salt concen-
tration (1). This is observed here for both LiTFSI- and 
Zn(TFSI)2-based electrolytes (Fig. 2A and SI Appendix, Fig. S7), 
suggesting stronger interactions between TFSI− and the cation with 
increasing concentration for both salts, as well as the formation of 
contact-ion pairs (CIPs, one anion per cation) and aggregates (Aggs, 
multiple anions per cation). No significant differences are obtained 
for the Raman spectra of 10:0, 10:1, and 7:2 (Fig. 2B); all demon-
strate the formation of CIPs or Aggs, based on their Raman shift > 
742 cm−1. The 0:3.5 electrolyte has a slightly smaller Raman shift 
but scales with the trend for TFSI− concentration (Fig. 2A); the lower 
salt concentration likely accounts for this difference.

Prior MD simulations have reported conflicting Zn2+ solva-
tion structures in similar mixed LiTFSI/Zn(TFSI)2 WiSE sys-
tems: Zn(H2O)6 structures (58) as well as TFSI− within the Zn2+ 
solvation shells forming species such as Zn(TFSI)2(H2O)2 (47). 
Our Raman results here support the latter for all electrolytes 
because they all exhibit cation–anion interactions. Additionally, 
deconvolution of the Raman band into CIPs, Aggs, and 
solvent-separated ion pairs (SSIPs) similarly shows no substan-
tial differences between the electrolytes (SI Appendix, Fig. S8 
and Table S1), suggesting similar levels of cation–anion inter-
actions across the four electrolytes. However, quantitative inter-
pretations of the deconvolution may not be appropriate because 
the three peaks are not distinct, see SI Appendix. Note that the 
SSIPs or CIPs/Aggs from the Raman spectroscopy should not 
be confused with the solvated anions or anion clusters from the 
WAXS data, because they measure different interactions (anion–
cation vs. anion–anion, respectively). Additionally, the Raman 
shift of the O–H peak (SI Appendix, Fig. S9) suggests similar 
water environments across the four electrolytes.

Based on insights from both the WAXS and Raman data, we 
can infer potential bulk structures, shown schematically in 
Fig. 3. From our bulk data, all electrolytes have anion–cation 
interactions, with the anions likely in the cation solvation shells. 
The TFSI− exists both as free solvated ions and within a more 
condensed cluster. Because the cations are strongly associated 
with the anions, they likely have similar population distribu-
tions as the anions. Addition of Zn2+ does not seem to alter the 
cation-solvation structure but rather alters (suppresses) cluster-
ing of these cation–anion complexes.

EDL Under Confinement. Having gained an understanding 
of the bulk structure of each of our four electrolytes, we next 
focus on characterizing the EDL at a charged interface under 

confinement. With an SFA, we use confinement as a tool to 
unravel both short-range and long-range interactions between 
opposing surfaces. Here, our solid-electrolyte interfaces are formed 
with mica. Mica is chosen as an inert, charged, atomically smooth 
model surface. In our experiments, we confine the electrolytes 
between two mica surfaces and measure the forces between them 
on successive approach and retraction curves. These forces are 
a direct manifestation of the interaction potential between the 
surfaces. Additional details on the SFA measurement technique 
are discussed in Supporting Information and reviewed in refs. 
7, 68, and 69. In dilute electrolytes, mica has a negative surface 
potential (≈−100 mV relative to the bulk electrolyte), in which 
the exact value depends on the nature of the electrolyte and its 
concentration (70–74). One would therefore expect the cation 
to be the predominant ion within the EDL. However, we note 
that charge reversal of mica has been previously observed in the 
presence of a divalent electrolyte (75), as well as for silicon oxide 
surface in contact with monovalent electrolytes at very high 
concentrations (13). Despite not knowing the sign of surface 
potential, as will be revealed below, both the cation and the anion 
seem to play integral roles throughout the whole EDL.

Representative approach force curves are shown in Fig. 4 A–D 
for each salt, displaying the normal force normalized by the radius 
of curvature of the mica surfaces at a given surface separation. This 
normalization allows for quantitative comparison across different 

Fig. 3.   Possible network and solvent-separated anion pair arrangement. Note 
that this may not be the exact structure but is drawn to scale taking into account 
the WAXS spacing we measure (Fig. 1), ionic radii (11), solvation shell structure, 
and g(r) from MD (47) simulations. Numbers denote lengths in nanometers.

Fig. 4.   Representative force curves normalized by the radius of curvature 
(F/R) as a function of separation distance between the two mica surfaces 
as they approach each other. Between the surfaces are WiSEs composed of 
LiTFSI:Zn(TFSI)2 ratios (in molality) (A) 10:0, (B) 10:1, (C) 7:2, or (D) 0:3. Insets 
display the same data with extended x- and y-axes. Features such as layering 
transition (LT), compression (Comp), closest approach, and electrostatic decay 
length are labeled.

http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
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experiments and surface geometries according to the Derjaguin 
approximation, F (D)

R
= 2�W (D)flat,  where W (D)flat  is the inter-

action energy between two flat surfaces separated by a distance, D 
(7). The surfaces begin initially at 4 ≈  00 nm apart, at which point 
the force is zero. For each salt, the first force that is felt as the surfaces 
are brought closer is an exponentially increasing repulsive force. In 
classical EDL theories, the slope of this exponential force is the 
Debye length. Here, we assume this force is also an electrostatic 
decay length, in agreement with previous works on concentrated 
electrolytes and ionic liquids (10, 11); however, we note that this 
measured decay length does not correspond to the Debye length, 
as will be discussed below. As the mica surfaces move closer, the 
next feature we see are discontinuities in the force curve, beginning 
at ≈  10 nm. These discontinuities are indicative of oscillatory (hydra-
tion) forces caused by the layering of hydrated ions and are called 
ordered layering transitions (LTs) or film-thickness transitions  
(76, 77). Physically, if a layered fluid is confined between two flat 
plates and then squeezed, the force required to squeeze the layer of 
hydrated ions would initially increase as that layer is compressed 
and the ions within that layer order and resist further confinement 
(“compression”). Above a certain force, that layer will be expelled 
into the surrounding reservoir, exhibiting a LT, and the surfaces will 
“jump” closer into contact. These compressions and LTs provide 
the length scale of molecular ordering in the fluid. We note that for 
the 10:1 data, in about half of our experiments, we saw a second 
LT and have labeled these data 10:1a, versus the data with only one 
LT, 10:1b. The two types of 10:1 data overlap until that second LT. 
The force is lower in 10:1a; it is possible if we applied additional 
force, we would see that second LT in the 10:1b data as well. For 
most of the analysis, we combine these two data types, but for the 
sake of transparency when analyzing the LT, we leave them distinct 
(see SI for more details). Additionally, our criteria for identifying 
LTs were strict: the size of the discontinuity must be larger than 
the error in our x-axis resolution (typically around 1 to 2 Å), be 
larger than the distance between the previous two points, and the 
LT must be reproducible (appearing in multiple approach curves). 
We therefore note that there could be small LTs on the order of a 
few angstroms that we omit. The last feature in the approach curve 
is the final position of the surfaces, termed the closest approach. 
Any deviation from a separation of zero thickness suggests that the 
surfaces are not in contact, but instead, something is strongly 
adsorbed to their surfaces. The adlayer thickness on each surface is 
the closest approach divided by two, assuming a symmetrical sys-
tem. Representative retraction data, displaying dynamic behavior 
indicative of ion reorganization, is shown in SI Appendix, 
Figs. S12–S15.

Groves et al. (11). and Han et al. (12) have previously measured 
surface forces in 11.64 m and 10 m LiTFSI, respectively. While there 
are slight differences between all our studies, our data agree qualita-
tively and are in particularly good agreement with those of Han et al., 
thus confirming our methodology and reproducing their findings. 
The Groves et al. study achieved a better force resolution than either 
we or Han et al. did, allowing them to resolve additional LTs. While 
it is possible there may be additional LTs that we omit due to our 
strict criteria defined above, our study is clearly able to resolve the 
more tightly bound reproducible layers closest to the interface, which 
are the most relevant layers for electrochemical applications, and 
does so in a consistent manner across all electrolytes, allowing for 
quantitative comparison. We begin our analysis with the closest 
approach and work our way outward within the EDL.

A higher concentration of Zn(TFSI)2 contributes to a thicker 
adlayer. As seen in Fig. 5A, the closest approach data range from an 
average value of ≈ 2 nm to 4.5 nm, shifting steadily outward as the 

Zn(TFSI)2 concentration increases (with the exception of the 10:1a 
that was able to achieve an additional LT). This indicates the adlayer 
thickness on each mica surface grows from ≈ 1 nm to 2.25 nm, 
independent of ionic strength. In this closest-approach region, 
increasing Zn2+ concentration also yields higher forces at the same 
separation distance, indicative of larger oscillatory hydration forces 
in the Zn(TFSI)2 case, as has previously been seen for divalent ions 
(21). The values of the adlayer thicknesses are too large to be bare 
cations (≈0.5 nm). It is therefore likely that the adlayer includes 
hydrated cations and that these cations also contain TFSI− anions in 
their solvation shells (as they do in the bulk), given their nm-scale 
sizes (the end-to-end length of TFSI− is around 1 nm (11)). We note 
that the SFA cannot distinguish chemical identity, and so we cannot 
determine the species identity at the surface. However, previous work 
has suggested that the competitive adsorption between monovalent 
and divalent ions on a mica surface is driven not by valency but rather 
by hydration forces: It is less favorable for more strongly hydrated 
ions (such as the Zn2+) to adsorb to a surface than weakly hydrated 
ions (as compared with Li+) (78). Similar conclusions have been 
drawn about IL-salt mixtures on graphene walls: Less-hydrated mon-
ovalent ions exist in greater abundance near the interface than do 
the more-hydrated divalent ions, which retain similar solvation shells 
as in the bulk (79). The weaker hydration of Li+ could explain why 
we do not see a step change to a larger adlayer thicknesses once a 
small amount of Zn2+ is added, which would be the case if we had 
preferential adsorption of Zn2+ over Li+ (Zn2+ has a larger solvation 
shell). The adlayer is a complex network of cations, anions, and water 
molecules and its thickness continues to increase with the concen-
tration of Zn2+ in solution.

Fig. 5.   Features extracted from force curves, as defined in Fig. 4, including 
(A) the closest approach position in which labels denote molality. (B) Layer 
size plotted as a function of where the LT occurs (LT end, leftmost point of 
LT) for each electrolyte.

http://www.pnas.org/lookup/doi/10.1073/pnas.2404669121#supplementary-materials
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All electrolytes display a distinct layering structure at the 
mica-electrolyte interface. This is seen in Fig. 5B, in which we plot 
the LT length as a function of where the LT occurs for each electrolyte. 
Interestingly, a small amount of the divalent ion as shown in 10:1a 
seems to induce a small amount of ordering: two LTs are observed 
for 10:1a and also the pure 0:3 Zn2+ case, while only one LT is 
observed for the remaining electrolytes. It is possible the divalent ion 
induces more order at the interface due to multidentate binding. 
Notably, within error all the LTs are the same size across the electro-
lytes. This suggests that the layer size is governed by what is similar 
between them (the anion) and not what is different (the cation). 
Interestingly, the LT size is also similar to the solvated TFSI− peak 
spacing in the WAXS data (Fig. 1B), around 1.3 nm, further sup-
porting the idea that layer spacing is controlled by the anion. Similar 
anion-size-controlled structures have also been observed in bulk 
WiSEs (80). Solvated anion accumulation at the interface is also 
consistent with the hydrophilic nature of the mica surface. The cor-
responding compressions prior to each LT are shown in SI Appendix, 
Fig. S11. Again, all compressions have a similar size (around 0.5 nm) 
with the exception of the much larger compression size in the 10:1a 
electrolyte, suggesting perhaps a looser structure of the ordered layers 
for this electrolyte due to the mixture of ions.

The final feature is the long-range electrostatic decay length. In 
classical Debye–Hückel theory, the decay length is termed the 
Debye length and is the characteristic length scale obtained from 
the Poisson–Boltzmann equation:

	 [1]

in which � is the vacuum permittivity constant, �0 is the dielectric 
constant of the media (which is a strong function of salt concen-
tration), kb is the Boltzmann constant, T  is temperature, e is the 
elementary charge, and �i is the number density and zi is the 
charge (valence) for an ion species i . The Poisson–Boltzmann 
equation treats ions as point charges and does not consider any 
ion–ion correlations. For context, the calculated �D for our four 
electrolytes are on the order of 1 Å (Table 1).

In Fig. 6A, we plot the measured decay lengths from our SFA 
experiments, obtained by fitting e−�F D to our long-range force 
data in the decay region labeled in Fig. 4. Here, we use the 

subscript F  to denote that it was fitted from our data, rather than 
the calculated Debye length from classical theory. We note that 
we can precisely determine the decay length for a given approach 
curve. While we do not have a lot of points in our fit region due 
to the motor step size, the data cover around a decade, and the fit 
is weighted by our force resolution which is typically ≈0.02 mN/m. 
On average, fit values have SD < 2 nm. Because the spread in our 
data is significantly larger than the error associated with calculating 
each decay length, we conclude that there is substantial variability 
in the magnitude of the decay length across different approach 
curves. The random nature of the decay length in WiSEs has also 
been reported by Han et al. (12) For comparison, imidazolium ILs 
display gradual changes in the measured decay length value over 
the course of many hours (24). We did not observe any similar 
systematic changes over time for these electrolytes during our 
experiments, which we monitored typically for ≈ 30 h. Therefore, 
it is not immediately evident why these WiSEs exhibit these sto-
chastic decay lengths but is likely due to the formation and dis-
ruption of ionic clusters, as discussed below.

Notably, when analyzing the magnitude of the decay lengths, 
there does not seem to be great variability between all four salts. 
This is initially surprising because one expects the decay length, 
which is electrostatic in origin, to be strongly influenced by 
valency. Within error, we see no change between the 10:0, 10:1, 
and 7:2 electrolytes, suggesting that the decay length is not medi-
ated solely by the bare cation (or anion). We note that while the 
0:3 electrolyte does have a slightly smaller decay length, it also 
has the lowest ionic strength; decoupling decay length, valency, 
and ionic strength are not obvious within this concentrated 
environment.

Our measured �F  values are over two orders of magnitude larger 
than �D .  For reference, �D  values on the order of ≈  10 nm are 
achieved when salt concentrations approach less than 1 mM, or 
≈ 0.03% of our salt concentrations, suggesting we are clearly in 
the underscreening regime. Gebbie et al. originally attributed 
underscreening to a lack of ion dissociation (25) if a large number 
of ions exist as neutral ion pairs, the effective ion concentration 
would be dramatically lower than the real value. Along similar 
ideas, Kjellendar proposed to replace the static dielectric constant 
with an effective dielectric permittivity, arguing that the static 
dielectric constant is not applicable in these dense salt environ-
ments (39, 40). By also replacing the ion charge with an effective 
charge, they arrive at an identical expression as the Debye–Hückel 

�D = �
−1
D =

�

��0kbT

e2
∑

i�iz
2
i

�
1

2

,

Fig. 6.   Decay length scaling analysis. (A) The measured decay length, �
F
  , for all electrolyte concentrations, in which labels denote molality. (B) Ratio of �

F
  , over 

the Debye length, �
D
  , plotted vs. the average ion diameter, a  , also scaled by the �

D
  . Fit lines are from the Lee et al. (9) scaling analysis and from fitting that cubic 

relationship to our four electrolytes. Superimposed are data points of other concentrated electrolytes from refs. 9, 11, 13. For our data, a is taken as the cluster 
spacing from the WAXS measurements in Fig. 1C.
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expression but with renormalized terms. Lee et al. conducted a 
scaling analysis (9), and found that

	 [2]

or,
	 [3]

in which a is the average ion diameter, cion is the ion concentration, 
and �B is the Bjerrum length, defined as

	 [4]

This scaling analysis was motivated by the picture of a neutral 
salt lattice, in which screening occurs via defects in the lattice (i.e., 
water molecules). We note that scaling by �D is not a natural 
choice for high-concentration electrolytes and does not make 
much physical sense when it becomes smaller than a . However, it 
is used to amplify the deviation from classical theory.

In our experiments, we directly measure �F ∕�D  . However, the 
value to choose for a  is not immediately obvious because the cation 
and anion are very differently sized and are both within each 
other’s solvation shells. In Fig. 6B, we plot the Lee et al. scaling 
analysis, reproducing their original fit line (gray line) (9). If we 
look at the intersection of our �F ∕�D  values with fit line from 
ref.9, the recovered ion diameter is between 0.4 nm and 0.45 nm 
for all salts. This is unexpected because the solvated Zn2+ complex 
is larger than that of Li+. If the definition of a  is truly the average 
ion diameter, we would 1) expect a  to change across the different 
electrolytes more than it does here and 2) be larger, given the 
dimensions and spacings of all ions. Likely, we lie off the line to 
the right. Other groups have similarly noted that not all data fall 
on this line (13, 27, 31). In fact, in the original scaling analysis, 
pure ILs and the highest concentrations of IL in solvent also lie 
off the line to the right (9). Additionally, they noted previously 
that depending on the definition of a , multiple scaling lines may 
be recovered (26).

Recently, Brownian Dynamics (42) and the Restricted Primitive 
Model (32) have reproduced the underscreening phenomena by 
introducing ionic clusters to the models, motivating additional 
cluster-based scaling analysis (81). While the cluster size is treated 
as an adjustable parameter, the concept of ion clusters makes sense, 
especially in the context of WiSEs, given that TFSI− is in the cation 
solvation shells and the ions form clusters as shown in our data. 
Furthermore, MD simulations demonstrate that ionic aggregates 
and ion networks/gels in ILs can influence ionic screening (82, 
83). Additionally, Härtel et al. (32) found that while �F ∕�D does 
scale according to a∕�D , the exact curve is not universal, in agree-
ment with our observations and those of others discussed above. 
They conclude that the data by Lee et al. appear to have a universal 
trend because all data coincidentally fall on the same curve when 
comparing reduced temperature and reduced concentration val-
ues. Consistent with our hypothesis that we lie to the right of the 
Lee et al. fit, our data lie on a separate curve in the reduced param-
eter space (SI Appendix, Fig. S10).

Within our experiments, we have independent measurements 
of both the y- and x-axes in this scaling-law plot. Motivated by 
this cluster idea, we set a  in Fig. 6B for each of our electrolytes as 
the cluster spacing from the WAXS data (black line). We then fit 
this cubic scaling law to our data and recover an excellent fit that 
is indeed to the right of the original fit line. This is encouraging 
and suggests that the long-range decay is mediated by ion clusters. 
We also superimpose data of other systems, including the 
higher-concentration IL data that deviated from the fit in ref. 9, 

LiTFSI WiSE data from ref. 11 using the same WAXS spacing for 
our LiTFSI data, and highly concentrated LiCl and NaCl in water 
solutions from ref. 13 using the salt lattice parameter (84) for a 
(SI Appendix, Tables S2–S4). All these systems should be governed 
by similar physics, particularly because � is very low in these 
concentrated-salt environments; the lack of bulk water and low 
permittivity could render water and organic solvent systems sim-
ilar. Indeed, the above data agree well with our fit line and demon-
strate that in these highly concentrated mixtures, solvent may act 
to swell the clusters and shift the curve to the right.

These ion clusters help explain both the decay length’s insensi-
tivity to valency and its seemingly random behavior. From our 
WAXS data, we observe that the anion clusters are suppressed as 
Zn2+ concentration increases (Fig. 1). �F  may therefore remain 
similar with increasing valency because the charge-neutralization 
mechanism (via anion–anion cluster formation) is disrupted as 
the divalent ion concentration increases, likely due to higher 
hydration number of Zn2+ versus Li+. Additionally, Härtel et al. 
(32) reveal that the y-axis value in Fig. 6B can shift significantly 
depending on the size of the ionic cluster, and perhaps that helps 
explain the spread in our measured �F  values: due to the dynamic 
nature of cluster formation, perhaps successive surface approaches 
alter and disrupt the clusters in different ways, despite the same 
approach velocity. However, we stress that in the above scaling 
analysis and most simulation and theory work, typically only 
monovalent ions are considered. MD simulations exploring the 
effect of valency will be vital to truly understand the interplay 
between ion cluster formation and anomalous underscreening.

Finally, we note that charge-inversion (and subsequent attrac-
tion) is frequently observed in dilute divalent electrolyte systems 
(75), wherein the surface charge of the interface switches polarity. 
While we do not measure the surface charge in our experiments, 
the surface forces measurements display very similar levels of 
attractive forces and adhesion across all salts investigated 
(SI Appendix, Figs. S12–S15), showing no evidence of charge 
inversion, even in the 0:3 electrolyte. A lack of charge inversion 
could be due to the altered solvation structure of the divalent 
cation in WiSEs. A lack of enhanced attractive forces in concentrated- 
divalent systems has also been recently observed in colloidal sys-
tems (85). An absence of charge inversion would be another man-
ifestation of the radically altered interfacial structure and charge 
neutralization mechanism in these highly concentrated electrolytes 
with implications for attractive forces and aggregation phenomena 
in divalent salt solutions (85, 86).

Conclusions

How divalent ions and mixtures of ions order at charged interfaces 
in concentrated aqueous environments is a fundamental question 
with relevance to an incredibly diverse set of applications. In this 
work, we study concentrated aqueous LiTFSI and Zn(TFSI)2, as 
well as mixtures of the two to probe both the short-range and 
long-range structure within the EDL.

We first explore the bulk structure of the electrolyte. WAXS 
data demonstrate that TFSI− exists in ordered structures, both as 
solvated anions as well as in anionic clusters. Increasing concen-
tration of the divalent cation suppresses these clusters. While the 
arrangement of ions is affected by salt type, the actual solvation 
environment seems similar across our four studied electrolytes: 
Raman spectroscopy suggests that the TFSI− is within the solvation 
shell of the cation, irrespective of cation identity.

In contrast with the classical GCS framework, both the cation 
and anion play critical roles in the EDL in these multivalent con-
centrated environments, affecting both the short-range (layering) 
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and long-range (electrostatic decay length) structure. An example 
schematic is shown in SI Appendix, Fig. S16. We now summarize 
the structure, beginning with the mica surfaces and working out-
ward. SFA measurements reveal that as the divalent cation concen-
tration increases, the adlayer thickness doubles from ≈1.1 nm to 
2.2 nm. Given these large thicknesses, the adlayer likely contains 
both anions and cations. This is consistent with previous work sug-
gesting the solvation shells within the adlayer are unchanged from 
their bulk environments. The structure of this adlayer may also be 
dynamic, although further work is needed to confirm this.

Following the adlayer, all electrolytes display ordered layers. 
Notably, the size of these layers is insensitive to cation identity or 
valency but is similar to the solvated-anion spacing determined 
via WAXS measurements. This suggests that these layers are dic-
tated by the size of the largest entity in solution. Changing the 
anion should accordingly change this layering structure.

All electrolytes exhibit underscreening, wherein their decay 
lengths are orders of magnitude larger than the classical Debye 
length. Additionally, the measured decay lengths from the SFA 
experiments are surprisingly insensitive to ion valency and display 
large run-to-run variability. In WiSEs, charge neutralization (the 
mechanistic origin of the decay length) is likely mediated by the 
formation of anionic clusters, rather than free ions. This helps 
explain the seemingly stochastic nature of the screening length, 
as well as its relative insensitivity to valency. Using independent 
measurements of cluster size and screening length, we compare 
our data with previously established theories and find that our 
scaling is consistent and that our fit line matches well with other 
mixed concentrated electrolyte systems.

These findings raise several critical implications. First, when think-
ing about reactivity, our results suggest that both the cation and anion 
are important in charge-transfer reactions where either ion is a reactant 
because of the impact each ion might have on the double-layer struc-
ture. This is a different picture than in a classical dilute electrolyte in 
which the counterion is the predominant species within the EDL and 
might be especially critical for multivalent systems (87). Additionally, 
the adlayers in these systems are quite thick, particularly for divalent 
electrolytes. For electrochemical applications, at the same applied 
potential as in a dilute electrolyte (with its associated smaller Stern 
layer), the potential drop within the adlayer (and corresponding elec-
tric field) will be quite different. This will alter the driving force (kinet-
ics) for outer-sphere electron transfer reactions, and because of the 
different electric field, this may also alter how surface intermediates 
are stabilized for inner-sphere reactions. Additionally, this cluster 
mechanism undoubtedly impacts (and likely impedes) transport of 
product and reactant species.

Our work has revealed key insights into the structure of the 
EDL in concentrated multivalent environments. However, we 
stress that SFA measurements are not sensitive to chemical speci-
ation, and additional work to resolve chemical identity partition-
ing within these EDLs is necessary. Additionally, most theory and 
simulation work has focused on monovalent ions. Continued 
exploration of divalent ions is sorely needed.

Materials and Methods

See SI Appendix for technical details for each method, including electrolyte prepa-
ration. WAXS was collected at the 11-BM CMS beamline of NSLS-II at a photon 
energy of 13.5 keV using quartz capillaries filled with electrolyte. An empty capil-
lary was used to subtract out background signal from the electrolyte data. Raman 
spectra were recorded on a VERTEX 70 Fourier-transform infrared spectrometer 
with a RAM II FT-Raman Module (Bruker) equipped with a monochromatic laser 
source (1,064 nm) and a nitrogen-cooled Ge-diode detector in 5 mm NMR-tubes. 
All displayed spectra are normalized to the maximum intensity in the displayed 
range. SFA measurements were conducted in a SFA 2000 (SurForce LLC). Two 
mica-covered discs were mounted in a cross-cylinder geometry, with electrolyte 
injected between them. The bottom disc was mounted on a cantilever spring 
with a spring constant K  = (133 ± 6) N/m, and driven via a microstepping motor 
(Faulhaber). The separation between our surfaces at any given point was analyzed 
via multiple-beam interferometry to generate the force-distance curves.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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