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Renewable energy is increasingly relying on optimized electrolytes and interfaces. In
thiswork, Tween20 and sodiumchloride are selected as amodel system to reveal the
effects of surfactants on salt crystallization in the context of ionic conductivity and
interface optimization. At a varied crystallization speed and mix ratio, it is
demonstrated that the resultant solution-grown ionic crystalline complexes can
achieve a highly tunable ion transport with a controllable crystalline interface.
X-ray diffraction results rule out the possibility of polymorphism in the NaCl/
Tween 20 systems, which further supports the importance of an optimized
crystalline network for optimizing permittivity or ionic conductivity. Raman
mapping and machine learning techniques are used to perform semantic
segmentation on highly heterogeneous NaCl/Tween 20 complexes. Furthermore,
FTIR measurements demonstrate that inter- and intra-molecular interactions play
critical roles in the formation of these crystals. This work lays a foundation toward
future optimization of such complex ion systems for a specific salt or crystallization
modifier in energy storage or ion transport applications.
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1 Introduction

Polymer-, protein-, and surfactant-mediated crystallizations are kinetic processes
driving the formation of natural wonder materials such as pearls, bones, teeth, and
shells (Bar-Cohen, 2012). Polymer-, protein-, and surfactant-mediated crystallizations
lead to wonder materials provides precious and rare ways of accessing high-performance
materials that are otherwise unable to obtain. In the past, polymer- and additive-assisted
crystallization of molecular crystals was reported for enhanced charge transport in organic
electronic and ionic devices, such as organic thin-film transistors, organic solar cells, and
solid polymer electrolytes. (He et al., 2011; Chen et al., 2013; He et al., 2013; Gu et al., 2014; Bi
et al., 2015; Sun et al., 2015; He et al., 2020; Chen et al., 2021). Systematic studies were
performed to further reveal the crystallization-mediated effect of the polymer template,
including their molecular weight, chain architecture, hydrophobicity, the effect of
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intermolecular interactions, and the impact of nanoparticle
additives (He et al., 2011; Chen et al., 2013; He et al., 2013; He
et al., 2020; Chen et al., 2021).

Salt and ionic crystals have an intimate relationship with life on
our planet and far-reaching impacts on modern science and
industries, not to mention their critical role in life-supporting
organs and neural systems. The effects of additives and surfactants
on salt crystallization have been studied previously (Qazi et al., 2017),
but their relevance to interfacial ion transport is still largely
unexplored. Renewable energy is more and more relying on
optimized electrolytes and interfaces, while promising applications
of water-in-salt and polymer-in-salt electrolytes are playing
increasingly important roles (Suo et al., 2015; Gao et al., 2021).

A non-ionic surfactant was chosen in this work to simplify the
involved ion species in our study, although we did not find any previous
work in the literature on controlling conductivities of solid salt
complexes or solid electrolytes via surfactant templating. In the past,
main strategies for salt complex formation (Bi et al., 2015; Sun et al.,
2015) involve melt processing, hot press, and slurry deposition, with
little control on the solution crystallization process. Previous reports on
guided crystallization of organic crystals indicate that nucleation agents
or additive types (polymer, small molecules, nanoparticle, or
surfactant), additive structure, and the processing factors, such as
nucleation and crystallization speeds (slow and fast) and mix ratios,
have their profound influences on the formation of resultant crystal
complexes, and to the best of our knowledge, this is the first to apply
these principles to ionic crystals and complexes (He et al., 2011; Chen
et al., 2013; He et al., 2013; He et al., 2020; Chen et al., 2021).

To demonstrate the systematic impact of surfactants on salt
crystallization in the context of interfacial optimization and

conductivity, sodium chloride and Tween 20 are used herein as a
model system for ionic conductivity and microstructural study. We
show that the resultant solution-grown ionic crystalline complexes
can attain a highly tunable electrical performance with a
programmable crystalline interface at a variety of crystallization
speeds and mixing ratios of the salt to the surfactant (4:1 to 20:1).
X-ray diffraction, Raman mapping, and FTIR spectra show that
intra- and intermolecular interactions play important roles in the
formation of heterogeneous crystalline and amorphous regions.
With this approach, the low-frequency, room-temperature
permittivity can be increased up to 1,480, while conductivity can
be varied by at least three orders of magnitude.

2 Results and discussion

Tween 20, or polysorbate 20, is a common non-ionic surfactant
used in industries, which is less lipophilic than Tween 80 because of
a difference in the fatty acid side group (Figure 1) (Qazi et al., 2017).
Sodium chloride is the most abundant salt and has attracted wide
interest of the scientific communities in recent years (Qazi et al.,
2017). A list of ionic crystalline complexes studied in this work is
provided in Table 1. Sample short names marked their compositions
and crystallization modes. For example, Sample 7f corresponds to a
NaCl/Tween 20 ratio of 7:1 by weight in the original mixture
before crystallization, while the symbol “f” stands for “fast”
crystallization at 50°C without a beaker cover. For Sample 7s,
the symbol “s” refers to “slow” crystallization process at 25°C
without a beaker cover. For Sample 7us, the short name “us” refers
to “ultraslow” crystallization at 25°C with a beaker cover to control
the evaporation rate. “Fast” crystallization at 50°C takes a few
hours. “Slow” crystallization at 25°C takes overnight, while
“ultraslow” crystallization takes 2 weeks. The resultant films
were baked at the same temperature with the cover removed
for 6 h to remove the residual water.

2.1 Permittivity and conductivity

The complex permittivity ϵ � ϵ′ − iϵ″ and conductivity σ � σ′ +
iσ″ are related as σ � iωϵ0ϵ, where ϵ′ and ϵ″ are the real and
imaginary permittivities, respectively, σ′ and σ″ are the real and
imaginary conductivities, respectively, ω� 2πf is the angular
frequency, and ϵ0 is the permittivity of vacuum. The contribution
of DC conductivity σ0 to the imaginary part of permittivity is thus
given by σ0/(ϵ0ω) (Bordi et al., 2004). Figure 2 presents the real parts
of permittivity and conductivity as a function of frequency for
Samples 7f and 7s at different temperatures. Each curve is color-
coded to indicate the experimental temperature. The temperature
range is maintained between 20°C and 280°C, while the frequency of
the scans is within 1 and 1 MHz. The relaxation process at
intermediate frequencies is likely due to the interfacial
polarization at the grain boundary and is present in both
samples. Both the AC permittivity and the AC conductivity
values of Sample 7s are up to several times smaller than those of
Sample 7f. The DC conductivity of the samples can be extracted
from the frequency-independent plateau of the real conductivity σ′.
Figure 3 shows the effect of surfactant composition on DC

FIGURE 1
Molecular structure of Tween 20 or polysorbate 20 that is used
herein as a non-ionic surfactant (National Center for Biotechnology
Information, 2023).
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conductivity at different temperatures. Interestingly, the DC
conductivity directly correlates with the surfactant content:
higher loading of Tween 20 leads to higher conductivity (from
Samples 20f and 7f to 4f), which may suggest either higher
concentrations of freely moving ions or enhanced mobility of the
charge carriers. At 1 Hz and room temperature, the relative
permittivity values are 8.6 for Sample 20f, 56.4 for Sample 7f,
and 1,480 for Sample 4f.

2.2 Optical images

Figure 4 shows the optical images of Tween 20/NaCl Samples 4f,
7f, and 7s. Samples 7f and 4f seem to have a much finer grain
structure compared to the slowly crystallized Sample 7f. The higher
surfactant content in 4f does appear to facilitate larger grains in
general compared to 7f. In addition, slowly crystallized samples have
a gel appearance compared to the solid appearance of their fast
crystallized counterpart. Additional optical micrographs are
available in Supplementary Figure S4. Although these were
performed on thin-film samples adapted for a comparison under
an optical microscope, a trend of larger salt crystal grains with less
surfactant concentration was observed as the NaCl/Tween
20 samples transitioning from 4s and 7s to 20s.

2.3 Raman mapping

Raman mapping was used to obtain the chemical and structural
distribution of NaCl, Tween, and water. Figure 5 (top) shows an optical
micrograph of the crystalline part of the 20:1 sample (Sample 20f). The
Raman spectra of three randomly selected spots exhibit three featured
bands—NaCl transverse optical (TO) and longitudinal optical (LO)
mode centered at 339 cm−1, the TweenC-H stretchingmode centered at
2878 cm−1, and the residual water OH stretching at 3417 cm−1. Typical
Raman mapping based on single-peak intensity is shown in Figure 6. It

TABLE 1 List of ionic crystalline complexes studied in this work.

Weight ratio 4:1 NaCl/Tween 20 7:1 NaCl/Tween 20 20:1 NaCl/Tween 20

Fast, 50°C 4f 7f 20f

Slow, 25°C -- 7s --

Ultraslow, 25°C -- 7us --

FIGURE 2
Representative dielectric and conductivity spectra of the NaCl/Tween 20 samples. (A,B) Sample 7f. (C,D) Sample 7s.

FIGURE 3
Effect of composition on the NaCl/Tween 20 systems. From
Samples 20f and 7f to 4f, the content of Tween 20 increases.
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provides the initial information that NaCl, Tween, and H2O have
heterogeneous distributions across the scanned area. While Raman
mapping based on the single-peak intensity can exhibit the chemical
distribution of a given species, it fails to reflect the relative distribution of
multiple components and may result in capturing important spectra
features of the object (Yang et al., 2021a).

We further resort to K-means clustering analysis to distill the
information out of the 14,400 spectra in each mapping frame (100 ×
100 μm2). Our team has demonstrated in several previous studies that
structural heterogeneity can be unveiled by the K-means clustering
analysis on the Raman mapping of the object (Burdette-Trofimov
et al., 2020; Yang et al., 2021b; Yang et al., 2021c).

In brief, this method is used to group the total number (denoted
as n) of Raman spectra (x1,x2,x3 . . . xn) within the Raman mapping
into K sets (K ≤ n) to minimize the sum of squares within-cluster,
defined by the objective function, J, as follows:

J � argmin∑
k

i�1
∑
x∈Si

x − ci‖ ‖2, (1)

where ci is the mean of points (or centroid). It serves as the cluster
spectrum in the K set, Si. The value of the centroid is updated
iteratively, and Cnew

i is calculated based on the following equation:

FIGURE 4
Optical images of Tween/NaCl Samples 4f, 7f, and 7s.

FIGURE 5
Raman spectra of normalized Sample 20f on randomly selected
spots. White dash frame marks indicate that Raman mapping was
implemented.

FIGURE 6
Single Raman peak intensity distribution for Sample 20f, using the
three characteristic regions in Figure 5. (Top: 339 cm−1 for NaCl
phonon mode TO + LO; middle: 2878 cm−1 for C-H stretching from
the surfactant; bottom: 3417 cm−1 for HO).
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Cnew
i � 1

Si| | ∑
xj∈Si

xj. (2)

Consequently, the total number of n spectra can be categorized
into several clusters with similarities. The centroid spectrum of each
cluster can then represent the characteristic features of all spectra in
that category with different color codes (see Figure 7). Figure 7 shows
the clustered Raman mapping with the corresponding centroid
spectra shown in Figure 7 (right). The K-clustering map provides
direct proof of the heterogeneous distribution of the NaCl, Tween, and
H2O. For example, Cluster cyan has the most intensive peak at
3,417 cm−1 among all other clusters, indicating that H2O preferably
distributes in the cyan color-coded region, whereas in the red region,
NaCl outweighs other components as the 339 cm−1 peak dominates.

Very interestingly, the Tween surfactant distributes preferably in
the cyan region (H2O-rich) and the red region (NaCl-rich). It may
indicate that when NaCl crystallization initializes, part of the surfactant
is repelled from the center of the crystalline phase and deposited on the
outer layer of that crystal center. The fact that the Tween surfactant layer
distributes preferably on one side of the crystalline center indicates that
the diffusion of the surfactant during NaCl crystallization is non-
isotropic. Note that the outermost layer is water-rich but NaCl has
poor water content, which may indicate that the NaCl–H2O forms a
new structure on that outer layer that is different from the NaCl
crystalline phase formed in the middle. As such, Raman mapping
distilled by the unsupervised learning algorithms reveals the
heterogeneous distribution of the NaCl–H2O surfactant components.

2.4 X-ray diffraction

The X-ray diffraction results of Tween 20/NaCl (Samples 4f,
7f, 7s, and 20f) and pure NaCl (red) show no evidence for
polymorphism of salts or significant changes in the NaCl
crystal structures (Figure 8). The indexing of reflections is
based on a previous report (Crystallography Open Database,
2023). The corresponding lattice parameters are a = b = c =

5.62 Å, α = β = γ = 90°, and cell volume V = 177.5 Å3, with a space
group assignment of Fm-3m (Crystallography Open Database,
2023). It is noted that Raman studies provide insights on both
crystalline and amorphous phases, while X-ray diffractions
mainly reveal the crystalline regions of the salt crystals due to
the dominance of NaCl reflections.

2.5 FTIR spectra

For Tween 20, there are a number of reported FTIR peaks,
and we divide them into three regions (Ortiz-Tafoya and
Tecante, 2018). FTIR spectra of NaCl/Tween 20 are shown in
Figure 9 as a function of Tween content (12.5%wt for Sample 7f,
20%wt for Sample 4f, and 100% for pure Tween). In general, a

FIGURE 7
Raman mapping with semantic segmentation for Sample 20f. Each color stands for a group of spectra with the same similarity. The Tween/NaCl
crystal is highly heterogeneous. Outer HO is shown in cyan, interlayer surfactant is shown in green, and middle NaCl is shown in red.

FIGURE 8
X-ray diffraction results of NaCl/Tween 20 (Samples 4f, 7f, 7s, and
20f) and pure NaCl (red, top line). There is essentially little evidence for
polymorphism of salts. The indexing is based on Reference 19.
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higher Tween 20 composition corresponds to a higher FTIR
signal in the three identified regions, although the peak intensity
ratios are different.

Region 1 is at approximately 1,100 cm−1, which corresponds to
the stretch vibration of -CH2-O-CH2- at 1,095 cm

−1, as well as C-O

stretching vibrations at 1,100 and 1,038 cm−1. The peaks at
1,095 cm−1 represent the strongest in Figure 9. Region 2 is close
to 1,500 cm−1, which corresponds to 1,412 cm−1 (methyl symmetric
bend vibration), 1,640 cm−1 (carbonyl stretching), and 1,734 cm−1

(carbonyl from R-CO-O-R). Region 3 is in the proximity of

FIGURE 9
FTIR of NaCl/Tween 20 as a function of Tween 20 content (12.5%wt for Sample 7f, 20%wt for Sample 4f, and 100% for pure Tween). The largest peak
for Tween 20 is observed at 1095 cm−1, which corresponds to CH2-O-CH2 stretch vibrations.

FIGURE 10
FTIR spectra of NaCl/Tween 20 (7:1) as a function of crystallization mode. Crystallization duration: Sample 7f < 7s < 7us. Hydrogen-bonded OH
stretching is observed the leftmost peak. Methylene stretching is observed between 2,600 and 3,000 cm−1. Carbonyl groups from R-COO-R and
carbonyl stretching are observed at 1,734 and 1,640 cm−1, respectively.
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3,000 cm−1, and this consists of 2,920 and 2,860 cm−1 for
asymmetric/symmetric methylene stretching, respectively, as well
as 3,476 cm−1 for hydrogen-bonded O-H stretching.

In Figure 10, the FTIR spectra of NaCl/Tween 20 (7:1) are shown
as a function of the crystallization mode, with the crystallization
duration in the following sequence: Sample 7f < 7s < 7us. In Region
3, as the crystallization slows down, the hydrogen-bonding peaks
increase dramatically, while the methylene peaks decrease. In
Regions 1 and 2, the C-O-C/C-O and carbonyl peaks in general
show decreasing Tween 20 methylene stretching.

2.6 Proposed mechanism

Combining the results of different characterization methods, a
possible crystal network resulting from controlled crystallization is
shown in Figure 11. Raman mapping suggested that the surfactant-
rich region is in between the hydrate shell and salt core. X-ray
diffraction did not suggest a significant NaCl crystal structure
change. The crystal network complexes resulting from the slow
crystallization are expected to have stronger hydrogen bonding,
which can decrease permittivity and conductivity of the system
(Figures 2; 3). Upon mix ratio change, the low-frequency, room-
temperature permittivity can be increased up to 1,480 at room
temperature, while the corresponding conductivity can be varied by
at least three orders of magnitude. This showcases the unique structures
and properties of the NaCl/Tween 20, solution-grown structures
achieved by the controlled crystallization methods. Salt-surfactant
complexes were most studied for morphological manipulation
previously (Qazi et al., 2017), except a work on conductivity of
surfactant-based ion systems in solution (Ololo and Chon, 2018).
We did not find any previous studies on examining the electrical
properties of surfactant-based ion complexes in the solid state. Typical

solid-state electrolytes struggle to reach a required room-temperature
conductivities of 10−3 S/Cm, and with solid polymer-based electrolytes,
some 3–5 orders of magnitude gap still need to be filled in for a feasible
operation in practical applications (Bi et al., 2015; Sun et al., 2015).

The surfactant-mediated crystallization leads to domains that have salt
crystals (Domain I) and salt hydrate regions (Domain II), with surfactant
molecules energetically favored to stay as a bridging component in
between (Domain III). These three domains are highly tunable,
depending on starting composition and crystallization speed, as
demonstrated with FTIR and dielectric spectroscopy results. The
proportion of Domain III is directly impacted by the change in the
mixing ratio, providing channels for the ion transport path. The
distribution of Domain I is affected by both the mixing ratio and
crystallization mode, offering stability for the system but being less
useful for tuning electrical performance. Sizes of Domain II can be
largely tuned by crystallization speed and evaporation rate,
contributing to permittivity and conductivity. Overall, the permittivity
and conductivity of the resultant solution-grown structures can be varied
by at least 2–4 orders of magnitude at room temperature and low
frequency via the changes in crystal dimension and size distribution of
the three domains. A balance can be maintained between desirable
electrical properties and the stability provided by the crystal network
mechanically and electrochemically. We believe that these new insights
into the proposed crystallization control open up new opportunities and
potentially important venues for interfacial optimization of energy storage
systems (such as “water-in-salt,” “polymer-in-salt,” and other relevant
approaches) (Suo et al., 2015;Gao et al., 2021).Water inDomain IImay be
replaced with any other suitable solvent, and table salt used in this work
maybe substitutedwith other high-performance salts with polymorphism.

Due to the strength of their intermolecular attractive forces, the
melting point of sodium halide compounds decreases in the following
order: NaF >NaCl >NaBr >NaI. NaI, NaBr, and NaCl are known to
be much more soluble in water than NaF, which is used to treat
drinking water. With 100 g of water at 20°C, the solubility of sodium
halides are reported to be 177 g for NaI, 91.2 g for NaBr, 35.9 g for
NaCl, and only 4.1 g for NaF (Libretexts Chemistry, 2023). When a
sodium halide solution is saturated with excess solute, its dissolution
rate will be equal to its rate of crystallization. Under this condition, the
strong attractive ions in a NaF solution can contribute to a slower
crystallization speed. Addition theoretical work confirms that crystal-
solution coexistence is extremely sensitive to the short-range
interionic potentials (Ursenbach and Patey, 1991).

For salt-based electrolyte systems, if the electrolyte fabrication
process follows a solution-, slurry-, or dispersion-type procedure,
the method described in this work can be applied directly.
Otherwise, the effects discussed here may be also applied in a
solvent (or mixed solvents) annealing manner.

3 Summary

In this study, controlled crystallization of Tween 20 and sodium
chloride are used to study the effects of surfactant composition and
crystallization speed on the conductivity and transport of the resultant
solution-grown structures. X-ray diffractions of slowly crystallized salts
correspond to the almost identical NaCl crystal structures with and
without the non-ionic surfactant Tween 20. Raman mapping reveals
different regions of highly heterogeneous NaCl/Tween 20 crystalline

FIGURE 11
A tunable crystal complex of Tween 20/NaCl is attributed to the
observed conductivity and dielectric improvements shown in this
work. From the outer to inner crystal seed center, there are H2O-rich,
surfactant-rich, and NaCl-rich regions, respectively. The
surfactant-rich domain is in between the H2O-rich domain and the
pure crystal of NaCl. The scheme is not drawn to scale for the
illustration purpose. The orange curves depict the surfactants. The
water molecules in hydrate are shown in yellow. The red arrows and
dots show a possible path for ion transport.
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and amorphous domains. FTIR spectra demonstrate that hydrogen
bonding, methylene stretching, and CH2-O-CH2 stretch vibrations play
critical roles in the formation of these crystals, while dielectric
spectroscopy suggests a highly tunable electrical performance upon
tuning of crystalline networks. This work lays a foundation toward
future optimization of such complex systems for a specific salt or
crystallization modifier in energy applications.

4 Experimental

4.1 Materials

Calculated amounts of Tween 20 (Florida Laboratories, Inc.) and
sodium chloride (reagent-grade, Aldon Corporation, NY) are mixed
to give the target composition of 1/20, 1/7, and 1/4 by weight. The
blend is then dissolved in the five-stage filtered water to yield a total
solid content of 1%wt for controlled solution crystallization.

4.2 Controlled crystallization

A typical crystallization process is performed as follows: 0.5 ml of
Tween/NaCl solutionwas placed in a vial. A preheated hot plate was used
to control crystallization temperature. A beaker with or without the cover
was used to control the evaporation rate of thewater. “Fast” crystallization
was performed at 50°C without a beaker cover for a few hours. “Slow”
crystallization was performed at 25°C overnight without a beaker cover.
“Ultraslow” crystallization was performed at 25°C with a beaker cover for
2 weeks. The resultant film was baked for 6 h at the same temperature
without the cover to remove the residual water. A glass Petri dish cover
was typically used as a cover to slow down evaporation, yet allowing slow
crystallization to proceed with limited evaporation. The repeatability was
tested, and the protocol was adopted from a previously published work
on controlled crystallization of organic semiconductors (He et al., 2011;
Chen et al., 2013; He et al., 2013; He et al., 2020; Chen et al., 2021).

4.3 Raman mapping

All Raman maps were collected on a confocal Raman spectrometer
(WITec, GmbH 532 nm, objective = ×20, a grating with 600 grooves/
mm, numerical aperture (N.A.) = 0.42, and local power <500 μW). The
laser spot diameter was estimated to be 1 μm. The scan region was set at
100 × 100 μm2, with a step size of 1,000 nm/pixel. The integration time
was 3 s for each point. All Ramanmappingswere analyzed usingWITec
Project Plus software and the K-means clustering algorithm integrated
into the scikit-learn platformwith a similar method reported previously
(Burdette-Trofimov et al., 2020; Yang et al., 2021a; Yang et al., 2021b;
Yang et al., 2021c).

4.4 X-ray diffraction

X-ray diffraction studies were performed using a PANalytical
X’Pert Pro X-ray powder diffractometer (45 kV and 40 mA), with an
X’Celerator solid-state detector. Cu Kα radiation (λ = 1.5406 Å) was
used for the measurements.

4.5 FTIR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy experiments
were performed on a Bruker VERTEX 70 with a diamond
attenuated total reflection (ATR) window in the range of
4000–500 cm−1. The peak resolution was set to 4 cm−1, and each
spectrum was scanned 64 times.

4.6 Dielectric spectroscopy

Broadband dielectric spectroscopy measurements of the
NaCl/Tween 20 samples were performed in the temperature
range of 20°C–300°C on a Novocontrol Concept 40 system
with an Alpha analyzer and ZGS interface. Frequency-
dependent complex permittivity was determined in the
frequency range of 1 Hz–10 MHz. The temperature was
controlled using the Quatro Cryosystem. In each experiment,
the sample was first heated to the highest temperature, and the
frequency-sweep measurements were taken at the target
temperatures upon cooling.

4.7 Optical microscopy

To observe the crystal morphology, 5 μL of the sample was
dropped on a glass slide, and the solvent was evaporated under room
temperature before subjected to an optical microscope (Model
BX53, Olympus, Japan) equipped with a digital camera (ORCA-
Flash 4.0, Hamamatsu, NJ, United States). Images were taken
at ×4, ×10, and ×20 magnifications and analyzed using HCImage
software (Hamamatsu, NJ, United States).
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