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The separation and sensing of alkali metal ions from aqueous lithium resources is of great importance for

building future renewable and lithium-based energy storage technologies. As such, interest arises for the

development of functional composites selective to ionic lithium (Li+) over sodium (Na+) and potassium

(K+) that allows for a range of low carbon-footprint sensing and recovery processes. Here, selective

separation of Li+ from aqueous mixtures of Na+ and K+ ions using polyvinyl alcohol/maleic acid

composites was enhanced by the inclusion as nano-additives of post-transition metals gallium (Ga) and

indium (In), together with their alloys and oxidized species, in the composite casting process. The co-

addition of Ga and In resulted in the spontaneous formation of Ga oxides and hydroxides while In

remained in the metallic state. This Ga–In composite was stable in aqueous solutions containing a high

concentration (0.1 M) of mixed alkali metal ions over 5 days and achieved exceptionally high selectivities

of Li+ over Na+ (3.8 � 0.1) and K+ (7.1 � 0.1). Results from an electrochemical sensing platform

technique revealed that Li+ selectivity was in the same order as the diffusion rates. This work

demonstrated that the low-melting-point post-transition metal alloy enables a one-step low energy

fabrication of selective polymeric composites with diverse applications for energy, sensing and

separation industries. The work has implications for the efficient manufacture of renewable and lithium-

based energy storage technologies.

Introduction

Post-transition metals are a class of materials considered as

metalloids with low melting points that exhibit peculiar prop-

erties such as mixed metallic and covalent bonding within their

structures.1,2 Particularly, gallium (Ga) and indium (In), and

their oxides, show unique lithiation properties.3–5 For instance,

one atom of Ga can host two atoms of lithium (Li).6 Bulk Ga

forms an eutectic alloy with lithium at a reported temperature

as low as 27.5 � 2 �C for 1.7 at% (atomic percentage) Li.7

Similarly, In forms a wide range of intermetallic compounds

with Li and presents a high lithium ion (Li+) diffusion coeffi-

cient within its semi-metallic matrix.8 As such, both Ga and In-

based metals, alloys and oxides present high affinity to Li ionic

species and compounds and are outstanding candidates to

explore new Li recovery pathways. In addition, due to their low-

melting points, pure Ga, In and their alloys can be processed

into nanoparticles decorated by surface oxide nano-

structures.9–13 These nanostructured additives can be included

into various polymeric matrices to form composites presenting

attractive properties for ions sensing and selective ions recovery

such as Li+.

The recovery of Li+ with low environmental impact and

carbon-footprint is necessary for the development of sustain-

able energy systems that combine renewable and battery

storage.14,15 The global lithium demand for battery

manufacturing is expected to double by 2030 as the transition to

intelligent energy systems occurs.15,16 Conventional hard rock Li

mining and high-temperature rening operations negatively

impact the carbon emission reduction strategy of battery energy

storage applications.15,17 In contrast, the extraction of Li+ from

brines is considered to have up to 50% lower carbon footprint.

However, the extraction of Li+, from these unconventional

resources including continental, oil elds or geothermal brines,
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seawater, and waste streams, is currently impaired by the lack of

selective and stable separation materials.17,18

In classical ionic separation processes, the efficient recovery

of Li+ is limited by the difficulty in separating Li+ from other

alkali metal ions.18–20 Ionic sodium (Na+) and potassium (K+)

exhibit similar chemical properties including the same valence

and close ionic radii for physical separation.18,21 The reversible

ionic selectivity of a material is reported to arise from the energy

of interactions between hydrated ions and functional binding

sites.18,22 A number of materials have been proposed for the

selective separation of Li+ in aqueous media but the develop-

ment of materials with high selectivity, reversibility and stability

remains challenging at scale.18,22,23

Functional materials are oen deposited at the surface of

a polymeric support as a selective layer or embedded into

a polymeric matrix as selective additives.9,24–28 The polymeric

material provides additional mechanical support to the llers,

which can either be inert or play an active role such as facili-

tating the diffusion of ionic species.29,30 For the separation of

alkali metal ions and the recovery of Li+ mixed in solution with

Na+ and K+, the base polymeric matrix should allow the passage

of Na+ and K+, exhibit negatively charged functional groups and

possess a relatively high hydrophilicity.

Here we choose polyvinyl alcohol (PVA) as a hydrophilic,

semicrystalline polymer that presents a charged matrix with

functional hydroxyl and carbonyl groups providing high

conductivity and permeability to both Na+ and K+.31–33 Strong

interactions between the functional groups of PVA and Li+ were

also previously reported but were shown to induce intermolec-

ular charge transfer leading to detrimental changes in the

physicochemical stability of PVA.31 Cross-linking or direct

coordination with the selective additives are ways to mitigate

the weakening of the PVA matrix.32,34 Ga, In and Ga–In alloys

have also recently been demonstrated to be stabilized by the

charged PVA matrix resulting in conductive ionic junctions

between the charged groups and the metallic species.9

Considering the interactions of Li+ with PVA, Ga, In and their

alloys, we investigate the possibility to use a composite of these

materials for the selective sensing and separation of Li+ from

Na+ and K+ in aqueous media.

In this work, Ga, In and Ga–In alloys were dispersed into

a PVA solution before casting and cross-linking reaction to form

thin at-sheet composites. The low melting point of these post-

transitionmetals and alloys allowed the preparation of the dope

solutions in benign solvents and at low temperatures. The

physicochemical characteristics together with the sensing and

selectivity Li+ over Na+ and K+weremeasured for the composites

containing mixed metallic and oxide compounds. Insights on

the structure and performance of the composites were used as

the basis for a proposed selectivity mechanism based on

hindered diffusion in aqueous solutions.

Experimental
Materials

In (beads, 99.9% purity) and Ga (beads, 99%) were purchased

from Rotometals, USA. Lithium chloride (LiCl, $99%), sodium

chloride (NaCl, $99%) and potassium chloride (KCl, $99%)

were obtained from Chem-Supply Pty Ltd., Australia. PVA (Mw ¼

85 000–124 000 g mol�1, 99+% hydrolyzed) and maleic acid

(MA, $99%) were procured from Sigma-Aldrich, Australia. All

materials were used as received without further purication.

Eutectic Ga–In (EGaIn) alloy was obtained by melting together

74.5 wt% Ga and 25.5 wt% In at 80 �C for 1 h.

Dope preparation and composite synthesis

Ga, In and EGaIn were used for the formation of nano-additives

in the PVA/MA base matrix. First, a 10 wt% PVA solution was

prepared by dissolving PVA powder into deionized (DI) water

under mechanical stirring at 80 �C for 2 h. Then, MA (40% w/w

with respect to the weight of PVA) was mixed with the solution

under constant stirring for another 2 h. Ga and EGaIn

composites were prepared by directly adding the metal or alloy

into the PVA/MA dope solution (1 : 1 weight ratio), followed by

sonication using a probe sonicator (VCX 750, Sonics & Mate-

rials, Inc.). The sonication was performed in a water bath to

mitigate the temperature rise during the process. The power

intensity of the sonicator was kept at 40% of its maximum

power (750 W) for a duration set between 10 to 40 min. The In

nano-additives were rst prepared by melting the In beads in

glycerol on a hotplate above the Inmelting point (>156.6 �C) and

then sonicated under the same power and time duration as for

the preparation of Ga and EGaIn dope solutions. The as-

prepared In nano-additives were centrifuged and washed thor-

oughly before mixing with the PVA/MA solution (1 : 1 weight

ratio) on a roller mixer overnight.

The dope solutions containing the nano-additives were then

cast according to a wet thin lm fabrication technique using

a casting knife (TQC Sheen) at a traverse speed of 1 mm s�1. The

gap between the clear oat glass plate and the casting blade was

adjusted to control the lm thickness. The lms were dried at

ambient temperature overnight and subsequently cured in an

oven at 140 �C for 90 min to cross-link the PVA/MA polymer

matrix. The as-formed composites were gently peeled from the

glass plate in a coagulation bath.

Characterizations

Surface wettability of the composites with different nano-

additives was expressed as the average of triplicate measure-

ments of water contact angle for each sample (KSV Cam 200).

Mechanical properties were measured in triplicate on rectan-

gular samples (length � width � thickness: 30 mm � 15 mm �

20 mm) at a loading rate of 100 mm min�1 on an Instron 3369

universal mechanical tester (Instron, UK).

The glass transition temperature (TG) of the composites was

determined by differential scanning calorimetry (DSC)

measurements (Q20, TA Instruments) with temperatures

ranging from 25 to 150 �C at 10 �C min�1 heating and cooling

rates. The electrical resistances of the composites were

measured using a two-probe method with a digital multimeter

(model Siglent SDM3065X).

The morphologies and elemental distributions of the nano-

additives within the PVA/MA matrix were characterized by
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scanning electron microscopy (SEM, JEOL InTouchScope, JSM-

IT500HR) and energy-dispersive X-ray spectroscopy (EDS,

JEOL, Ex-74600U4L2Q model). The size distributions of the

nano-additives were determined from the SEM images using the

ImageJ Soware Package (1.52a). The average roughnesses (Ra)

of the composites were determined from prolometer

measurements using a KLA Tencor D-600 Stylus Proler

instrument.

The vibrational properties of the composites were charac-

terized by Fourier transform infrared spectroscopy (FTIR, Per-

kinElmer spectrometer) and Raman spectroscopy (inVia Raman

microscope, RENISHAW, 532 nm laser source, laser power 5%,

exposure time 10 s). The X-ray diffraction (XRD) patterns were

obtained using a X'pert multipurpose X-ray diffraction system

(PANalytical, l ¼ 1.54 Å, Cu Ka radiation). Surface chemical

compositions were characterized by X-ray photoelectron spec-

troscopy (XPS, Thermo Scientic ESCALAB 250 Xi, mono-

chromated Al Ka) with a photon and pass energy of 1486.7

and 50 eV, respectively. The XPS data were analyzed with the

Advantage soware and a calibration using the C 1s peak at

284.8 eV.

Sensor devices were fabricated by drop-casting the dope

solutions onto silver–palladium (Ag–Pd) electrodes. These

electrode composites were then cross-linked following the same

procedure as previously described. The electrochemical sensing

experiments were performed on an electrochemical station

(CHI650E).

Ionic diffusion tests were performed in a diffusion cell with

LiCl, KCl, NaCl or their mixtures in one compartment of the cell

(feed) and DI water on the other compartment (permeate). The

conductivity in the compartments was measured using

a conductivity meter (HI 8733 model). The elemental concen-

tration in the solutions wasmeasured using inductively coupled

plasma optical emission spectroscopy (ICP-OES, Avio 500DV).

Electro-diffusion experiments were also performed using the

diffusion cell. A DC voltage was applied across the two

compartments using platinum (Pt) electrodes placed in the feed

and the permeate compartments. A DC voltage was also directly

applied to thematerial either in series with one of the electrodes

or as a stand-alone electrode.

Zeta potentials were determined using the Zeta Potential

Analyzer (SurPASS, Anton Paar). Two 2 cm � 1 cm samples were

mounted facing each other to form a capillary of 100 mm width;

in which a measuring electrolyte of 0.001 M KCl was streamed

through until reaching equilibrium. Potassium hydroxide

(KOH, 0.1 M) was used for basic titration from pH 5 to 8. The

streaming potential measurement was used to calculate surface

zeta potential using Attract 2.0 soware.

The composites fabrication, characterization, and testing

were performed in a controlled laboratory environment of 21 �C

average room temperature and 50% relative humidity.

Results and discussion
Composite properties

The composites used in this study have a charged and perme-

able polymetric PVA/MA matrix and post-transition metal nano-

additives as selective llers and were prepared as illustrated in

Fig. 1a. The dope solutions were cast at different thicknesses,

cured, and separated from the casting substrate in a coagula-

tion bath to form the composites. The resulting composites

fabricated with EGaIn nano-additives (named Ga–In composite

thereaer) before and aer coagulation bath are shown in the

pictures in Fig. 1b and c. The typical Ga–In composites used for

later experiments were 20 mm thick, mechanically strong, and

exible.

The EGaIn nano-additives presented spherical morphologies

with a size distribution of 0.5 � 0.2 mm aer 30 min of soni-

cation (Fig. 2a). The effect of the sonication duration on the

EGaIn nano-additives is reported in Fig. S1.† The average size of

the EGaIn nano-additives was shown to decrease with the

sonication time with no noticeable size reduction aer 30 min

of sonication. EGaIn alloy was chosen due to its low melting

point (�15.7 �C) that allows the formation of nano-additives in

mild conditions using low-energy agitation methods compat-

ible with a PVA-based polymeric matrix. Similarly, the as-

prepared post-transition metals Ga and In nano-additives

showed narrow size distributions as expected for such prepa-

ration procedure (Fig. S2, ESI†).9,35–38 As shown with the Ga–In

composite surface in Fig. 2b, uniform composites with densely

packed nano-additives were fabricated. The Ga–In composite

showed a rough and textured surface with an average roughness

of 0.66 mm, which could provide an advantage for ionic sepa-

ration and sensing due to the increased exchange surface area

as opposed to particulate separation.39,40 Similar composite

morphologies were observed for the pure Ga and In composites

as seen in Fig. S3 and S4,† respectively. The EDS elemental

mapping of the sample surface (Fig. 2c) and the cross-section

(Fig. 2d) showed separated Ga and In domains across the Ga–

In composite, which was attributed to phase separation of the

EGaIn particles during sonication.41 Furthermore, a strong

oxidation of the Ga-rich phases was also observed from the

oxygen elemental mapping matching the Ga elemental distri-

bution. Similarly, the Ga particles across the Ga-composite were

strongly oxidized and presented a crystalline shape represen-

tative of Ga oxide species as seen in Fig. S3.† Conversely, the

pure In composite showed a distribution of round-shaped In

particles that retained the initial shape of the nano-additives

(Fig. S2b and S4†). It can also be inferred from the cross-

section views that the nano-additives were dispersed

uniformly across the thickness direction for all three Ga, In and

Ga–In composites.

The surface wettability (hydrophilicity and hydrophobicity)

of the composites, which were characterized by water contact

angle, gives indication of the surface energy of the composites.42

The contact angle of the composite containing Ga nano-

additives was lower as compared to the virgin PVA/MA indi-

cating increased hydrophilicity, while in contrast the inclusion

of In nano-additives increased the contact angle and produced

a more hydrophobic composite (Fig. 2e). The trade-off between

the inuence of Ga and In resulted in an intermediate contact

angle for the Ga–In composite. The change in contact angle was

attributed to presence of the Ga oxide species.41
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Tensile tests showed that the addition of the nano-additives

into the PVA/MA matrix signicantly affected both the ultimate

tensile strength and Young's modulus (E) of the composites as

shown in Fig. 2f. Again, the Ga–In composite showed an inter-

mediate E (0.029 MPa) and breaking strain in comparison to the

Ga (E ¼ 0.016 MPa) and In composites (0.096 MPa). Interest-

ingly, the degree of oxidation of the nano-additives was related

to the mechanical properties of the composites. Adding Ga and

Ga–In nano-additives to PVA/MA was found to reduce the E

since the additives introduced highly oxidized post-transition

metal nano-llers. The higher E of the Ga–In composite as

compared to the pure Ga composite can be understood by

considering the inclusion of solid In nano-additives due to

phase separation (Fig. 2c and d). By contrast, adding only solid

In nano-additives showed a dramatic increase of the ultimate

tensile strength of the composite as well as a slight increase of

E.

DSC was used to measure the glass transition temperature

TG of the composites. The TG of all three composites was

increased as a result of the nano-additive inclusion as compared

to PVA/MA polymer, indicating increased domains of crystal-

linity across the polymer phase of the composites (Fig. 2g–j).43

Fig. 1 (a) Schematic illustration of the composite fabrication process. Photos of the Ga–In composites (b) before and (c) after peeling.

Fig. 2 (a) SEM image of the EGaIn nano-additives. (b) SEM image of the surface of the Ga–In composite. EDS mapping of (c) the surface and (d)

the cross-section of the Ga–In composite. (e) Water contact anglemeasurements at the surface of the composites. (f) Stress–strain curves of the

composites. DSC analysis of the (g) PVA/MA, (h) Ga, (i) In and, (j) Ga–In composites.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19854–19864 | 19857
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Among the three types of nano-additives, the Ga composite

showed the slightest increase from 100.9 �C (PVA/MA, Fig. 2g) to

103.7 �C (Fig. 2h) while the In composite had the largest

increase to 126.0 �C (Fig. 2i), with the TG of the Ga–In composite

(117.3 �C, Fig. 2j) setting between the two. When In was involved

(both In and Ga–In composites), sharp peaks around 156.6 �C

(In melting point) was observed from the DSC curves, which

were attributed to the melting of the In or In-rich (for the Ga–In

composite) nano-additives, given that glass transition usually

exhibits as a smooth transition.35,43

These results suggested that the presence of different post-

transition metal, alloy, and oxide nano-additives to PVA/MA

effectively modied the surface wettability, mechanical and

thermal properties of the polymer matrix. The underlying

mechanisms will be discussed later with the support of further

material characterizations.

XRD analysis of the composites revealed that in the Ga

composite, the Ga metal was eventually fully oxidized to form

Ga2O3 and its hydrate form GaOOH (Fig. 3a). By comparison, In

was largely preserved in the metallic state. The Ga–In composite

also showed the existence of metallic In and the absence of

metallic Ga. Comparing the XRD patterns of the composites

with the PVA/MA polymer, the right-side shoulder of the char-

acteristic PVA/MA twin peaks (2q z 43�) became insignicant

(this region may also include contributions when Ga2O3 exists),

indicating the alteration of the crystallinity of the PVA/MA in the

composites.43 The intensity of the composites at 2q z 51�,

which was exclusively contributed by PVA/MA, showed

a noticeable increasing trend in the order Ga, Ga–In, and In. In

this regard, the XRD results conrmed our discussion about the

crystallinity change of the composites based on the DSC tests.

As demonstrated in Fig. 3b, FTIR revealed the decreased

absorbance of the composites from the C]O and C]C

(1707 cm�1 and 1570 cm�1, respectively), suggesting the reor-

ganization of the PVA/MA polymeric network with the break-

down of the cross-linked chains.9,43,44 This was thought to be

primarily responsible for the increased stretchability of the

composites observed in the tensile tests (Fig. 2f). Increased

absorbance occurred in the composites at near 500 cm�1

(denoted as Me–O), which corresponded to the coordination of

the Ga and/or In with the oxygen functional groups in the

polymer. The two In-containing (In and Ga–In) composites

showed enhanced absorbance of –CH2– and CH while the Ga

composite experienced a decrease in the corresponding regions.

Since the –CH2– and CH are representative of the PVA/MA

polymeric network, we expected the oxidized Ga species

(Ga2O3 and GaOOH) in the composites to cause a shortening of

the PVA chains, while metallic In largely preserved the PVA

structure without the same shortening effect.

The FTIR results were well matched by Raman spectroscopy

as seen in Fig. 3c. The intensity of the band corresponding to

C]O (1090 cm�1) decreased with the addition of the nano-

additives and, that of the –CH2– (1438 cm�1) and CH

(2912 cm�1) bands increased with metallic In, while decreased

with Ga oxide species.9,43,44

XPS showed a decreasing trend of the C–C peak intensity in

the C 1s region (284.8 eV) in the sample order PVA/MA, In, Ga–

In, and Ga composites (Fig. 3d).44 Meanwhile, an increasing of

the C–O peak intensity in the sample order PVA/MA, Ga, Ga–In

also appeared. The enhanced C–O peak intensity was also

shown in the O 1s region (Fig. 3e), where the O 1s peak of the

PVA/MA was shied to higher binding energy (from �531.8 eV

Fig. 3 (a) XRD patterns of the composites and their analysis. (b) FTIR spectra and (c) Raman spectra of the composites and their analysis. (d) High-

resolution C 1s XPS spectra of the composites, and (e) high-resolution O 1s XPS spectra. (f) High-resolution Ga 2p3 XPS spectra of the Ga and Ga–

In composites. (g) High-resolution In 3d5 XPS spectra of the In and Ga–In composites.
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to over 532.0 eV) in all three composite samples, indicating

increasing contribution of the C–O bonding. The results

conrmed again that the breaking the polymer matrix and the

resulting formation of the C–O bonding due to its coordination

with the partially oxidized nano-additives. The Ga 2p3 and In

3d5 regions are shown in Fig. 3f and g, respectively, and XPS

spectra deconvolutions are presented in Fig. S5 and S6.†

The preferential oxidation of the Ga over In nano-additives

can be explained by the favorable Gibbs free energy of Ga

oxide formation over In oxide, and was also previously reported

to take place in EGaIn alloy.12,35,45

Applications

The developed composites presented sufficient mechanical

stabilities, desirable textured hydrophilic surfaces, negatively

charged functional chemical groups and incorporated the post-

transition metal nano-additives in metallic form (In) or/and

oxide and hydroxide species (Ga). Based on our initial hypoth-

esis, we then investigated the composite materials for sensing

and separation of Li+ from Na+ and K+ in aqueous solution.

Electrochemical sensing. The diffusion and sensing of alkali

metal ions (Li+, K+, and Na+) across the composites were

assessed electrochemically by linear sweep voltammetry (LSV)

analysis. Prior to the LSV measurements, an anodic potential of

1.0 V vs. SCE was applied to the composites to repel cations that

may have been introduced within the samples during synthesis.

The LSV curves were collected in the potential window of 0 to

�0.30 V vs. SCE. In Fig. 4a, the LSV curves suggest that the pure

PVA/MA is permeable to the three alkali metal ions. K+ and Na+

show higher ionic diffusion compared to Li+. For the Ga

composite, the Na+ and Li+ diffusion dropped dramatically as

compared to K+ as seen in Fig. 4b. The positive current observed

in the LSV curve of the In composite for Li+ was attributed to the

possible corrosion of In (Fig. 4c).5,46 However, from the slope of

the curve, it can be concluded that there also exists Li+ diffusion

through this composite. The Na+ and K+ also diffuse through

this composite without signs of corrosion, as suggested by their

LSV curves. As observed from the LSV curves of Ga–In composite

(Fig. 4d), the three alkali metal ions diffused through the

composite with Li+ featuring the lowest diffusion. The selec-

tivity of the Ga–In composite was estimated from the tting of

the linear region of the LSV curves (Fig. 4d) and showed a higher

intensity-response for K+, Na+ and Li+, respectively. The ttings

of the LSV curves are reported in Fig. S7a.† In addition, no

corrosion phenomena were observed for this composite sug-

gesting the presence of a stable interface when Ga oxides or

hydroxides are found in the composite, preventing chemical

interactions between In and the surrounding solutions.

The LSV curves of the Ga–In composite in simulated conti-

nental brine, seawater and tertiary equimolar (0.1 M) Li+, Na+

and K+ mixtures are presented in Fig. 4e and showed an

intensity-response following the relative ionic strength of the

solutions. Compositions of the simulated solutions are reported

in Table S1.†47 The LSV curves of the Ga–In composite in Li+

solutions with concentrations ranging from 0.05 and 100 mM

were also assessed and presented in Fig. 4f. The minimum

detection limit for Li+ was determined as 0.05 mM. The Ga–In

composite showed a linear response in the range of 0.05 to

100 mM as presented in Fig. S7b.† The effect of the pH on the

ionic diffusion trough the Ga–In composite was studied from

pH ¼ 5 to pH ¼ 8.5, which corresponded to the reported range

of pH values for brines and seawater, respectively. The LSV

curves of the Ga–In composite in the tertiary mixed salt solu-

tions showed a limited effect of the pH at 7 and 8.5 (Fig. S7c†).

However, in more acidic conditions (pH¼ 5), the ionic diffusion

was reduced, which can be attributed to the lower ionization

state of the PVA matrix.32 The effect of the temperature on the

ionic diffusion through the Ga–In composite was also assessed

from 10 �C to 40 �C (Fig. S7d–f†). The ionic diffusion was shown

to increase with the rising temperature due to the possible ionic

mobility increase in solution and within the PVA matrix, similar

to previous reports.32

The electrochemical impedance spectroscopy (EIS) analysis

was performed on the Ga–In composite (Fig. 4g). In the Nyquist

Fig. 4 (a) LSV analysis of plain PVA/MA composite, (b) Ga composite,

(c) In composite and (d) Ga–In composite in Li+, Na+ and K+ electro-

lytes. (e) LSV analysis of the Ga–In composite in simulated seawater,

brine and tertiary solutions. (f) LSV analysis of the Ga–In composite in

Li+ electrolytes. (g) EIS analysis and (h) Bode plots of the Ga–In

composite in Li+, Na+ and K+ electrolytes.
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plot, semicircles were observed in the higher frequency range in

all salt solutions.48–50 In the solution containing Li+, a distinct

large semicircle indicated the presence of extra ohmic losses

due to impeded diffusion. In the lower frequency range, the Ga–

In composite also shows higher resistance for Li+ as compared

to Na+ and K+. In the Bode plots of the Ga–In composite

(Fig. 4h), the impedance increased steadily in the frequency

range from 1.0 � 105 to 1.0 Hz. Phase shis were observed to

peak at 250 Hz, 1200 Hz, and 6000 Hz for Li+, Na+, and K+,

respectively. The relatively high phase shi for the Ga–In

composite in the presence of Li+ at lower frequencies further

suggests the impeded diffusion of the Li+ ions through the

matrix of the Ga–In composite as compared to K+ and Na+.48,49

These results conrmed our assumptions that the PVA/MA

matrix would allow the diffusion of K+ and Na+, as the post-

transition metal llers, and particularly Ga oxides and hydrox-

ides, specically hinder the diffusion of Li+ through the mate-

rial via specic interactions.

Separation – pure diffusion regime. The pure diffusion and

separation performance of the composite for Li+, Na+ and K+

binary and tertiary mixtures were then assessed in a diffusion

cell as illustrated in Fig. 5a. The feed compartment contained

the salt solutions as the permeate side of the cell was lled with

a xed volume of DI water. Diffusions of single Li+ and mix Li+/

Na+ across In and Ga–In composites are shown in Fig. 5b. Plain

PVA/MA and Ga composites are not shown due to their poor

stability aer a relatively short exposure time to the solutions. In

contrast, the In and Ga–In were found to remain stable in the

solutions aer prolonged exposure. Aer 2 h of diffusion, the In

and Ga–In composites presented distinct diffusion behaviors in

single and mixed salt solutions. The increase of conductivity in

the permeate compartment was similar for the single Li+ and

Li+/Na+ mixed feed solution for the In composite. The Ga–In

composite presented a signicant resistance to the Li+ diffusion

as shown by the important lag-time of Li+ detection (0.60� 0.20

min) as compared to K+ and Na+ ions (0.05 � 0.01 min lag-time)

for a typical diffusion experiment (Fig. S8†).18,22 The diffusion

rate of Li+ across the In composite was 4.3 times higher than

that across the Ga–In composite indicating the effect of the

dispersed Ga oxide and hydroxide species on the selective

transport of Li+ across the PVA/MA matrix. In addition, the

increase of conductivity for the mixed Li+/Na+ feed solution was

8 times higher as compared to the single Li+ solution for the Ga–

In composite indicating a selective transport mechanism. The

selective transport across the Ga–In composite is further pre-

sented in Fig. 5c with diffusion rates of 11.7 times and 9.4 times

higher for K+ and Na+ as compared to Li+, respectively, aer

60 min of pure diffusion regime. The corresponding ionic uxes

are reported in Fig. S9a.† The selective transport of Li+, Na+ and

K+ ions was further conrmed with ICP-OES analysis for the

binary salt mixtures Li+/Na+, Li+/K+ and K+/Na+. The Ga–In

composite selectivity ratios were calculated as 3.8 for Na+/Li+,

7.1 for the K+/Li+, and 2.1 for K+/Na+ which were amongst the

highest selectivity ratios reported for mixed matrix separation

materials.22,23 The corresponding conductivity measurements

and calculated ionic uxes of the binary salt mixtures are re-

ported in Fig. S9b and c,† respectively.

The Ga–In composites were shown to exhibit selective

separation properties rather than absorptive mechanisms as

conrmed by the mass balance calculations between the feed

and permeate compartment for a mixed Li+/Na+ diffusion

experiment (Fig. 5d), determined by ICP-OES and aer 2 h of

diffusion. The reversible nature of the separation mechanism

and reusability of the materials was further assessed aer

a series of 1 h diffusion for mixed Li+/Na+ feed solutions. The

mass balances and selectivity ratios were determined from ICP-

OES measurements as presented in Fig. 5e. The Li+ and Na+

mass balances between the feed and permeate compartments

were found to be within the measurement errors with an

average Na+/Li+ selectivity ratios of 3.8 � 0.1 conrming the

reusable nature of the material.

The role of the nano-additives on the Li+ selectivity mecha-

nisms of the Ga–In composite was conrmed by studying the

diffusion of mix Li+/Na+ solutions across Ga–In composite with

increasing thicknesses from 20 mm to 200 mm as seen in Fig. 5f.

Increasing the thickness from 20 to 200 microns decreased the

diffusivity by over 2 orders of magnitude (120 times) over 2 h.

However, the Li+/Na+ selectivity ratios were conserved aer pure

diffusion experiments (Fig. S9d†), which indicated that the

selectivity is arising from specic interactions with the nano-

additives and particularly Ga oxide and hydroxide species, as

opposed to an increase in composite resistance due to longer

path length through the thicker composite material.51,52 In

addition, the Ga–In composites were formed with EGaIn addi-

tives of different average sizes (Fig. S2†). The SEM images of the

surfaces of the Ga–In composites, containing different average

sizes, are shown in Fig. S10† and presented different coverage of

the PVA/MA matrix by the EGaIn additives. The Ga–In

composites prepared with the 1.2 � 0.4 and 0.7 � 0.3 mm EGaIn

additives (10 and 20 min sonication times, respectively) showed

surface clusters of micron-sized particles. In contrast the Ga–In

composites prepared with the 0.5 � 0.2 mm (30 and 40 min

sonication times) EGaIn additives showed a more uniform

surface distribution. The roughness measurements of the

composites are presented in Fig. S11† and followed the SEM

observations, with a Ra decreasing as a function of the average

sizes of the additives. The ionic diffusion performance of the

Ga–In composites were evaluated and presented in Fig. S9e.†

The Ga–In composites containing clusters of micron-sized

EGaIn additives (10 and 20 min sonication time) showed

higher non-selective ionic diffusivities that included high Li+

transport through the composites and into the permeate as

determined by ICP-OES (Fig. S9f†). These results further

conrmed that the selectivity of the composites likely arises

from interactions with the nano-additives present in the

composites.

Finally, the continuous operation of the Ga–In composite

was assessed for up to 5 days of separation experiment of

a mixed tertiary Li+/Na+/K+ feed solution in pure diffusion

regime. The relative concentration changes in the feed and

permeate compartments were monitored by ICP-OES as seen in

Fig. 5g and h, respectively and by conductivity measurements

(Fig. S9g and h†). The Ga–In composite was shown to contin-

uously operate during the 5 day long experiment with a constant
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separation factor as presented in Fig. 5i. Furthermore, the ionic

diffusion rates were shown to decrease aer the rst 24 h of

separation. For potential practical application, the feed and

permeate would be refreshed during this timeframe for

optimum separation efficiency.

Separation – electro-diffusion regime. The separation of Li+/

Na+ feed solutions was performed in an electro-diffusion regime

to study the effect of an electrical eld on the ionic diffusion

rate across the Ga–In composite and its selective behavior.22 The

electro-diffusion experiment set-up is illustrated in Fig. 6a and

corresponded to conguration 1, where the electrical eld was

applied between two electrodes placed in the feed and permeate

compartment. Fluxes of Li+ corresponding to conguration 1

are presented in Fig. 6b and showed a linear increase of the

diffusion rate as a function of the applied DC voltage as previ-

ously reported for electro-dialysis systems.22,53 In addition, the

Ga–In composite was shown to be electrically conductive due to

the In metallic nano-additives, which allowed for a direct

polarization of the materials for further enhanced separation

rates as illustrated in Fig. 6a for congurations 2 and 1 + 2.53,54

The electrical resistance of the Ga–In composite was measured

at 0.2 kU. Both congurations were shown to enhance the Li+

uxes across the Ga–In composite by 32% and 51% for cong-

uration 2 and 1 + 2, respectively, as reported in the inset Fig. 6b.

The direct polarization of the composite could provide an

innovative solution to improve ionic diffusion rates that take

Fig. 5 (a) Schematic representation of the diffusion cell used for the selectivity experiments in pure diffusion regime. (b) Ionic conductivity as

a function of the diffusion time for the In and Ga–In composites in Li+ and mixed Li+/Na+ electrolytes. (c) Ionic conductivity as a function of the

diffusion time for the Ga–In composite in single Li+, Na+ and K+ electrolytes. (d) ICP-OES mass balance between the feed and permeate

compartments of a mixed Li+/Na+ separation experiment (120 min). (e) ICP-OES mass balance between the feed and permeate compartments

after four successive Li+/Na+ separation experiments (60 min each). (f) Li+/Na+ separation experiments (120 min) for three different Ga–In

composite thicknesses. (g) Relative concentration changes in the feed for a mixed Li+/Na+/K+ separation experiment (110 h) as determined by

ICP-OES, and (h) in the permeate. (i) Selectivity ratios as a function of the diffusion time (110 h) as determined by ICP-OES.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19854–19864 | 19861
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full advantage of the electrical conductivity of the Ga–In

composite.54 Changes of conductivity in the permeate

compartments are presented in Fig. S12a.†

The separation of Li+/Na+ feed solutions was performed with

an applied DC voltage of 6 V across the feed and permeate

compartments for 24 h. The relative concentration changes

across the compartments are presented in Fig. 6c and d and

showed conservation of mass between the cathodic (feed) and

anodic (permeate) compartments following a similar behavior

as in the pure diffusion regime. Conductivity measurements in

the anodic and cathodic compartments are reported in

Fig. S12b and c,† respectively. The selectivity ratios were also

shown to be constant across the duration of the experiment

(Fig. 6e) and similar to the pure diffusion experiments. The

evolution of the intensity is reported in Fig. 6f and showed

a steady rise following the increase of conductivity in the

permeate compartment as seen in Fig. S12c.† The Ga–In

composites were shown to perform in an electro-diffusion

regime without loss of Na+/Li+ selectivity while increasing the

ionic ux by up to 17.8 times.

Mechanism and durability assessment

The inner morphology of the Ga–In composite, which can be

related to the thickness of the material, was previously

demonstrated to not affect the selectivity of the material but

only the rate of diffusion (Fig. 5f and S9d†). As Li+, Na+ and K+

present the same valence and close ionic radii for physical

separation, the selectivity of the Ga–In composite is related to

the specic energy of interaction and stabilization between the

ions and the charged domains across the composite.18,31 The

selectivity of the Ga–In composite was also demonstrated to be

independent of the driving force, i.e. osmotic pressure in pure

diffusion or electric eld in electro-diffusion regime (Fig. 6e). In

these regards, it is supposed that the Ga–In composite presents

specic binding sites for Li+ ions and non-specic obstacles to

Na+ and K+ transport, respectively.

The overall charge of the composites and plain PVA/MA was

determined by zeta potential measurements as reported in

Fig. 7a. The strong negative charge of the plain PVA/MA can be

explained by the negatively charged hydroxyl and carbonyl

Fig. 6 (a) Schematic representation of the electro-diffusion experi-

ments showing the three different configurations studied (1, 2 and 1 +

2). (b) Ionic fluxes as a function of the applied DC voltage for the Ga–In

composite in Li+ electrolyte and insert showing the ionic fluxes as

a function of the electrode configuration for the Ga–In composite in

Li+ electrolyte. (c) Relative change of ionic concentration in the feed

compartment as a function of the electro-diffusion time for the Ga–In

composite in mixed Li+/Na+ electrolyte at constant applied voltage (6

V), and (d) in the permeate compartment. (e) Calculated selectivity

ratios as a function of the electro-diffusion time. (f) Change of intensity

across the diffusion cell as a function of the electro-diffusion time.

Fig. 7 (a) Zeta potential measurements of the composites as a func-

tion of the pH. (b) Schematic representation of the proposed Li+

selectivity mechanism across the Ga–In composite.
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functional groups across the polymeric matrix, which should

provide only limited selectivity to Li+ based on the difference in

charge density between Li+, Na+ and K+ ions.55,56 However, the

charge surface of the PVA/MAmatrix could not explain alone the

impaired transport of Li+ across the Ga–In composites. The zeta

potential of the Ga–In composite was 25% higher than the plain

PVA/MA and similar to that of plain Ga composite. This indi-

cates that the Li+ selectivity is likely due to strong and specic

binding sites with the Ga oxide and hydroxide compounds

present at the surface of the composite. The zeta potential

measurements of the In composite revealed a less negatively

charged surface than the other composites indicating strong

coordination between the metallic In nano-additives and the

functional groups of the PVA/MA matrix. A graphical represen-

tation of the proposed selectivity phenomena across the Ga–In

composite is presented in Fig. 7b. The selectivity and separation

performance of the Ga–In composites could be optimized with

the formation of uniform nano-additives via controlled deal-

loying of the EGaIn particles, which could provide more

enhanced active surface area and selective interstitial volume

across the composites.57,58

Finally, the stability of the Ga–In composite was assessed

aer 110 h of diffusion in mixed Li+/Na+/K+ solutions. The SEM/

EDS of the cross-section (Fig. S13a†) showed a similar structure

and elemental distribution as the pristine Ga–In composite with

round-shaped In nano-additives and Ga-rich domains matching

the O elemental mapping, indicating a stable morphological

structure. XRD, FTIR and Raman analyses, showed in Fig. S13b–

d,† respectively, showed virtually identical spectra and patterns

as compared to the pristine Ga–In composite, which indicated

a chemically stable material.

Conclusions

Post-transition metal/polymer composites have been developed

for the separation and sensing of alkali metal ions. The liquid

EGaIn alloy was processed into nano-additives in an aqueous

PVA/MA solution at room temperature. The dealloying of Ga

from the EGaIn nano-additive into Ga oxide and hydroxide

species provided specic binding sites for Li+, while themetallic

In stabilized the polymeric matrix. The Ga–In composite

exhibited exceptional Li+ selectivity, good mechanical strength,

and stability. In order to reduce the high cost associated with Ga

and In, other post-transition metals such as tin or bismuth or

their alloys could be further explored. The PVAmatrix could also

be replaced by naturally derived polymers such as cellulose or

chitosan and cured with natural polyphenol species as mild

cross-linking agents. While Ga and In metals have been inde-

pendently studied for lithiation reactions, their alloys and

metal/oxide combination present new opportunities for alkali

metal separation and sensing.
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