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SUMMARY

Thermal energy storage (TES) based on phase-change materials
(PCMs) has many current and potential applications, such as climate
control in buildings, thermal management for batteries and elec-
tronics, thermal textiles, and transportation of pharmaceuticals.
Despite its promise, the adoption of TES has been limited, in part
due to limited tunability of the transition temperature, which hin-
ders TES performance for varying use temperatures. Transition tem-
perature tuning of a material using an external stimulus, such as
pressure or an electric field, typically requires very large stimuli.
To circumvent this problem, here, we report on the dynamic transi-
tion temperature tunability of a PCM using ions. We achieve a tran-
sition temperature tunability up to 6�C in polyethylene glycol (PEG)
by using the salt lithium oxalatodifluoroborate at a low voltage of
2.5 V, which may enable simpler and safer devices/system designs.
We also explain the thermal properties of the salt/PCM solution us-
ing the Flory-Huggins theory.

INTRODUCTION

It is abundantly clear that deeper penetration of renewable electricity is only

possible by further developing scalable, affordable, and sustainable energy stor-

age.1 Since no single solution can satisfy all of the diverse application needs to

decarbonize the world, various types of energy storage technologies,2 such as

electrochemical, thermal, and mechanical, are under investigation. Phase-change

material (PCM)-based thermal energy storage (TES) is of particular interest in

many applications, such as buildings3 and thermal textiles,4 to provide localized

and personalized cooling/heating, dry cooling of power plants5 to conserve water

by using the diurnal swing of ambient temperature; thermal management of batte-

ries and microelectronics,6 and transportation of foods, pharmaceuticals and

medical supplies.7–9 In all of these applications, the PCM works near the ambient

temperature and is typically designed to operate at a fixed temperature.

One fundamental challenge in the adoption of PCM-based TES is that there is

limited tunability in the usage temperature. Unlike an electrochemical energy stor-

age device where the voltage is fixed, as with a Li-ion battery, the variation in

ambient temperature means that the thermal voltage (i.e., the temperature) is not

fixed for the near-ambient applications mentioned above. For example, the use tem-

perature during summer and winter months (Figure 1A) can vary significantly (there

can be also significant diurnal variations). In reality, that translates into reduced use

of the PCM, because either the PCMmelts partially or does not melt at all.10 To solve
Cell Reports Physical Science 2, 100613, October 20, 2021 ª 2021 The Authors.
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Figure 1. Dynamically tunable PCM-based TES device enhances the thermal storage efficiency

(A) A schematic depicting impact of changing ambient temperature (either diurnally or seasonally)

on utilization of static and tunable TES exposed to ambient temperatures. If the ambient

temperature is too cold as compared to the transition temperature of the static PCM, then no phase

change will take place. If the ambient temperature is too hot as compared to the transition

temperature, then the PCM will very quickly change phase, melt, and remain in the molten state

without providing much benefit. Therefore, ideally the transition temperature of PCM should be

closely matched with the ambient temperature.

(B) Schematic of the dual-ion battery for dynamic tunability of the PEG PCM TES developed in this

study.
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this problem, use of multiple combined PCMs with different melting temperatures

has been proposed, which increases the cost.11

There has been significant interest in recent years in making thermal materials and

devices tunable, such that their properties and performance can be dynamically

changed.12,13 However, most of the focus has been on changing thermal transport

properties, such as thermal conductivity,12,13 rather than thermodynamic properties,

such as the melting/transition temperature (Tm) of a material. Changing the Tm of a

material dynamically using an external stimulus such as pressure,14 an electric field,15

or a magnetic field,16 is a non-trivial task, as the required magnitude of the stimulus

to achieve a sizable change in Tm is typically large, and the enthalpy change at Tm is

only moderate for thermal storage applications. One recent example of transition

temperature tuning involved the use of an optically controlled mechanism.17,18 In

that work, tuning was to achieve different transition temperatures for charging the

PCM with thermal energy and discharging the transition temperature; this enables

a reduction of heat loss from the PCM and can eliminate the need for thermal insu-

lation. However, to dynamically tune the transition temperature, in which both

charging and discharging of thermal energy happens at the same temperature using

nominal stimulus continuously, depending on the conditions, is still elusive. A recent
2 Cell Reports Physical Science 2, 100613, October 20, 2021
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commentary19 on five thermal energy grand challenges for decarbonization high-

lighted the development of tunable Tm as one of its challenges.

In this article, we report on the dynamic tunability of Tm of a PCM using ions with very

modest voltage requirements. While it is well known that the addition/removal of

salt changes the melting temperature of a solution,20,21 dynamic modification of

the salt concentration is nontrivial, and the requirement for reversibility and long-

term cyclability precludes the use of physical or chemical separation techniques in

modular applications. To overcome these challenges, we have used a dual-ion bat-

tery (DIB)22,23 as shown in Figure 1B to electrochemically modify the concentration of

salt in a PCM and its Tm in a reversible and dynamic manner. In a DIB, a PCM with a

high initial salt concentration and low Tm serves as the electrolyte for the device.

Electrochemical charging stores the cations and anions in the negative and positive

electrodes, respectively. This decreases the nominal salt concentration in the PCM/

electrolyte itself, raising its Tm. The device can then be electrochemically discharged

to reverse the process and lower the Tm to its original value.

The state of charge (SOC) controls the magnitude of Tm. DIBs store cations and an-

ions from the bulk electrolyte via redox reactions.22 This enables much higher charge

storage capacities and greater changes to the salt concentration (i.e., Tm) of the bulk

electrolyte in DIBs. The storage of ions via faradic reactions also reduces the self-

discharge of the device and may obviate the need for a constant applied voltage

to maintain a chosen Tm.
24,25 It should be noted that DIBs are fundamentally

different compared to rocking-chair devices (e.g., Li-ion batteries) in which cations

(e.g., Li+) are typically passed from one electrode to the other through the electro-

lyte upon charge or discharge.26 In such devices, electrochemical cycling does not

change the bulk electrolyte concentration.

For a DIB to work as a dynamically tunable TES device, there are three compo-

nents—PCM, salt, and electrodes—that need to be selected and manipulated for

optimized performance. Here, we detail our selection criteria and design rules for

salt selection.

RESULTS AND DISCUSSION

PCM selection

Several requirements guide the selection of the PCM for dynamic tunability of the

Tm: (1) moderate to large enthalpy change at Tm; (2) the ability to solvate salts and

provide sufficient ionic conductivity for electrochemical device operation27; (3) suf-

ficiently low electronic conductivity so that self-discharge through the material is

minimized27; and (4) the Tm of the PCM should be close to room temperature so

that the tunable range of Tm is relevant for near-ambient applications. Polyethylene

glycol (PEG) has an enthalpy change of �100–150 kJ/kg,28 satisfies the electrical

considerations, and has been explored as polymer electrolytes for batteries.27 While

less commonly used for electrochemical applications, molecular weight (Mn) vari-

eties of the polymer near 1,000 g mol�1 possess Tm near room temperature.29

PEG withMn�1,000 g mol�1 is thus uniquely suited as an electrochemically compat-

ible PCM for the dynamic tunability of the Tm, and is used exclusively in this study.

Salt selection using static experiments

Todevelop design rules for optimal salt-PEG systems thatmaximizeTm tunability and

lead to stable solutions, we conducted experiments with five salts: Li oxalatodifluor-

oborate (LiODFB), LiI, Li bis(trifluoromethanesulfonyl)imide (LiTFSI), CsTFSI, and 1-

butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide-PEG (Pyr14TFSI-PEG)
Cell Reports Physical Science 2, 100613, October 20, 2021 3
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(see Method details). Static experiments in which the thermodynamic properties

(enthalpy change and Tm) were measured for different concentrations of these

various salts-PEG systems were performed to help design the dynamic experiments

using DIB.

Differential scanning calorimetry (DSC) thermograms of the LiODFB-PEG samples

are shown in Figure 2A. Increasing salt concentrations shifts the peakTm to lower tem-

peratures. However, the broad transition peaksmake the typical determination of the

onset temperature via extrapolation of the peak tangent inappropriate, as it neglects

partial melting of the material at lower temperatures. Instead, the temperature cor-

responding to a prescribed fraction of the total enthalpy of phase transition better

characterizes the system. For salt selection, the temperature corresponding to 50%

of the total enthalpy change (referred to as T50) was used (Figure 2B). Similarly, T10
denotes the temperature corresponding to 10% of the total enthalpy change. The

T50 transition temperatures were used to better understand the changes in the

bulk melting rather than the onset temperatures. The broad transition peaks

observed via DSC (e.g., T10–T90 ranging from �10�C –17�C for LiODFB-PEG in Fig-

ure 2A), indicate a distribution of melting temperatures and/or slow kinetics of phase

transition. Step scans were carried out to elucidate the nature of these broad transi-

tion peaks as seen in Figure S1. The measurements confirm that the breadth of the

peak is not due to kinetic limitations, because the transformations remain incomplete

even when the temperature is held above the Tm. Reconstructed thermograms from

the step scans are also shown to closely follow the DSC thermograms measured at

10�C min�1 (Figure S2), which indicates that the melting behavior of the samples is

largely independent of the ramp rate. This suggests that the broad peaks are due

to a distribution of melting temperatures, which is commonly encountered in poly-

mers.30–32While this can lead to inefficiencies in thermal energy storage applications,

the transition peak breadth may be narrowed with the use of monodisperse PEG.

Figure 2C shows an obvious decrease in T50 with increasing anion size (where the size

of I� << ODFB� < TFSI�), whereas there is no clear trend (Figure 2D) for cation size

(where the size of Li+ < Cs+ << Pyr14
+). The largest cation and anion pair in Pyr14TFSI

shows only a minor change in the transition temperature; similarly, the smallest pair

(LiI) also shows only a very modest change in T50.

Flory-Huggins theory (FHT), which is used to understand the thermal properties of

salt/polymer solutions,33 is applied here to provide additional context to the T50
data (see Method details). A large negative value of c (the interaction parameter)

in FHT means a higher solubility of the salt in the polymer, which is expected to

lead to greater degrees of Tm depression. Figure 2E shows the fitted c (see Method

details) as a function of ratio (R = rcation/ranion) of cation to anion radii. The large c��8

for alkali salts, LiODFB�, LiTFSI�, and CsTFSI� is supported by the formation of poly-

ethylene oxide (PEO):X complexes observed in these systems.28 This indicates that

smaller Rmay be better for Tm control as it leads to larger c. Conversely, if R increases

due to a relative increase in the cation size, c becomes less negative (sometimes pos-

itive), leading to a decreased salt solubility and less sensitive Tm depression. Both

Pyr14TFSI and LiI have larger values of R (Table S1), resulting in less sensitivity of Tm
(Figures 2C and 2D; Note S1). These results are discussed further in Figure S3, which

shows the interaction parameter fits of the LiODFB-, LiTFSI-, CsTFSI-, and Pyr14TFSI-

PEG systems using the T50 temperatures of different static compositions.

As just discussed, small R resulting in high solubilities of some alkali salts is ideal for

maximizing the Tm tunability of the PEG PCM. For the purposes of electrochemical
4 Cell Reports Physical Science 2, 100613, October 20, 2021



Figure 2. Thermal measurements results of the impact of ions on the thermal physics properties

of the PEG-based PCM

(A) DSC thermograms of LiODFB-PEG samples with concentrations ranging from 0 to 47 mol%

measured at a ramp rate of 10�C min�1, as encoded in the caption by the 2-digit number before

LiODFB.

(B) DSC thermogram and running enthalpy for 47LiODFB-PEG. The red crosses on the blue

thermogram that curve from left to right represent T10, T50, and T90, respectively.

(C and D) T50 of salt-PEG system with identical cation and different anion sizes (C) and (D) T50 of salt-

PEG system with different cation sizes and identical anion.

(E) Interaction parameter of the different salt-PEG systems as a function of rcation/ranion.

(F) Comparison of the T10 (signifying onset of melting) and phase-change enthalpies of the LiODFB-

PEG samples. The addition of LiODFB depresses both Tm and phase-change enthalpy of PEG with

increasing salt concentrations; from 27.6�C to 15.5�C and 137.1 to 88.8 J g�1 in neat PEG and

47LiODFB-PEG, respectively.
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modulation of the salt concentration in the PCM, the salt must also be compatible

with the electrode chemistries and other system requirements. Of the Li salts inves-

tigated, LiODFBwas chosen as the salt for a DIB device due to its high solubility, high

thermal stability, and ability to passivate Al current collectors.34 Various LiODFB-

PEG samples ranging from 0 to 47 mol% LiODFB were synthesized and character-

ized (see Method details). Higher concentrations of LiODFB-PEG are liquid at

room temperature and were omitted from further study.

T10 (signifying the onset of melting) results are reported in the rest of the article. T10
and enthalpies of transformation of the LiODFB-PEG samples are shown in Figure 2F,

and the precise numerical values are tabulated in Table S2, along with T50 and T90.

The addition of LiODFB is shown to depress both the Tm and phase-change enthalpy

of PEG with increasing salt concentrations. A similar trend in the phase-change

enthalpy with increasing salt concentration was previously observed in the LiTFSI-

PEO system.33 The loss in phase-change enthalpy with the incorporation of salt is

due to a decreasing weight fraction of PEG in the salt-PEG system (the LiODFB

salt itself does not contribute to the enthalpy of transition at the temperatures of in-

terest). Nonetheless, over the composition range studied, the LiODFB-PEG system

demonstrates a potential tunable Tmwindow ofDT10 = 12.1�C and highlights the val-

idity of using salt to modulate the thermal properties of a PCM.

Electrode selection and electrochemical system engineering

Over the past 40 years, the PEO electrolyte-based solid-state battery (SSB) has

advanced to the point that it may power electric vehicles for hundreds of miles

per charge, and can withstand thousands of charge/discharge cycles over a lifetime

of nearly 10 years. (Note that high-molecular-weight PEG is commonly referred to as

PEO; this study uses low to medium molecular weight, referred to as PEG.35–37) Our

tunable TES device shares the basic PEG materials and similar Li salts with the PEG-

based SSB. Moreover, the tunable TES device shares the same structure as the PEG-

based SSB (Figure S4), but has drastically different challenges for this unique electro-

chemical system. Two distinctive challenges differing from SSB are highlighted here,

leading to our unique material choices and device architectures. For tunable PCM,

enthalpy change during thermal transition is more critical, as it is enthalpy change

that decides the thermal energy density, whereas for batteries, higher voltage is

more important, as it is voltage that determines the electrical energy density. In

tunable TES, the voltage is used as a stimulus to insert ions to change Tm. Therefore,

low voltage is preferred for the tunable TES device.

The low voltage of %2.5 V is preferred for the PEG-based PCM, as PEG will chemi-

cally disintegrate above 3.8 V versus Li/Li+, making PEG a disadvantaged property

for battery applications but ideal for tunable TES applications.27,38 The electrode

materials selection choices would be a lower potential cathode material, and a

higher potential anode material, to yield a low-voltage tunable TES device that

has thermodynamically stable interfaces to ensure operational longevity. In this

case, Li titanium oxide Li4Ti5O12 (LTO) is selected as an anode active component

to store and release Li ions. LTO is a perfect choice as an anode material, as its oper-

ational potential is flat �1.55 V versus Li/Li+ (Figure S5). The PEG-based PCM elec-

trolyte is both electrochemically and chemically stable toward LTO at this potential

to ensure a thermal dynamically stable interface—therefore, no interfacial decay

over the long period of operation.35,39 The conventional Li-ion or Li-PEG polymer

battery is operated well below the stability limit (0.8 V versus Li/Li+) of the PEG elec-

trolyte. As reported, most of the Li-ion battery decay comes from the low potential

anode and electrolyte interface failures, due to the solid electrolyte interphase (SEI)
6 Cell Reports Physical Science 2, 100613, October 20, 2021



ll
OPEN ACCESSArticle
formation and breakdown over the lifetime of the battery. Rechargeable batteries

based on LTO anodes have demonstrated millions of cycles with very little interface

andmaterials decay. The unique low voltage requirements of the tunable TES device

make the LTO an ideal anode choice. Since electrical energy storage is not a para-

mount requirement for the tunable TES device, the overall cell voltage is preferably

low for simple operation. Low-potential cathodes, which are out of favor for battery

applications, are preferred here to achieve the low-voltage tunable TES device;

lower potential cathodes (below 3.8 V operational potential) stay within the electro-

chemical and chemical stability window of the PEG electrolyte to significantly

improve the long-term stability of the TES device. In addition, the PCM PEG electro-

lyte may have much higher oxidation stability—up to 4.5 V Li/Li+ at a higher salt con-

centration of 47% LiDOBF.40 This higher voltage stability opens up new possibilities

for other high-capacity cathode materials for the tunable PCM device, and may pro-

vide better electrical energy storage capability. Although the tunable TES device is

an electrochemical cell, unlike the Li-ion battery operated beyond the thermal dy-

namic stability window of its electrolyte, the tunable TES device can use materials

within their thermal dynamic stability window during device operation, so it can

have a much longer life and perform more cycles compared to that of the best Li-

ion battery (Figure S6).

The second major difference is that the cathode needs not to intercalate and de-

intercalate Li cations, compared to the Li rechargeable battery, but to absorb and

release anions of the corresponding salt in the PCM electrolyte (Figure 1B). In

most of the Li-ion batteries, a transition metal oxide cathode is used to house Li cat-

ions; among the transition metals, Ni and Co are the primary choices. In the DIB

design for the tunable TES device, the Li salt needs to be removed from or released

to the PCM electrolyte during cycling.22,23,41,42 Since the LTO anode is housing Li

cations, the cathode is used to host anions such as ODFB�. The function of the cath-

ode can be achieved by a redox active polymer43,44 instead of transition metal ox-

ide-based ceramic materials. The advantages of using redox polymers are many,

including lower potentials of redox activities to achieve a lower device voltage

and better PCM stability, no use of constrained resource materials, and a large vari-

ety of choices of redox materials based on the diverse carbon chemistries, as well as

easy processing into film laminate and device integration. However, redox polymers

are not without challenges; as compared to ceramic materials, organic redox mate-

rials are prone to isomerize and transform during repeat oxidation and reduction. In

line with this, two types of redox organics are used and reported here. One is the

classic polyaniline (PANI) conductive polymer material.43,44 The PANI is low cost,

is made in commercial scale, has lower oxidation potential, and is stable toward

oxidation (Figure S7). The PANI-carbon black-based anode electrode demonstrates

excellent capacity stability toward oxidation and reduction during the >70 cycles

tested (Figure 3B). The initial capacity improvement is due to the continuous wetting

of the PANI cathode materials by PEG electrolyte to improve the anion accessibility

to the oxidation sites of the PANI. The PANI electrode potential also stabilizes after

the initial cycling; extended cycling is being tested to further gauge its performance.

Another popular redox material, poly(3,4-ethylenedioxythiophene) (PEDOT), is also

tested for the cathode application (Figures S8–S12; Note S2). The PEDOT-carbon

nanotube electrode functions similarly to the PANI-CB electrode to reversibly

oxidize and host ODFB�. However, compared to the PANI, the PEDOT is less stable

with the PCM electrolyte. The performance differences between the two organic

redox cathodes demonstrate not only the universal feasibility of the DIB approach

for tunable PCM applications but also that there is more materials engineering to

be done to achieve superb PCM device stabilities.
Cell Reports Physical Science 2, 100613, October 20, 2021 7



Figure 3. Use voltage or capacity dial to tune the Tm of the PCM based on dynamically tunable TES device via a dual-ion battery chemistry

(A) T10 as a function of LiODFB-PEG composition (obtained using static experiments) with and without polymer separators. Samples with polymer

separators were prepared by infiltrating melted LiODFB-PEG into either polypropylene Celgard or PVDF separators. Comparing these curves shows a

decrease of 1.9�C in the T10 of neat PEG (zero salt concentration) upon infiltration into PVDF, compared to a decrease of 5.9�C upon infiltration into

Celgard. PVDF separators are used in the prototype devices (called PVDF standards hereafter) due to the larger T10 swing as a function of LiODFB

concentration, by 10�C. This tunability range for PVDF standards also is centered more usefully around ambient temperatures compared to the T10

range of Celgard separators.

(B) Galvanostatic profile for a cell cycled 10 times. The figure shows measured galvanostatic profile of the full cell cycled at a rate of C/4 with respect to

the PANI electrode. Note that charge means that salts are being removed from the PEG and stored in the electrodes, and discharge means the

opposite. Therefore, a charge capacity of zero means the highest salt concentration in the PEG.

(C) T10 of LiODFB-PEG-infiltrated PVDF separators in pre-conditioned (cycled 5 times) cells followed by a set voltage hold for 10 h, as determined by ex

situ DSC on the harvested separators.

(D) T10 of LiODFB-PEG-infiltrated PVDF separators in voltage hold and cycled full cells as a function of estimated mole percent LiODFB, compared to

the LiODFB-PEG PVDF standards. This series of cycled cells are labeled as follows: (a) cycled 19 times, charged to 2.49 V; (b) cycled 12 times, charged to

2.49 V; (c) cycled 11 times, charged to 2.35; (d) cycled 9 times, charged to 1.9 V; (e) cycled 9 times, charged to 1.1 V; (f) cycled 0 times, not charged.

Charge capacity is converted to mole percent LiODFB in the PEG using the formula given in Method details. T10 from dynamic experiments match very

well with the LiODFB-PEG PVDF standard results obtained using static experiments from (A). The lowest mole percent achieved in dynamic experiments

was �25%, as compared to 0% in static experiments.
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Demonstration of dynamic tunability using DIB

With the salt selection decided from the static experiments and electrode couple se-

lection from electrochemical evaluation, here, we discuss our experiments that show

the dynamic tunability of Tm using ions in a DIB. The DIB (Figure 1) consists of an

LTO� electrode, PANI-CB+ electrode, and 47LiODFB-PEG infiltrated into a polymer

separator (not shown in Figure 1B) for mechanical support (see Method details).

While graphite-graphite symmetric cells are archetypal of DIBs, the potentials

required for Li+ and anion intercalation into graphite (0.01 and �5 V versus Li/Li+,

respectively) induce significant electrochemical degradation of the polymer electro-

lyte.23,42 Initial investigations of potential electrodes also showed the undesirable

co-intercalation of the PEG with Li+ into graphite. LTO was chosen as the negative

electrode due to its higher redox potential for Li+ intercalation (1.55 V versus Li/

Li+, which is within the electrochemical stability window of PEG as shown in Figures

S4 andS5), and the inability of PEG to co-intercalate into its crystal structure. PANI

was similarly chosen as the positive electrode due to the lower redox potential for

anion doping (<3.8 V versus Li/Li+),45 and carbon black was used to increase elec-

tronic conductivity. PANI is a conjugated polymer that is able to accommodate cat-

ions or anions through an electrochemical doping/de-doping process via redox of

the aniline moieties along the polymer backbone at low and high potentials, respec-

tively. The galvanostatic profile of the synthesized PANI-CB composite is shown in

Figure S7. An upper voltage limit of 3.4 V versus Li/Li+ was implemented for the

PANI-CB electrode to reduce the electrochemical oxidation of PEG in the device

(�3.8 V versus Li/Li+).46 To compensate for the low specific capacity of 40–60 mAh

g�1 for the PANI, high mass loading electrodes were fabricated using stainless-steel

mesh current collectors. Cells were also constructed using alternative electrode ma-

terials, including PEDOT and carbon nanotubes (CNTs) to demonstrate customiz-

ability of the system to optimize the DIB (Figures S8–S12).47 The PEDOT-CNT

demonstrated significant tunability (Figures S10–S12), but lacked high efficiencies

(Figure S9) and economic feasibility. Therefore, only the PANI-CB results are shown

in the main text. The schematic of electrode and cell fabrication is shown in

Figure S4.

A polymer separator is used to provide mechanical support and prevent short-cir-

cuiting of the electrodes, but it can also significantly affect the thermal properties

of the device, and therefore needs to be carefully selected. T10 of the different

LiODFB-PEG compositions (obtained using static experiments) with and without

polymer separators are shown in Figure 3A. A polypropylene Celgard separator

(40 mm thick, 20 nm pore diameter) lowers the transition temperature of LiODFB-

PEG across the entire composition range studied. A polyvinylidene fluoride

(PVDF) separator (125 mm thick, 220 nm pore diameter) also contributes to a

lowering of the T10, but to a lesser extent. It is hypothesized that the pores of the

polymer separators restrict the size of the crystalline domains of PEG, and the

smaller resultant domains possess lower melting points.30–32,48 The 220-nm pores

of the PVDF separator thus influence the transition temperature to a lesser extent

than the 20-nm pores of the Celgard separator. PVDF separators are used in the pro-

totype DIB devices due to the larger range of T10 as a function of salt concentration

seen in these static tests. The LiODFB-PEG infiltrated PVDF separator samples are

used to compare the thermal properties of the dynamically tuned PCM, and are

hereafter referred to as PVDF standards.

The maximum operating voltage of the full cells was determined from the half-cell

(Figures S5 and S7) characterization of the LTO and PANI electrodes. The capacity

of the PANI electrode is limiting and allows for the use of the lithiation plateau of
Cell Reports Physical Science 2, 100613, October 20, 2021 9
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LTO to pin the full-cell upper voltage limit to 2.5 V. A representative galvanostatic

profile of a full cell cycled at a rate of C/4 with respect to the PANI electrode is shown

in Figure 3B. The Coulombic efficiency in the full cells increases steadily with cycling

but plateaus to�90% after 5 cycles. Low efficiencies are also observed in LTO-based

Li-ion batteries, and are attributed to side reactions of carbonate-based electrolytes

catalyzed by TiO2 impurities and/or the LTO surface.49 However, the nature and

extent of these reactions with PEG polymer electrolytes is not well understood.

Ex situ thermal characterization was performed on the LiODFB-PEG-infiltrated PVDF

separators harvested from full cells charged to different capacities (or SOCs). T10 as a

function of voltage holds (and associated charged capacity) of the cells is shown in

Figure 3C for the LTO/PANI-CB device, whereas T50 and T90 information is reported

in Figures S13 and S14, respectively. For comparison, T10 as a function of voltage

holds an associated charged capacity for the LTO/PEDOT-CNT device, and analo-

gous results for T50 and T90 are given in Figures S10, S11, and S12, respectively.

Very modest applied voltages (<2.5 V) performed after conditioning the system

for 5 cycles resulted in a T10 swing of nearly 6�C. Figure 3D shows the same data

as in Figure 3C, but as a function of LiODFB-PEG composition in the separator

(see Method details) and with additional data points (static experiment standards

and more cycled cells) for reference. Cells cycled 15–25 times between 0 and

2.5 V at C/4 were harvested at various points to determine the impact of multiple

cycling on Tm. The T10 from the dynamic experiments, both voltage holds and

cycling, match closely with T10 from static experiments. Fully discharged cells after

conducting the cycling experiments show an average T10 of 16.3�C that closely

match the average T10 of 15.7�C for the 47LiODFB-PEG PVDF standards from static

experiments (Figures 3A and 3D at 47 mol%). This value is close to that which is ex-

pected, given the net zero change in the PCM salt concentration assumed in these

devices. This indicates that the process of electrochemical cycling does not signifi-

cantly alter the thermal properties of LiODFB-PEG, even considering the coulombic

efficiency of cycling. Cycled cells with <30mol% LiODFB do display a slightly smaller

T10 than the corresponding standards, indicating that the salt extraction estimation

for many cycled cells may have increased error. However, the characterization of

cycled cells shows the expected general trend of T10 dependence on SOC. Cycled

cells were harvested with charged capacities between 0 and 202 mAh and demon-

strated a total T10 swing of >5�C; these results are remarkable in that only quite

modest voltages (�2 V) were used to achieve this tunability of phase transition tem-

perature, which has significant technological implications as it will allow for simpler

and safe system design. In practice, depending on the required Tm (which, in turn,

will depend on the changing ambient conditions and frequency with which Tm
change is required, e.g., diurnal versus seasonal), one can use the appropriate

voltage based on data shown in Figure 3C. The tunable PCM device is working at

an ambient condition, in which the temperature of the electrodes fluctuates. Due

to the thermogalvanic effect,50,51 the overall cell voltage can drift by a few hundred

millivolts, depending on the ambient temperature at a given salt concentration in

the PCM. To achieve precise control of the ion concentration, cell voltage needs

to be calibrated and adjusted with ambient temperature.

Energy efficiency of the device

The thermal and electrochemical energy of the prototype devices can be estimated

from the cell build and electrochemical cycling. Considering cell a in Figure 3D as a

representative device, the electrically discharged cell (47 mol% LiODFB) has 16 mg

LiODFB-PEG loaded in the PVDF separator and can store 1.4 J thermal energy via its

phase transformation (Figures 2F and S15) with a T10 of 15.5�C (Figures 3C and 3D).
10 Cell Reports Physical Science 2, 100613, October 20, 2021
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The salt concentration is reduced in the PEG in the electrically charged state (�47

mol% LiODFB), and the cell has�1.7 J (Figures 2F and S15; Note S3) thermal energy

storage with a T10 of 22.0�C (Figures 3C and 3D, cell a). The cell requires 1.4 J elec-

trical energy to charge the device, and �0.7 J electrical energy can be recovered

upon discharge with a round-trip energy electrical efficiency of �50%, as shown in

the overall energy diagram in Figure S16. For PEG-based electrolytes, most of the

internal resistance comes from interface resistance, with only a small fraction from

bulk materials resistance. In the tunable TES device, a large amount of the PCM is

needed to store thermal energy due in part to the high internal ohmic resistance,

hence the low round-trip energy efficiency. The low round-trip energy efficiency is

material specific. As in the PEDOT-CNT cathode system, the low round-trip energy

efficiency comes from both higher internal ohmic resistance and low Coulombic ef-

ficiency of the DIB; the cell requires 0.9 J electrical energy to charge the device, but

only �0.2 J electrical energy can be recovered upon discharge with a round-trip

electrical energy efficiency of only �20%. Therefore, there is much room for

improvement of the tunable TES device in enhancing the round-trip electrical energy

efficiency. In addition, the self-discharge of a fully charged cell is 0.2 V over 12 h at

25�C andmay be reduced further by eliminating side reactions present in the device.

As Li-ion batteries demonstrate slow self-discharge, the preliminary finding sug-

gests that a constant applied voltage to the tunable TES device may ultimately

not be necessary to maintain target transition temperatures for PCM applications.

The DH of pure PEO is 137.1 J/g and the melting point is 27.6�C (Figure 2). The high-

est salt concentration 47%LiODFB is at the far end of the tunability, with DH of 88 J/g

and a melting point of 15.5�C. At the 2 extremes between pure PEO and 47%

LiODFB, the tunability is 12.1�C (Figure 2), achieved in the static experiment in which

DH reduces by�35%. In the dynamic experiment, a moderate concentration of 30%

LiODFB (Figure 3D, cells a–d) is used, in which DH is 120 J/g (Figure 2A) (i.e., it de-

creases by only 12.5%). The salt does decrease the DH of the PCM, but it remains

within a reasonable range. In a prototype device, there is no need for a separator,

as the PCM itself can act as a physical barrier between the two electrodes. The addi-

tion of the salts and electrical energy storage electrodes added additional weight to

the tunable PCM device; however, they also provided additional functions for

reversible electrical energy storage.

The overall energy efficiency of electrochemically modulated TES also depends crit-

ically on the frequency of thermal cycling and electrochemical cycling (see Method

details). For example, the overall energy efficiency ε for cell a in Figure 3D for diurnal

modulation of Tm based on Equation 2 (Method details) is ε z 50%, assuming a

round-trip thermal storage efficiency of h = 90% and a thermal energy capacity of

Et = 1.7 J, whereas for the seasonal modulation of Tm, this increases to ε = 89%. If

the electrical energy can be recovered, then the overall energy efficiency for the

diurnal case increases to �72%.

Two directions for the future tunable TES device can be further envisioned based on

the current DIB design. As in the case of batteries, enhancing Coulombic efficiency

and reducing interface resistance of the tunable TES device could improve the elec-

trical round-trip energy efficiency to �80%. The thermal energy storage and electri-

cal energy storage capacity are similar in the case of PANI-CB, and the tunable TES

device can be used concurrently as both a tunable TES device and a rechargeable

electrical energy storage battery. Another direction is to further reduce voltage of

the device to reduce electrical energy consumption for the operation of the tunable

TES device.
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Here, we demonstrate amuch-needed tunablemelting point PCMdevice combining

thermal storage with electrical energy storage function. A swing of 12.1�C and 6�C is

demonstrated across static and dynamic cases, respectively, for the fractional transi-

tion temperature T10. Flory-Huggins theorywas applied to different salt-PEG systems

to understand the trend in the transition temperatures with different cation and anion

sizes. It was found that large asymmetries between the cation and anion radii yield

larger interaction parameters and greater degrees of transition temperature depres-

sion. This suggests that salts with high solubilities in PEG, such as alkali salts used for

battery chemistries, are optimal for dynamic tunability applications. Although this

demonstrates dynamically tuning the transition temperature, there are still many

research and development (R&D) challenges that, if answered, can improve the per-

formance dramatically. Some of those are listed here for future research directions:

the selection of cathode and anode within the stability range of the electrode can

significantly prolong device lifetime; the use of low-cost and naturally abundant ma-

terials can ensure scalability; and replacing Li-ion with Na-ion could completely elim-

inate the resource-constrained Li element. More specifically, Figure 3D shows that in

the dynamic experiments, the lowest salt concentration achieved in PEGwas�30mol

% (cell a), which means that all of the salt in the PEG was not able to be stored in the

electrodes. This was primarily due to the inability of the electrodes to hold more

charge. The salt concentration in PEG can be reduced further by fabricating thicker

electrodes with higher active material loading to increase their charge capacity, or

by designing electrodes that use higher-capacity materials.

Materials development of the electrolyte is another promising area of research. An

electrolyte that undergoes a solid-solid phase transition obviates the need for a

matrix to encapsulate the PCM in the liquid state. From a higher-level perspective,

electrolytes with a wider electrochemical stability window increase the number of

chemistries available for dynamic tunability. One promising chemistry due to eco-

nomic considerations is a graphite-graphite dual-ion battery, but it would require

an electrolyte with an electrochemical stability window from 0 to 5 V versus Li/Li+.

Crucial to understanding device operation is relating the composition of the PCM

electrolyte to its transition temperature. This work has relied on FHT to understand

the effect of salt concentration on the transition temperature in static samples. Devel-

oping a theoretical model incorporating electrochemical effects may bemore fruitful

in designing the dynamic systems for tunable TES materials and devices.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Ravi Prasher (rsprasher@lbl.gov).

Materials availability

PCMs and devices generated in this study will be made available on request, but we

may require a payment and/or a completed materials transfer agreement if there is

potential for commercial application.

Data and code availability

All data reported in this article will be shared by the lead contact upon request.

Polymer electrolyte synthesis

LiODFB (Sigma-Aldrich), LiTFSI (Sigma-Aldrich), LiI (Sigma-Aldrich), CsTFSI (Sol-

vionic), and Pyr14TFSI (Sigma-Aldrich) were purchased and dried under vacuum at
12 Cell Reports Physical Science 2, 100613, October 20, 2021
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120�C for at least 12 h before storage in an Ar-filled glovebox (<1 ppm O2/H2O).

PEG (Mn �1,000; Sigma-Aldrich) was purchased and dried under vacuum at 60�C
for at least 12 h before glovebox storage.

LiODFB-, LiTFSI-, LiI-, CsTFSI-, and Pyr14TFSI-PEG samples were prepared in an Ar

glovebox to minimize moisture contamination of the hygroscopic salts and polymer.

The respective salts were mixed with melted PEG at 60�C in 15.5, 27.9, 38.1, and

46.5 mol% concentrations (equivalent to LiTFSI-PEG standards of 5, 10, 15, and

20 wt%, respectively) until a homogeneous solution was obtained. These salt-poly-

mer concentrations are hereafter referred to using the mole percent as 16, 28, 38,

and 47X-PEG, where X refers to the salt (e.g., 47LiODFB-PEG).
Electrodes and cell fabrication and electrochemical characterization

LTO electrodes were prepared using a doctor blade to cast a slurry of LTO (MTI Cor-

poration), carbon black (Super C45, MTI Corporation), and PVDF (KF 9300, Kureha)

in n-methyl pyrrolidone (NMP, Sigma-Aldrich) with a weight ratio of 80:10:10 on car-

bon-coated aluminum foil (MTI Corporation). Polyaniline (emeraldine base, Mn

50,000; Sigma-Aldrich), and carbon black (Denka) were thoroughly mixed before

PANI-CB electrode fabrication. In a typical mixing, 100 mg polyaniline and 43 mg

carbon black were added to a 200-mL ethanol solution. The materials were then son-

icated until a homogeneous suspension was obtained (�1 h). The suspension was

then centrifuged, and the product was dried in a vacuum oven at 70�C for 12 h.

PANI-CB electrodes for initial materials characterization and validation were pre-

pared using a slurry of PANI-CB and PVDF in NMP with a weight ratio of 70:30.

Higher mass loading PANI-CB electrodes for the electrochemical device prototypes

were cast into 304 stainless-steel 100 3 100 mesh. Electrodes were dried in air for

12 h before drying at 120�C under vacuum for at least 2 h. The areal mass loadings

of LTO electrodes prepared using the doctor blade were 2–3 mg cm�2, respectively.

The areal mass loadings of the stainless-steel mesh PANI-CB electrodes were

7–10 mg cm�2.

Electrochemical characterization was performed in 2032-coin cells using a Bio-Logic

MPG-2 potentiostat. Half-cells were assembled in an Ar glovebox using Li-metal

counter electrodes, 125-mm-thick PVDF separators (Durapore), and 47LiODFB-

PEG. Before full-cell fabrication, LTO and PANI-CB electrodes were electrochemi-

cally cycled in half-cells to determine the operating voltage of the paired full cell.

Full cells with PANI-CB were conditioned for 10 cycles before shown voltage curves.

Unless otherwise noted, half-cells and full cells were cycled at 60�C to reduce the

ionic resistance of the electrolyte and facilitate electrochemical cycling (the ionic

conductivity of 47LiODFB-PEG is 6.4 3 10�7 and 3.3 3 10�4 S/cm at 25�C and

60�C, respectively).
Thermal characterization

DSC measurements were performed using a TA Discovery DSC 2500. Characteriza-

tion of the salt-PEG samples was performed from�80�C to 60�C using a ramp rate of

10�C min�1, with 10 min isothermal holds at the upper and lower vertex tempera-

tures and repeated for multiple cycles to ensure reproducibility. To elucidate the

contribution of kinetic limitations on the breadth of the peak in the DSC thermo-

grams in the polymer electrolytes, step scans with 1�C increments with a ramp

rate of 1�C min�1 and 30 min isothermal holds were performed through the phase

transition region identified through initial characterization at 10�C min�1. The

average of the first five temperature intervals in the step scan measurements was
Cell Reports Physical Science 2, 100613, October 20, 2021 13
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used to estimate the heat capacity of the samples for baseline subtraction. DSC sam-

ple preparation was carried out in a glovebox to avoid moisture contamination.

Ex situ characterization for dynamic experiments

They were performed on the PEG-infiltrated separator harvested from multiple full

cells charged to different capacities. Full cells were cycled under galvanostatic con-

ditions at currents corresponding to 20 mA/g unless otherwise noted, with a poten-

tiostatic hold applied once the cell reached the upper voltage limit when mentioned

(voltage hold cells). After cycling or a voltage hold, the cell was cooled to 0�C. This
was done to lower the ionic conductivity of the polymer electrolyte and limit the self-

discharge of the device. Cell disassembly and DSC sample preparation using the

PVDF separators were carried out in a glovebox. Care was taken to remove excess

LiODFB-PEG solidified on the separator and to harvest the PEG-infiltrated separator

only where it was in direct contact with the electrodes.

Interaction parameter using FHT

Broadly speaking, the theory accounts for a change in the Gibbs free energy of the

liquid phase of the polymer, DG, due to changes in the heat of mixing, DHmix, and

configurational entropy, DSconfig. The enthalpy of mixing is characterized by the

interaction parameter, c, obtained by fitting the T50 curves using Equation 135:

1

Tm
� 1

T0
m

= � R

DHu

Vu

V1

�� y1 + cy21
�

(Equation 1)

where T0m and Tm are the melting temperature (taken here as T50) of neat PEG and

X-PEG, respectively; R is the gas constant; DHu is the enthalpy of transformation of

the polymer phase; Vu and V1 are the molar volumes of neat PEG and the salt,

respectively; and y1 is the volume fraction of the salt. Ideal molar volumes of the salts

were calculated using the van der Waals radii of their respective cations and anions

(Table S1). The ionic radius of ODFB� was not readily available, and the radius of bi-

soxalatoborate (BOB�) was instead used as a rough approximation. Compared to

using the physical molar volumes, the ideal molar volumes can help to account for

differences in the atomic packing factors of the different salts.

The interaction parameter fits of the LiODFB-, LiTFSI-, CsTFSI-, and Pyr14TFSI-PEG

systems using the T50 temperatures of different static compositions are shown in Fig-

ure S2. The LiI-PEG system required a large positive c to fit the increase in T50 at low

concentrations and was omitted from further analysis. The negative values for

LiODFB-, LiTFSI-, CsTFSI-, and Pyr14TFSI-PEG systems indicate an exothermic

heat of mixing of the salt and polymer.

Calculation of energy efficiency of the device

Figure S16 shows a schematic of energy flow in the device. Tm of the PCM is modu-

lated electrochemically, and the electrical energy required for eachmodulation is Ee.

Consider a process, which could occur over many months, during which Tm is modu-

lated between a low and high valuem number of times. If the electrical energy when

the cell is discharged (higher salt concentration in PCM, lower Tm) is not harvested,

then the total electrical energy input into the system ism3 Ee. During the same pro-

cess, assume that the PCM is charged and discharged thermally n times and define

the round-trip thermal efficiency as h. Then, the total useful thermal energy deliv-

ered from the PCM is n 3 h 3 Et, where Et is thermal energy required to thermally

charge the PCM (for simplicity here, we assume that Et is independent of Tm). There-

fore, the overall energy efficiency (ε) of the system, defined as the useful thermal en-

ergy delivered as compared to the total energy input (thermal + electrical), is
14 Cell Reports Physical Science 2, 100613, October 20, 2021
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ε =
nhEt

nEt +mEe
=

h

1+ mEe
nEt

: (Equation 2)

Equation 2 shows that the overall system energy efficiency depends fundamentally

on two groupings: the ratio of thermal cycling and electrochemical cycling fre-

quencies ðm =nÞ and the ratio of electrical energy per Tm tuning cycle to thermal en-

ergy per PCM charge/discharge ðEe =EtÞ. The ratio m/n depends on the use condi-

tion and control strategy, while Ee/Et depends on the device design and material

properties. For example, if Tm is modulated diurnally and the PCM is thermally

charging and discharging diurnally, then m/n = 1, whereas if Tm is modulated

seasonally, then m = 4 (assuming 4 seasons) and n depends on how many times

per day the PCM is thermally charging and discharging. Assuming that it charges

and discharges thermally every day, then n = 365, so that now m/n = 0.011, which

is 2 orders of magnitude improved compared to the case of diurnal m and n. This

simple analysis shows that the requirements for Ee to be small compared to Et are

much stricter for diurnal modulation of Tm as compared to seasonal modulation; in

fact, for seasonal modulation, even Ee as large as �10Et may be perfectly accept-

able. Note that to be conservative, Equation 2 has ignored the possibility of using

the Ee when the cells are electrically discharged. More constructively, this device

in principle can usefully store both electrical and thermal energy, and it would be

possible to use the electrical energy when the cells are discharged, which will further

increase the system energy efficiency. For this case, the energy efficiency is given by

ε =
nhtEt +mheEe

nEt +mEe
(Equation 3)

for diurnal case ε= htEt + heEe

Et +Ee
and for seasonal case ε = 365htEt + 4heEe

365Et + 4Ee
zht .

Calculating the LiODFB concentration in PEG in the dynamic cell from charge

capacity measurement

The number of moles (x) of LiODFB in the electrodes for a given charge capacity is

given by

x mol

 
6:0223 1023 ion

mol

!  
1:6023 10�19 C

ion

! �
mAh

0:0036 C

�
= y mAh

The mole percent of LiODFB in the PEG is calculated for known x by

ð12:4� xÞ mmol LiODFB

ð12:4� xÞmmol LiODFB+ 14:2 mmol PEG
= mol% LiODFB in PEG;

where 12.4 and 14.2 mmol LiODFB and PEG are the startingmolar mounts of material

in a separator fully saturated with 47 LiODFB-PEG.
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