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1: Chemical characterization of the PE@OH electrolyte

a) NMRcharacterizaion of the PEGNaOH electrolyte

Proton nuclear magnetic resonance gpectrawere recorded on Varian (300 MHz) spectromet
The deuterated solvent was used as internal standard for DMSO 6 m| X | I H
reference. 1] The NMR FID files were analyzed with MestReMo¥®. All P& samples were
analyzed from 15% (WwWHEYDMSQd6.

Table & below summarizes the ENMR characterization of the different @Ea” complexes
(entry AD in Table § from the 1Hb a w & LJS O (i NJ). Dhe regidd heivazdil3.3 ppm ar
3.6 ppm are related to hydrogen atoms that are belonging to t8eCH-CH-) polymer chains:
while the region at 4.55ppm is identified as hydrogen atom belonging to alcohol end groups 1
low molecular weight PEQhe agree of substitution (DS) of the PEO with alcohol end grot
about 9%.The significant amount of alcohol groups is a key feature of this liquid polymer
addition of 3% (w/w) of NaOH (~ 3 mol eq.) to th€ORBO0 at rt. (entry B in Tablelpgives a 8%
conversion of thaalcohol groupsCH-OH to alkoide groups-CH-ONa' through a condensatior
of water. Heating the same solution to 70 °C for two hours shifts this equilibrium by remo
water to reach a 77% conversion @toholprotons to sodium ions (entry C in TablE).SSimilar
results, with metal ions (Kand Nd) transfer ratio (mol%) from solid alkali metal salts of differ:
anions to PB&-400 have been reported by other®] To further investigate the role of the anic
transfer process on the degree of conversion of protons -4 to sodium ions, we added Ne
(3% wiw, ~ 6 mol eq.) to the PE®O. The resulting solution showed an almost compl
conversion of the protons to sodium ions (entry D in Taldle Bhe 1HNMRspectra in figure B
also show the characteristic peak shifts for the remaininG-B&80 protons, moving from 4.5 ppr
in pure PB-400 to almost 5.5 in PEG/NaH due toOREw w w | ®@Bdnteractions, an effect
usually seen in DMS@6. Although not shown, th&a HNMR reveals a new contribution at5pm
upon the addition of NaOH and NaH to PEO, which is attributed to aldehyde groups emergir
the further oxidation of alkoixle groups.

Table. STThe composition of different PERa" complex.

Entry Solution composition Peak areas D& PEG-[OH]« [ONa]y
OH/OCHCH>
A Pure PEG 1/22 9.1 100%
B PEG, NaOH (3% w/w) 1/52 3.8 PEG[OH]o.4dONalo.ss
C PEG, NaOH (3% w/w), 7C 1/80 2.5 PEG[OH]o.2{ONaJo.77
°C, 2h
D PEG, NaH (3% w/w) 1/778 0.26 PEG[OH]o.0dONaJo.o7
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Fig. 8 'H-NMR spectras of A) Pure @) PE®aOH (3% w/w), RENaOH (3% w/w), 70 °C, 2h, D)
PEGNaH (3% w/w)

b) FTIRcharacterizdion of the PEGNaOH electrolye

The FTIR (Fourier Transform Infrared Spectroscopy) spectroigteénox 55 fronBrukerwith the
ATR Attenuated Total ReflectignaccessonA 225havingdiamond crystal was used for studying the
absorption of PEO and PE@AOH in the range @f00-4000cn?. A drop of liquid material was placed
on top of the diamonctrystaland the measurements were run withcnt? increment for full range
(400-4000 cmt) with 20 scans each time.

The FTIR spectra of pure PEO (Mw=g#@fbl) is compared with that ahe PEGNaOHhat isusedfor

the ITEECin themain text(Fig. 8). ThePEGsampledisplays the same features as previously reported

in the range 1404.000 cm® [3]. As indicated by 1#MMR; alcohols end moieties are in sigmifit
amount and clearly visible by tipeak at 3450 crhassociated to Oldtretching (black curve). Possible
residual water might also contribute (green curve). Adding the NaOH leads to a decrease of that alcohol
¢CH-OH stretching peak around 3400 €nwhich is associated to the formation of alidx¢CH-O

Na": the proton of the alcohol group is removed by &ugibase To further verify the result, we
substituteNaOH to a stronger base, NaH, which possess higher deprotonating ability. From the result,
it is clearly that the peak at 3450 cndecrease even more which means most of the protérthe

alcohol groupss almost totallyremoved by the base.



Note alsothat the presence ofi smallsignalat 1650 cmt growing upon NaOH and NaH additiisn
attributed to C=0 stretching in aaldehyde This is supported byhe presence of the 1HNMR
contribution at 8 ppmappearing also upon the addition of NaOH and NAldohol groups in PEO
treated in harsh basic environmeate known to be transformeftom alkoxides tacarboxylate (likdy
through an aldehyde intermediaté]. The contributionat 1750 cm! emerging upon the addition of
extra water (green curve) is attributetd the creation of carboxylate grougdd]. In the PEGNaOH
electrolyte used in théTESC device, the presence of carboxylate is vanishingly small

?" PEO-NaOH(H,0)
:E/ PEO-NaH
PEO-NaOH
PEO400
4000 | 30|OO | 20|OO | 10|00

Wavenumber (cm*)

Fig. SATR spectra ®EQblack) PEGNaOHo 1 niredp PEGNaH(blue)and PEENaOH(green)with
a drop of watelin the range400-4000 cm.

2: lonic Conductivityof the PEGNaOHelectrolyte

Dielectric Spectroscopy ispawerfultool for characterizinghe electrical and dielectric propertiesf

liquids [5]. Three liquid materials (water, PEO, PRaDH) were characterized inside a standard cell
BDS1308 using the Impedance Spectrometer from Novocontrol in the frequency range of 0.1Hz to
10MHz with an input signal of 5my Themeasurements were carried out inside a climate chamber
where the temperature was raised from 20 to 8With in stepsof 10€.

The ColeCole plos of the imaginary (Z°") anthe real part (Z°) of the impedance resemble typical
parallel combinatior of a resistor and capacitqFig. S3)The ionic conductivity was calculated from

the first intercept of the high frequency seitircle where the response is fully resistive. It can be seen
that the semicircle becomes smaller (the intercept is at a lowea<the temperature riseéndicating

an increase in the ionic conductivity of the mediar the PEENaOH mixture,hie bulk conductivity



increases froni7.56E05 S/cm at 20€to 1.96E03{ kK OY € d@nd fprm thesArrheniusplot, the
activation energy was calculated to be 476 m eV for the-NEOH mixture.
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3: Fabrication and alibration of the reference electrodes

Thetwo thermistorsof the deviceconsist of goldinespatterned on the substratélOum wide,700mm

long), and insulated from the top electrode with a tH{itDOnm) silicon nitride layer(1000nm) For

calibration, he completedevice with two thermistors is placedside a climateltamber, and the two

resistors (Rand R) are measured witlfour-point probes method using Keithley 24@0 different
temperature ¢ SYLISNF G dzNB A& &aSG G WwnX WpX onI opX nn
constant. FigS4a K2 g a4 GKS aft 213 2F (KS (sewidpgiddhSean | NB yy
accurateconversion between resistance and temperatufemperature differenc@T=T:-T, between

the electrodesdduring Seebeck measurement aebsequently estimated by measuring the resistance

of the thermistors.
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Fig.S4Calibrationcurves as the resistance versus temperaturetfe reference electrodes.

4: Effect of the dielectric constanbn the Seebeck coefficient

One guestion raised in the manuscript was about the effect of the dielectric constant on the heat of
transport and Seebeck coefficient of ions. Indeed, the heat of transport of ions is known in agqueous
solution [6, 7] but not in PEO. A first indication can be found by using the Born model. In this model,
the heat of transport and thus the Seebeck coefficient due to one type of ions is related to both the
dielectric constant and the variation in dielectric constant as a function of temperatuRes (K R ¢

related to the Seebeck eefficientas{8]
0-
o 2T (1)

- QY
Wheret is the complex dielectric constant of the medium dhnid thetemperature.
From the impedance dataresented abovésee Fig. S3nd thegeometry of the cell, the real( and
imaginary § PpArts of the dielectric constants were calculatesing9]:

WL

¢ QoW 2)
OO

¢ 066 (3)

Where Listhe length of the cellAis the area okachelectrode Z', Z”, Zare the real, imaginary and
absolute values of the impedancgdss the frequency of the applied voltaggndt, is the permittivity
of free space (8.85E2 F/m).

Fig.S5displays theeal part of the dielectric constarr relative permittivity(w) versus frequencyor
deionized water (reference) and PEO. The dielectric constant is huge at low frequency due to the
formation of electric double layers with ¢h metal electrodes[10]. At high frequency, such
phenomenon is absent and theal part of the impedanceeachesa constant valugrom which we



extract thestatic delectric constanasw at 1MHz.In order to check our saip, we first considebDI

water as reference. ie measured value of thstatic dielectric constantwas 80.6at 20RC (Fig.S53

which is very close to the reported valoéw (1IMHz¥80.1 at the saméemperaturefor pure water

[11]. With the same cell, we characterzéhe PEO liquid (Fi§58 and the PEDIaOH éectrolyte (Fig.

S5¢ and foundw (1MHz)=36.1 and 42.5respectively We measured the propertieat various
temperatures anglotted the static dielectric constant verstsmperature(Fig.S5d. The slopédv/dT)

for PEQsvery smal(0.02 K!) comparedto that of water 0.497K?). Hence, all in all, one can calculate

the product[Rw K/R¥) (Table20 @ ! OO2NRAY3I G2 .2NyQa Y2RSft =
contribution) by changing from water to PEO should be lower by 5 times. But we measure on the
contrary a huge thermovoltage in PEO that cannot obviously be coming from a dieleetcic eff
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Fig. S Real part of the dielectric function as a function of frequencyd&water, (b) PEO(c) PEG
NaOH at different temperaturegd) Static dielectric constanit(1MHZz) vs. temperature for the thre

liquids.

Table2:Thea G GAO RASEt SOUGNAO OlfapH dntl tyidir temperdtdire diepedidSniys

Material w Q'ey Rw k(R OwRW k R EKB) K
Water | 80.6 -0.497 -7.65E5
PEO \ 36.1 -0.02 -1.54E5
PEGNaOH 425 -0.081 -4.5E5



5: Thermal conductivitymeasurement

The thermal conductivity dPEGNaOHg & Y SI adzZNBR o6& (GKS GKNBS 2YS3l
describethe principle of this electrical methodhe o - methodwas initiallyreported by D.G. Cabhill et
al. for the thermal conductivity measuremeat amorphous materia[4.2]. A sinusoidal input current

i FNBdSyOe . OFdasa 22 dhid isHndtimate goRtacthwiththie K 8 Y S
substrate/material of choiceThiscauses a fluctuation ithe resistance otheY S | £ f,WwhicB G .
results in a voltage componentodulated & o . G GKS GSNXYAYylIfa 2F (G4KS |

¢KS GSYLISNF(GdzZNE NRaAS Br¢o G GKS KSIFGSNI Aa 3IABSy

. S o .

o, 0 Y'QEQwW .

YY — = ——0'Q 4
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Where P, <are the power input and the thermal conductivignd| andb are the length andthe half-
width of heater respectively The thermal penetration depth (1/¢3 defined agL2]:

o _ o i
Aog % g ©)

Where”, 0 andD stand for density, specific heat and thermal diffusivigspectivelyAs the thermal
penetration depth is inversely proportional the frequency of the input current, it is always necessary
to check that the thermal wave remains well within the material at the lowest applied frequency to
avoid scattering at the gasample boundary.

D.G. Cahill simplified the equation[@k
gy 9 PO e m p. . Q 5
gl ae X X GO e - (6)

DongWook Oh et aJ11] utilized another device architecture designed for themmal conductivity
measurement of liquid samples. We have been inspired by this approach and used it to measure the
thermal conductivity oPEGNaOHSsolution The liquid materialis filling aplasticcavity designed right
above the metal heater depositash a glass substrate. The temperature oscillation of the he3faf (

) due to the heat transport intbquid material in the cavitgan be estimated by subtracting the effect

of the substrate as followW$1]:

P
Y'Y

)

3o
<
<

Where ¥Y"Yis temperature oscillationnlywith glassand the insulation layewith empty cavity Y'Y

is the temperature oscillation of the heater witjlass substratend filled cavity while Y"Y is the
calculated temperature oscillation due to the heat transported onlyg the material in the cavityy"Y
is used to calculate the thermal conductivity of tREGNaOH under study.



We here describe briefly the fabrication and the dimension of the Au heater on the glass substrate.
The glass substrate was coated with 15 nm chrome (Cr)1d4Achm gold (Au) and patterned by
photolithography to get & mm long and20 um wide Au line (theheaterthermometer). This metal

line was then insulated with 2um thickUV cured3J8layer. Themetal heaterthermometer wadirst

OFft AN SR AYyaARS | Ot AYFGS OKt YO B Njmirtoedes toNE A y 3
measuré’"Y, the glass samplaith insulationand empty cavityvasplacedinside a vacuum cryogenic

probe station (Janis Research) to avoid gas convection effect. An input AC current was appléed from
waveform generator3022CTektroniy Yy R G KS o. @2t (I 3 SinAnmpliier S885@ dzNBS R
Stanford Researchyith aprecision difference amplifier AD8279 for signal conditionirtge measured

o. @2t iGF3S gyVuEbylUNI yat I G§SR (2

or Y G)

Theresultsof Y"Ws.f y rreplotted in FigSs for empty ancthe cavityfilled with different materials.
AltKS o. YSI adaNBYSyida ¢SNB OF NNdrtiesanedegueackaige. (i K S
The cavity was 1 cm tall and it was filled with 2 af liquid in each casdt can beseen in all
measurements thattte total temperature oscillatio”Y is smaller tharY"Y since part othe heat
generated by the heater penetrates into teelution The temperature oscillatio"Y due to the heat
propagated intosolution onlywas calculated using equatioBl)(andthe thermal conductivity was
calculated from a linear fit of"Yvs.f y HTre validity and accuracy of our experimental setup was
first tested with known materials (DI water and ethylene glycol (H@)).measurements were carried

out by filling the cavity with water and then with ethylene glycol (EG). The measured values of the
thermal conductivities of 0.63®VmiK?! (water) and 0.272Vm*K?! (EG) are in agreement with the
reported values of 0.8Vm*K!and 0.27Wm*K![11]. Hence, the measurememsetup was trustable

with an uncertainty of £5%. Finallihe cavity was filled with PEO and then with PE&DHand the
calculatedthermal conductivikeswere 0.191Wm'K?! and 0.216/m'K?, respectively.

a)

Glass substrate

b)

Q)¢
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Fig. S6 (a) Sample structure (b) Temperature oscillation othe gold (Auheater. Empty symbols
are for the in phase and filled symbols are for the out of phase componentgtof

6: Preparation of seHassembled CNT electrode on Au

CNTwasdispersed in water to form a 0% concentration solution, anekposed taultrasonic treating
for 30 min.TheAu electrodesvere pretreated by UV plasma for 3 min, and pldam a hot plate set
at 105€.Next, acertain amount of CNT solution is dipped on Au electrode during heatingL(R0
thin CNT electrodesand 60 pL for thick CNT electrodg@sAfter water evaporationthe CNT attached
to the surface of Au due to hydrophobic foedmetween the two.The prepared electrodewererinsed
by acetone and water before use.

7: Seltdischarge of devices using bdothick and thin CNT electrodes

Theseltdischargas investigated in detail by monitorinige open voltage\(pen) Of the capacitors after
electrical charging. As shown in &, devices with thin and thick CNT electesdare charged
electrically at three different potentials (50 mV, 100 mV and 150 mV). Next, the circuit is cdfpand
is recorded versus time. Initiall\¥open decreases rapidly, especially for the deviegth thin CNT
eletrodes. And the inset figushows that for the same electrodes, the decay rate of different charging
potential are similar.

The electrically charged SCs, which could be discharged directly Itshexfter charging, provide
Quischargd Qenarge OF 94% and 83% for the thick and thin GNBActrode devices, respectively (see table 1).
However,if discharging is triggered aftertime equal to the equilibration timed, i.e. accounting for
the seltdischarge, this giveQuischargd Qenarge OF 28% (thick CNT electrodesyhich isvery closeto the
measured 27% in the ITEC. Since the thick CNT eleghasd®ss more compensate charge during
charging it needs longer time for setfischargeThis explains whthe delay curve is sharpéor the
thin electrode than the tiik CNT electrode.

10
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Fig. S Decay ofVopen after electrical charging at 0.15 V (blue), 0.10 V Xraadd 0.05 V (black), for
supercapacitors based on thimléshed linesandthick @olid line3 CNT electrodes.

8: Charging current comparison and control measurement using Au electrodes.

The chargingurrent is measured for both electric and thermoelectric charging. For thermoelectric
OKIF NBAY 3II K\helndof@05 W AftBMhKi-Das sthbilized, the load resistance is connected.
For electric charging, the charging potential is set the sam&as, for thermoelectric charging (0.05

V). The device is placed in a climate chamber to keep the same temperafiffe as

From the results shown in fig. S8 a, the charging behavior and leakage current of the two methods are
almost the same.

Fig. S8 b shows the charging and discharging performance of a device with Au electrodes (no CNTSs).
After connectingRoad, Vinermo drops immediately because of the small capacitance. Because there are

no compensate charges on the electrod®semotends to first approach its original value and then
decrease to zeravhenRoaqis disconnected and the heat is turned off.

11
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Fig. S8(a) Comparison between electric and thermoelectric charging current for diffeRest (b)
Charging and discharging measurement using Au electrodes.

9: Full mathematical framework to describe the equivalenircuit

According to the equivalent circuit, the chargelectric currentOr

and the discharigg
electric currentOn 0

can be calcuked from the following equations

da, () [ (R+ Ry ad)
(& + I%oad) dt -El ' RD ] C

ar T (1)

From Eg. (1), we can obtain

12



1 1

Oen (1) = 0,(0) exp{ {m a]}t
aDT /(R +R.) & 1 1 Eqg. 2a
T 12 oM eRiry R

C(R+R.) CR

T ,whenR, > R R,,).f =C(R +R.)- Eq. 2b

n(D)° qO)exp(t/r) & a TR exp(t/ ¥ Eq. 2

In the experimentalcharging and discharging processess finite. d,,(0) > O except for the first
charging process,,(0) is dependent on the time of the charging and discharging proceggéesake

p UAYSa 27F Fa GKS OKFNHAY3a YR RAAOKINBAY3 4A°
transferred.

10: Charging current

The voltage acrosBoaq is measured for differenRoag, and the charging current is obtained &y
—— . To calculate the amount of charge and energy stored in the device, the curve of the current is

integrated for the charging period. For edhkg, the complete charging time is considered as 5 times
2T GKS GAYS O2yadlyd o_0o

Fig. 8 Current generated during charging for seridlsq, plotted with time.

11: Efficiency
13



