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The advantages of large output thermovoltage and sustainable constituent materials have generated a rapid
growth in research about ionic thermoelectrics. Recently, giant values of ionic Seebeck coefficients up to
10-26 mV K™ have been reported. However, the fundamental understanding of the ionic thermoelectric effect
is still rudimentary and there is a lack of a well-established measurement standard. In this work, we
systematically studied the ionic thermoelectric properties of gel electrolytes made of hydroxyethyl cellulose and
an ionic liquid. We discovered that the absorbed water from the atmosphere into the cellulose/ionic liquid gel
dramatically increases the apparent ionic Seebeck coefficient from 3 to 125 mV K™% We identified the

Received 17th September 2021, contribution of a hydrovoltaic voltage generated from water concentration difference as the main reason for

Accepted 29th October 2021 the enhanced apparent ionic Seebeck coefficient, which depends on the kinetics of water absorption and
desorption on the cold and hot side of the device. Finally, we demonstrated that it is possible to harvest

electricity and charge a supercapacitor with intermittent temperature gradients by using this combination of
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1. Introduction

Thermoelectric effects in electronic conductors and
semiconductors’ have attracted intensive research interest
and enabled practical applications such as power generation
in space exploration®> and recovery of waste heat in
automobiles.” The thermoelectric effects induced by ionic
charge carriers in electrolytes are less widely known, but the
possibility to charge energy storage devices, such as
supercapacitors® or batteries,” is motivating scientists to sys-
tematically investigate the ionic thermoelectric properties of
electrolytes. The most important metric of the thermoelectric
effect is the Seebeck coefficient S;, which is defined as the ratio
between the generated open circuit voltage across the electro-
lyte (AV) and the applied temperature difference (AT). The
efficiency of charging a supercapacitor of capacitance C with

1
energy of FE :EC(ATS,-)2 is governed by the ionic thermo-

TO',‘SI‘Z

electric figure of merit: ZT; = ; where ¢; is the ionic
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ionic Seebeck voltage and hydrovoltaic voltage.

conductivity, T the temperature and « the thermal conductivity
of the electrolyte.’® The efficiency of electronic and ionic
thermoelectric materials can be related by comparing ionic
thermoelectric supercapacitors (ITESCs) with electronic ther-
moelectric generators (TEGSs) coupled in series with supercapa-
citors (SCs) of the same capacitance.* One major advantage of
ionic thermoelectric materials is that their Seebeck coefficients
can be a few hundred times higher than the Seebeck coeffi-
cients of electronic (semi)conductors. Thus, for the same A7,
the amount of stored energy is much higher for the ITSEC than
the TEG-SC. A single leg of an ITSEC can generate a charging
voltage of hundred millivolt with only a few degrees of tem-
perature difference,”” and the generated charge can be stored
within the device also in the absence of temperature difference.

A wide range of ionic polymeric thermoelectric materials have
been reported, including aqueous-based polyelectrolytes,*”® highly
ionic-doped conjugated polymers,®**° ionic liquid polymer gels®*“”
and hybrid polyelectrolytes.””'® Aqueous polymer electrolytes can
have large Seebeck coefficients but are challenging for long term
operation under temperature gradient due to water evaporation,
which causes deteriorating performance.*”*'° To resolve the stabi-
lity issues, non-volatile ionic liquid electrolytes have been investi-
gated for ionic thermoelectrics, which has resulted in both energy
harvesting® and heat sensing applications.”

The thermoelectric effect in an electrolyte originates from
the difference in thermodiffusion of cations and anions along
the temperature gradient."' The diffusion coefficients of the
cations and anions in a pure ionic liquid are usually of the

This journal is © The Royal Society of Chemistry 2022
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same order of magnitude,'” which results in only a small ionic
Seebeck coefficient.””'* Polymers®®’? and inorganic cross-
linkers®® have, in addition to improving the mechanical
strength of the material, been successfully used to differentiate
the thermodiffusion of the cations and anions. However, the
mechanism of the specific interactions of the polymer matrix
with the cations and anions of the ionic liquid is not well
understood, although it appears to largely determine the ther-
moelectric properties of polymer electrolytes. The ionic mobi-
lity and polymer-ion interactions could be affected by a small
amount of absorbed water, which can affect both the solvation
of some ions and the structure of the polymer."*"™ To date,
there is no comprehensive study of how absorbed water in ionic
liquid-polymer electrolytes affect the ionic thermoelectric
effect. This aspect, however, is crucial to better understand
the role of water in these systems, especially when considering
manufacturing methods such as printing technologies” which
are often performed in ambient atmosphere. In doing so,
appropriate routines for atmospheric control, such as humidity
level, during printing and encapsulations steps can be devel-
oped. Detailed understanding of the role of absorbed water is
also of uttermost importance to enable comparison of results
within the field, and thereby enabling rational material design.

In this work, we systematically studied the thermoelectric
performance of ionic liquid-cellulose polymeric electrolytes,
the impact of absorbed water and the role of the vapor-liquid
equilibrium. The apparent Seebeck coefficient of the studied
electrolytes could be enhanced from 3 to 12.5 mV K ' by
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temperature gradient when the material is exposed to the
atmosphere. We discovered that the spontaneously formed
water concentration difference by evaporation and condensa-
tion from the atmosphere was highly dependent on the small
amount of added cellulose to the electrolyte and the substitu-
tion level of the cellulose. While the amount of polymeric
cellulose greatly increased the viscosity of the electrolytes, it
did not affect the conductivity and apparent Seebeck coeffi-
cient, which is beneficial for large scale fabrication. Finally, to
explore the potential of the technology, we demonstrate alter-
nating current harvesting from an intermittent heat source by
constructing ionic thermoelectric supercapacitors with Au
nanowires or carbon electrodes.

2. Results

2.1. Apparent ionic Seebeck coefficient a;

The electrolytes used in this study are composed of the ionic
liquid (IL) 1-ethyl-3-methylimidazolium ethyl sulfate (EMIM-
ES) and a certain percentage of hydroxyethyl cellulose (HEC)
(Fig. 1a). The combination of the ionic liquid and HEC forms a
gel-like electrolyte which provides good stability upon heating
and enables processing via printing technologies.'® The elec-
trolytes were prepared without any active addition of water, and
they were preheated at 110 °C for 30 min to remove residual
water prior to electrode coating. However, due to the polar
character and slight hygroscopicity of the ionic liquid,"” and

promoting water concentration differences along the the ability of HEC to retain water through hydrogen bonding,"®
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Fig. 1 The illustration of the cellulose polymeric electrolytes and their thermoelectric properties. (a) The chemical structure of the ionic liquid and HEC
electrolytes. (b) The substitution level and molecule weight of the different HECs used in this study. (c) The apparent Seebeck coefficient («,) and (d) the
molar conductivity and viscosity of EMIM ES containing 2 wt% of different types of HEC.
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a certain amount of water will be absorbed in the electrolyte
layer when in equilibrium with the atmosphere. The latter is
characterized by the relative humidity and the temperature.®
We chose four types of HEC of different molecular weight (M,,)
and degree of substitution (DS) (as shown in Fig. 1b) to prepare
electrolytes of fixed HEC weight percentage, and measured the
open circuit voltage induced by the temperature difference to
access the ionic Seebeck coefficients. DS equals the number of
hydroxyl groups replaced by the substituent in every anhydro-
glucose unit in the chain. A high DS is expected to lower the
hygroscopicity of the HEC, while a low DS would increase its
hygroscopicity.°

The apparent Seebeck coefficient o; of electrolytes that
contain 2 wt% HECs of different M,, can be divided into two
groups (Fig. 1c). For the electrolytes with highly substituted
HECs (DS = 2.5 and M,, = 90k and 720Kk), o; is relatively low
(4-5 mV K™ ') and close to the pure ionic liquid. The electrolytes
with two low substituted HECs (DS = ~1, M,, = 250k and 380Kk)
show high apparent Seebeck coefficient (¢, = 10-12 mV K %).
Interestingly, the molar conductivities of the HEC electrolytes
are almost unchanged compared to pure IL (Fig. 1d, the molar
conductivity of the electrolytes is shown in Fig. S1, ESIt). From
the Stokes-Einstein relation, the molar conductivity of the ion
is inversely proportional to the viscosity of the electrolyte.”*
However, the viscosity of the electrolytes increases dramatically
with the M,, of HEC, from 0.1 to 30 Pa s, i.e. by more than
300 times. The results of the ionic conductivity and viscosity
can be explained by the free volume and obstruction theory, in
which the microscopic viscosity dominates the mass transport
of the ions.?” In this transport model, ions do not encounter
and interact with the polymers during their transport because
there is a high load of ionic liquid in those gels.?®
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2.2. Humidity dependence of apparent Seebeck coefficient a;

The puzzling results suggested that the apparent ionic Seebeck
coefficient «; could vary significantly only due to the hygro-
scopicity of HEC, since it has a one-to-one correlation with the
DS. This pushed us to revisit our protocol for measuring
the ionic Seebeck coefficient. We measured on a thin film of
the electrolyte exposed to air in a lateral geometry (Fig. 2a) and
compared to measurements on the same thin film after
encapsulation with a polyimide tape (Fig. 2b). For the film
exposed to air, we could thus expect an atmospheric effect from
the thermodynamic equilibrium between the absorbed water in
the electrolyte and the water in vapor phase, as there is a
large interfacial area between the atmosphere and the
electrolyte. The conductivity of the ionic liquid cellulosic elec-
trolytes increases linearly with relative humidity (RH) from
~1.5 mS em ' at 10% RH to ~6 mS cm ' at 100% RH
(Fig. 2c). This indicates that water molecules from the humid
atmosphere are absorbed into the IL-HEC films. The increase of
ionic conductivity is likely due to the enhancement of the
diffusion coefficients of the ions and/or the dissociation of
neutral ions pairs facilitated by the absorbed water."*"® In
comparison to the pure ionic liquid, the composites with
HEC displays an even larger rate of increase of conductivity
vs. %RH, which is surprising since there is only 2 wt% of HEC
in the cellulosic electrolytes. This could be due to the preferred
interaction (through H-bonds) between water and HEC com-
pared to that of water with the ionic liquid.>* The apparent
Seebeck coefficient of IL-HEC(250k) increased with RH and
reached a maximum value of 13 mvV K~ at around RH = 40%,
after which it decreases for higher humidity levels (Fig. 2d).
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Fig. 2 Architecture of the measurement setup (a) without encapsulation layer, and (b) with encapsulation layer. The effect of humidity (water) for (c) the
conductivity and (d) apparent Seebeck coefficient of sealed and open electrolytes with HEC 250k, HEC 90k and only IL.
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In contrast, o; of the other gel electrolyte IL-HEC(90k) displays a
monotonic raise from below 1 mV K" at 10% RH to 12 mV K"
at 70% RH.

The role of water absorption from the atmosphere to the
IL-HEC gel film was also investigated by the addition of an
encapsulation layer on samples in equilibrium at room humid-
ity (40% RH). As shown in Fig. 2c (open label), the conductivity
of the sealed IL-HEC(250k) and IL-HEC(90k) are similar regard-
less of the environmental humidity, which shows that sealing
successfully prevented water exchange between the electrolyte
and the atmosphere. The sealed thin films of IL-HEC(250k) and
IL-HEC(90k) have similar Seebeck coefficients around 3 to
4 mV K~ regardless of the RH (Fig. 2d). This corresponds to
the true ionic Seebeck coefficient of the IL-HEC gels with a
certain amount of absorbed water obtained at 40% RH atmo-
sphere. Importantly, we observed the same conductivity value
of 3 mS em™" for IL-HEC films that are exposed to the 40% RH
atmosphere and encapsulated (at 40% RH), which indicates
that the water concentration and distribution in the films with
and without encapsulation is the same. On the contrary, the
encapsulated (at 40%) IL-HEC(250k) and IL-HEC(90k) films
both possess an ionic Seebeck coefficient of 3.5 mV K™'; while
the apparent Seebeck coefficient of the non-encapsulated
samples measured at 40% RH are significantly different:
13.2 mV K ' for IL-HEC(250k), 4.7 mV K~ ' for IL-HEC(90k)
and 5.2 mV K ' for the pure IL. These striking differences
demonstrate that other phenomena are interfering with the
measurement of the ionic Seebeck coefficient. When the gel
electrolyte film is subjected to a temperature difference, water
might evaporate at the hot electrode and condense at the cold
side, which would lead to a water concentration difference. This
could affect the Seebeck coefficient as several studies reported
on electric potential difference from water concentration
gradient in ionically charged systems® and ion concentration
difference across ion selective membranes, so called
hydrovoltaics.>® In sealed samples, water cannot evaporate or
be absorbed along the temperature gradient, and the measured
thermovoltage is caused by the thermodiffusion of ions and
water molecules, which is similar for the two gel electrolytes IL-
HEC(250k) and IL-HEC(90k). Hence, the observed difference in
the apparent Seebeck coefficient comes from another
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phenomenon than the thermoelectric effect. Thus, for the films
open to the atmosphere, we cannot use the term “ionic Seebeck
coefficient”, which is only valid for the encapsulated electro-
Iytes. This is the reason we used the name “apparent Seebeck
coefficient o;” for the quantity measured as the thermo-induced
voltage coefficient AV/AT for the open films, which in the first
approximation can be seen as the sum of the ionic Seebeck
coefficient S; (of the sealed samples) and an hydrovoltaic
voltage AVyyaro contribution:

b oAV o Alhyare
"TAT

Si + AT

(1)

2.3. Water absorption and evaporation

Our hypothesis is that the extra voltage obtained for samples in
equilibrium with the humid atmosphere is related to the
difference in rate of absorption and desorption at the cold
and hot sides. This would lead to a water concentration
gradient along the temperature gradient, which impacts the
ionic distribution and triggers an extra voltage response. To
further understand this effect, we measured the amount of
water loss in three different electrolytes (IL-HEC(250k) gel and
IL-HEC(90k) gel and pure IL) upon heating at different tem-
peratures (Fig. 3a). In 40% RH atmosphere, the three electro-
Iytes experience similar water losses between 27 to 42 °C
(weight measured at steady state). A total free water content
of 11% was estimated by heating the electrolytes at 110 °C. Note
that water trapped and bonded to molecules might remain even
at elevated temperatures. Fig. 3b shows the ionic conductivities
for both electrolyte films with and without encapsulation at
40% RH atmosphere and temperatures between 22 to 42 °C
(15 min temperature steps to reach steady state). The encapsu-
lated samples (open symbols) exhibited a rise in conductivity
with temperature due to the thermally activated transport of the
ions, while the films in equilibrium with the atmosphere (solid
symbols) showed decreasing conductivity because of water
evaporation. This result shows that the hygroscopicity of the
two different types of HEC 250k and 90k with different DS had
no impact on the steady state equilibrium. However the
dynamics of evaporation/absorption is different as indicated

8
a 12| --®--HEC250k2%  opendevice  .m b --0-- 90k open & —B— HEC 250k 2% open device 28
--o-- HEC 90K 2% e 7| --m-- 250k open —o— HEC 90k 2% 1
10l ->-1L e --0-- 90k sealed =
_):Q.—:” 6l o 250k sealed s
B 8t 8 = 2
2 st o
9 6l : %) 5
§ 4 § E4 "
L — =g
g 3| e .
2t
:}‘ 2r =
[0 e
1 1 1 1 1 . 1 1 1 1 1 1 1
20 30 40 50 o V10°C 20 25 30 35 40 0 1000 2000 3000
T(C) 7¢°C) Time (s)

Fig. 3 Temperature dependence of electrolyte properties. (a) Relative mass loss at elevated temperatures due to water evaporation from electrolytes of
different compositions (HEC 250k 2 wt%, HEC 90k 2 wt% and without HEC). (b) The saturated conductivity of IL-HEC (250k) and IL-HEC (90k) at different
temperatures. (c) The conductivity of electrolytes with HEC 250k and HEC 90k changes with time when temperature increased and decreased.
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in Fig. 3¢, where the time resolved conductivity responses of the
IL-HEC(250k) and the IL-HEC(90k) gels without encapsulation
upon a heating/cooling cycle are shown. The conductivity of
both electrolytes increased immediately after the temperature
rise due to the thermally activated ionic transport. After a while,
the conductivity of the electrolytes decreased due to the eva-
poration of water which diminished the mobility of the ions or
trigger the reformation of ion-pairs. IL-HEC(90k) with high DS
seems to undergo a slower kinetics of evaporation/absorption
of water compared to IL-HEC(250Kk) with low DS. This suggests
that the interaction of water with the HEC has an effect on the
kinetics of equilibrium of water desorption/absorption in the
IL-HEC gels (water adsorbed on HEC vs water in the IL
medium).

2.4. Water concentration gradient

As the rate of water absorption/evaporation varies with the DS
of the HEC in the ionic liquid cellulosic gels, we expect
differences in the water concentration profiles of the IL-
HEC(90k) with DS = 2.5 and the IL-HEC(250k) with DS = 1.2
gels under a temperature gradient when exposed to the atmo-
sphere. To probe this, we designed devices with an array of
parallel electrodes perpendicular to the temperature gradient
with 1 mm separation. This allows for conductivity measure-
ments along the temperature gradient (Fig. 4), which can serve
as a probe indicative of the local concentration of water in the
film (as found in Fig. 3b and c). First, we performed reference
measurements without a temperature gradient for both sealed
and open structures. Fig. 4a and b display the conductivity of
the two gel electrolytes measured between the arrays of
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electrodes. The conductivity across the whole array is similar
for the encapsulated and open structures (at 40% RH) since the
temperature is uniform (22 °C) and the water content is uni-
form. Next, we heated one side of the electrode array to 34 °C
while the other side was kept at 22 °C to induce a linear
temperature gradient. The conductivity profiles of the encap-
sulated IL-HEC(90k) and IL-HEC(250k) gels (Fig. 4c) show
enhanced conductivity at the hot side, revealing the thermally
activated ion transport (seen in Fig. 3c). The same measure-
ment was carried out for the electrolytes exposed to atmosphere
(40% RH) (Fig. 4d). This measurement is different from that in
Fig. 3, where the systems reach equilibrium state. The contin-
uous evaporation at the hot side and condensation at the cold
side could introduce different impact to the conductivity of the
electrolytes. As shown in Fig. 4d, the conductivity of
IL-HEC(90k) barely changed from the hot to cold side. This
indicates that the water evaporation induced at the hot side,
which should reduce the ionic mobility, compensates the effect
of thermal activation of the ionic transport (seen in the sealed
samples). Meanwhile, the impact of water evaporation is ampli-
fied in IL-HEC(250k) since the conductivity decreases to
2 mS cm™! at the hot side compared to 3 mS cm ™" at 22 °C
uniform temperature. Also, the cold side, although fixed at
22 °C, displays a conductivity increases to 4 mS cm™*. This
could be associated with a condensation that enriches the cold
part of the film with absorbed water, thus resulting in a raise in
ionic mobility and conductivity. Note that the local surface
temperature on the film was likely underestimated, since it was
measured on the substrate instead of the electrolyte. The local
temperature on the surface of the electrolyte could be affected
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136
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Fig. 4 The conductivity of different electrolytes along temperature gradients. The conductivity of electrolytes (a) at uniform temperature and (c) along
temperature gradient across the sealed device. The conductivity of electrolytes (b) at uniform temperature and (d) along a temperature gradient across

the open device.
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by the endothermic interfacial evaporation or exothermic con-
densation at the hot and cold sides, respectively. The results in
Fig. 4d indicate that a larger water concentration gradient can
be formed in IL-HEC(250Kk) film than in IL-HEC(90k) when
exposed to a temperature gradient with open surface. It is only
possible if the rate of water evaporation/absorption of IL-
HEC(250k) is larger than that of IL-HEC(90k), which is consis-
tent with the finding in Fig. 3b.

2.5. Discussion of water interaction in the gel electrolytes

The faster kinetics of the vapor-liquid equilibrium in IL-
HEC(250k) compared to IL-HEC(90K) is surprising, since the
gels are mostly composed of ionic liquid (98 wt%). It suggests
that the water absorption kinetics between the vapor and liquid
phases is rapid, and that the slowest mechanism relates to the
dynamics of water interaction (adsorption/desorption) with
HEC in the ionic liquid medium. Hence, the state of water as
unbound (free liquid water molecules) or as water molecules
trapped/bond to HEC appears to be important, not only for the
thermodynamic equilibrium, but also for the kinetics of
the equilibrium. To reveal the amount of water and its state
in the IL-HEC electrolytes, we turned to FTIR spectroscopy of

a EMIM ES
2% 90K
2% 250K
3
0
Q
©
1700 1680 1660 1640 1620 1600

Wavenumber (cm™)

C EMIM ES
0.5% 250K
2% 250K
4% 250K
——7.5% 250K
——10% 250K

ab (a.u.)

3500 3400

3600
Wavenumber (cm™)

3700 3300

View Article Online

Journal of Materials Chemistry C

electrolytes with increasing amount of HEC 90k and 250k. The
stretching absorption of OH between 3600 cm™* and 3400 cm ™"
are from both HEC and water in the electrolytes, however, the
bending absorption at 1650 cm ' can be typically used as
characteristic peak for water. As shown in Fig. 5a, the intensity
of the OH bending peak in IL-2 wt% of HEC(250k) is higher
compared to that of IL-HEC(90k), which is almost the same as
for the IL without HEC. This proves that HEC with low DS has a
larger impact on water absorption due to the higher
hygroscopicity.”® The extra water content in IL-HEC(250k) is
most likely bonded with HEC, since it does not contribute to
the total water loss during heating as shown in Fig. 3. More-
over, the water content in the electrolytes increases with the
increasing amount of HECs, as shown in Fig. S2 (ESIt). This
agrees with the increasing intensity of the OH stretching peak
in Fig. 5b and c. However, we observed that the OH groups
experienced different interaction with increasing amount of
HEC 90 k and 250 k. The peak position of the OH stretching
absorption is sensitive to the formed hydrogen bonds, which
usually shift to lower frequency for strong H-bonds and towards
higher frequency for weak H-bonds.” As shown in Fig. 5b and c,
when no HEC was added into the IL, the OH stretching peak is
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——7.5% 90K
——10% 90k
——15% 90k

ab. (a.u.)
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Fig. 5 Characteristic adsorption from water and HEC in EMIM ES/HEC electrolytes. (a) The comparison of the OH bending from water in 2% of HEC 90k
and 250k electrolytes. (b) The OH stretching peak for different amounts of HEC 90k and (c) HEC250k. (d) The Seebeck coefficient of electrolytes with

increasing amount of HEC 90k and 250k at room humidity (RH = 40%).
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from the absorbed water in IL that mainly forms weak H-bonds
with the ions or other water molecules. After addition of HEC
with additional hydroxyl groups from both the main chain and
the side glycol chains of HEC, the H-bonds becomes compli-
cated. Fig. 5b shows that the strong H-bonds starts to increase
monotonically and becomes the dominant peak by adding HEC
90k. For electrolytes containing HEC 250k (Fig. 5c), weak
H-bonds still dominates for smaller percentage of HEC (below
2 wt%) and the strong H-bonds takes over after 4% of HEC.
Since the HEC 250k has a stronger capability to bond with
water than HEC 90k, the observed strong H-bonds in IL-
HEC(90k) are mostly likely from the interaction between the
OH groups of the HEC. This is reasonable when a large amount
of the OH from the anhydtroglucose has been substituted by
long and flexible glycols that easier form inter-molecular
H-bonds. For IL-HEC(250Kk), the weak H-bonds are mainly from
the interaction with water, since they have less amount of glycol
substitutions. Only when the amount of HEC 250k exceeds 4%,
the OH from the HEC starts to bond with each other instead of
water, which leads to the increase of low frequency absorption
in Fig. 5c. This can be confirmed by the increasing shoulder
above 3600 cm ™', which is assigned to unbonded water des-
orbed by the intermolecular HEC-HEC interchain interactions
releasing free water molecules. The observations in the FTIR
spectroscopy of different electrolytes are in agreement with the
water loss results in Fig. 3. Although there is clearly more water
content in the IL-HEC(250k) than in the IL-HEC(90k) and the
pure IL, the amount of water loss is still similar upon heating.
This is because the extra water in IL-HEC(250k) interacts with
HEC and does not easily evaporate away at elevated tempera-
ture. However, due to the larger amount of water content in IL-
HEC(250k), the water evaporation/absorption rate could be
promoted as shown in Fig. 3b.

We have previously studied the thermo-induced voltage with
respect to water content as a consequence of humidity (Fig. 2);
now we further investigate the correlation between the water
interaction with HEC and the apparent Seebeck coefficient by
adding more HEC. HEC 250k with DS = 1.2 carries more bound
water molecules than HEC 90k with DS = 2.5. When a small

__________________________________________________________

Fig. 6
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amount of HEC 250k was added into the ionic liquid at 40% RH,
the Seebeck coefficient increased fast, and saturated already at
2 wt% of HEC in the ionic liquid (Fig. 5¢). For the less hydrophilic
HEC 90k with little bound water, the apparent Seebeck coefficient at
40% RH remains constant and close to the pure IL (~5 mV K™%,
which is expected since HEC 90k does not bring much water into
the electrolyte. This also explains why the evolution of the apparent
Seebeck coefficient is similar for the IL-HEC(90k) compared to the
pure IL when the humidity level increases, as the absorbed water
does not interact with HEC 90k, but stays within the ionic liquid.
The case of HEC 250k is different, since it brings bounded water
into the electrolytes, which could likely accelerate the total water
evaporation and adsorption during heating and cooling. The hydro-
voltaic voltage upon measuring the apparent Seebeck coefficient is
thus enhanced for the HEC 250k in comparison to that of the HEC
90k. The apparent Seebeck coefficient for IL-HEC(250k) increases
rapidly with small amounts of HEC and stabilizes after 2% of HEC
due to the saturation of the HEC-water interaction.

We summarize the discovery with a hypothesis of the Gibbs
energy for the transfer of water from the ionic liquid to the
adsorbed or bounded state in HEC (Fig. 6). As illustrated in
Fig. 6a, the first step (i) is the absorption of water from the
atmosphere into the electrolytes, which is dominated by the
ionic liquid (98 wt%). Since the electrolytes are mostly
composed of IL, this step can be considered similar for IL-
HEC(90k) and IL-HEC(250k). The second step (ii) is the adsorp-
tion of water from the ionic liquid medium onto the HEC
chains via H-bonds. Here, the DS of HEC 90k and 250k plays an
important role since it is related to the possibility for forming
H-bonds, as the substitution of OH with glycol reduced the
ability to form H-bonds with water.?® This last step is tentatively
described by a Gibbs energy diagram (Fig. 6b) with reaction
coordinates corresponding to the absorption of water on the
HEC chains. The energy level of water absorbed on HEC 250k is
lower than on HEC 90k to translate the availability of more
hydroxyl groups to bound water by H-bonds. To explain the
fastest kinetic of evaporation and absorption found in
IL-HEC(250k), we plot a smaller activation energy of the absorp-
tion and desorption with HEC 250k compared to HEC 90k.

AG | i
: HEC 90k !
P i i
|/ HEC 250k !
I . H,0
i i hydrated
- “_with HEC
— hydrate— ! :
H,0 | «—dehydrate i
inlL\ toHEC i
! ! R

Illustration of the possible mechanism for hydration and dehydration in electrolytes with different HECs. (a) The two steps of water absorption

into the electrolytes containing HEC 90k (top) and HEC 250k (bottom). (b) The Gibbs energy of hydration/dehydration in IL with HEC 90k and 250k.
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2.6. Ionic thermoelectric supercapacitors

After investigating the apparent Seebeck coefficient in the ionic
liquid electrolytes with different HECs, we explored the heat to
electricity conversion using the ionic thermoelectric
supercapacitors’® by combining the IL-HEC electrolytes with
two types of electrodes. Large capacitance electrodes are
required to enable storage of enough charges when the super-
capacitor is charged by the voltage induced by the electrolyte.
Activated carbon nanoparticles and Au nanowires (AuNWs)
were chosen as large surface area electrodes (morphology of
the electrodes is shown in Fig. S3, ESIf). The ionic liquid
cellulosic gel is applied as a layer on the two electrodes in a
configuration that exposes the electrolyte film to the atmo-
sphere as depicted in Fig. 2a. The device is thus going to use the
full open circuit voltage including the ionic Seebeck effect and
the hydrovoltaic effect. From the thermovoltage versus tempera-
ture difference results shown in Fig. S4a and b (ESI}), the
apparent Seebeck coefficient of devices with AuNWs is
2.2 mV K for electrolytes contains HEC 90k and 2.6 mV K" for
the one with HEC 250k. The reduced Seebeck coefficient is due to
the additional temperature dependent interface effect®” on the non-
neutral surface of AuNWs. This interfacial potential effect in the
temperature gradient is even more pronounced with carbon electro-
des, for which the Seebeck coefficient shows a negative sign
(—=0.51 mv K ! for HEC 90k and —0.32 mV K * for HEC 250Kk,
Fig. S4c and S4d, ESIt). This strong interfacial effect is associated to
negatively charged carboxylic groups on the activated carbon sur-
face, which induces a Donnan potential at the electrode/electrolyte
interface, leading to a negative Seebeck coefficient under a tem-
perature gradient.>” Although the thermodiffusion of the ions is not
affect by the electrode materials, the overall thermovoltage of the
device can be dominated by the electrode’s potential. Hence, the
temperature dependent coefficient (o) in the energy harvesting
device includes several mechanisms, which in first approximation
can be presented as:

View Article Online
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The stored energy E is given by:

E— %C(ocDAT)z 3)

Importantly, as the water concentration gradient enhanced
thermovoltage is higher in electrolytes containing HEC 250k
than for HEC 90k, the value of the thermovoltage is larger for
HEC 250k when the sign is positive (AuNWs), and larger for
HEC 90k when the sign is negative (carbon).

Fig. 7a and b display the generated thermal induced elec-
trical current of the optimized devices with different electrodes
over a load resistance (currents from all four combinations are
shown in Fig. S5, ESIt). Since the load resistance is connected
in the circuit all the time, the magnitude of the measured
current depends on the thermal-induced potential between the
two electrode and the capacitance of the electrodes. Although
the thermovoltage for the supercapacitors is higher with
AuNWs than with carbon, the capacitance is much larger for
the carbon electrodes. As shown in Fig. Séa (ESIf), the area
capacitance for the carbon electrode is around 80 mF cm 2,
while the value for AUNW electrode is only 0.2 mF cm 2. Hence,
the transferred charge during the charge and discharge pro-
cesses (the integration of measured current) is obviously much
large for carbon devices compare to Au NWs devices (Fig. S7b,
ESIT). The stored energy can be calculated by multiplying
the transferred charge and the open circuit thermovoltage.
As shown in Fig. 6c, the stored energy in all devices increases
quadratically with AT, in accordance with eqn (3). The highest
energy is for the device composed of carbon electrodes and
HEC 90k because of the large capacitance and relatively high
Seebeck coefficient. It is important to notice that devices with
carbon electrodes have negligible leaking current, presented
by the similar amount of charge transfer from the charge and
discharge processes (Fig. S6b, ESIt). Despite the small thermal
voltage in this demonstration device, the symmetric output
current upon intermittent heating could be used to charge

op = S; + AVhydro /AT + AVinertacial /AT ) large capacitor as an AC power supplier (as demonstrated
Q 20[ carbon b 20[Aunws C 1800[ o ook HEC/AU NWS
1L/2% HEC 90k 15| IL/2% HEC 250k B 250k HEC/Au NWs
3 < 1600 - & 90k HEC/carbon
K 10 K10 1400 [L & 250K HEC/carbon
5 L-HEC film
1200 [
0 [ <
. £ 1000 | M- =
002 2 so0l o
Ch < w
Eo0 £ 600 |-
< < 00 400 |- .
~- = 200 o -
-0.02
ofe @ 8 8 ®
) ) 1 ) L ) 1 ) '
0 100 200 300 400 0 100 200 300 400 0o 2 4 6 8 10 12 1a
Time (min) Time (min) AT (K)

Fig. 7 The demonstration of thermal energy conversion using IL-HEC composite electrolytes. (a) The generated current through a load resistance of 1000 Q
during temperature cycling from an ionic thermoelectric devices composed of IL-HEC(90k) electrolyte and carbon electrodes. (b) The generated current through a
load resistance of 1000 Q during temperature cycling from an ionic thermoelectric devices composed of IL-HEC(250k) and AUNW electrodes. (c) The stored energy
density from the devices during the charge and discharge processes at different temperature differences (Rioag = 1000 Q).
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in Fig. S7, ESIf). The output voltage of the device can be
enhanced by changing the parallel connected capacitors to
series connection configuration.

3. Conclusions

The Seebeck coefficient of polymeric electrolytes based on ionic
liquid and hydroxyl cellulose was systematically investigated in
this work. We found out that small amounts of adsorbed water
from ambient atmosphere plays an important role for the
thermoelectric performance of even non-aqueous electrolytes.
We found out that the water vapor-liquid equilibrium is crucial
when measuring the ionic Seebeck coefficient and that encap-
sulation is required. Without encapsulation, an extra hydro-
voltaic voltage is generated and it can be considered as a new
strategy to store more electricity in the ionic thermoelectric
supercapacitors. Our work proposes a reasonable mechanism
for the extraordinary ionic thermoelectric effect in complex
polymeric electrolyte films, underlining that other effects than
the ionic Seebeck effect can come into play during the measure-
ments. For practical application of ionic thermoelectric devices,
manufacturing is of great importance. Our strategy of making
gels of very different viscosity with various HECs enables the
adaptation of inks for the use in various printing technologies
for the fabrication of ionic thermopiles or ionic thermoelectric
supercapacitors.

4. Experimental section
4.1.

All the chemicals (hydroxyl cellulose and 1-ethyl-3-
methylimidazolium ethyl sulfate) were purchased from Sigma
Aldrich. Glass wafers were ultrasonicated in soap water fol-
lowed by deionized (DI) water for 5 min each. They were rinsed
with DI water, acetone and isopropanol and dried by blowing
N, stream, then baked at 130 °C in oven for 30 min. Plastic
shadow masks were used to evaporated 5 nm Cr and 30 nm Au
electrodes on the clean glass. Active carbon layer were applied
onto the prepared Au electrodes via a brush, and dried in oven
at 60 °C for 30 minutes. The thickness of the active carbon layer
is around 80 pum.

To prepare the polymeric electrolytes, 1-ethyl-3-methyl-
imidazolium ethyl sulfate ([EMIM]ES]) was mixed with certain
amounts of hydroxyethyl cellulose, the mixtures were heated to
110 °C on a hotplate until becoming uniform. The electrolyte with
a thickness of about 200 pm was applied onto the electrodes via a
brush on the electrodes.

Device fabrication

4.2. Characterization

The impedance measurements were carried out using an
impedance spectrometer (Alpha high-resolution dielectric ana-
lyzer, Novocontrol Technologies GmbH, Hundsangen, Ger-
many). An AC voltage of 10 mV was applied while sweeping
the frequency.
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The thermoelectric measurements were performed in a
home-built setup. The temperature was controlled by two
Peltier elements via a Labview program, and the temperature
difference between two electrodes was monitored using a
thermocouple simultaneously. The open-circuit voltage gener-
ated by the devices was measured using a Keithley 2182A
nanovoltmeter set to auto-range. The temperature cycles were
applied through a Labview program. Open-circuit voltage mea-
surements throughout this work were done under cleanroom
humidity of 38% to 40% unless otherwise stated. To study the
effect of humidity on the response of the devices, the humidity
inside a chamber was controlled to by purging of N, and
water vapor.
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