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Qwed
Thermodynamics of the electric double layer (EDL@ reccived renewed interest for their
potential application in low-grade waste heat harvesting m_? reversible heating/cooling in
supercapacitors. We apply a size-modified n fteld theory to analytically capture the

\
influence on the pseudo-Seebeck coef] 1cie$\:8¢)o/87)g of different factors, including the

~
electrode potential o, asymmetry io{es and ion concentration, under a fixed electrode

surface charge . The pseudo-S Mefﬁciem is predicted to scale as @o/T at low electrode

potentials, but it reaches Jimiting values when the electrode potential exceeds crossover values
due to the steric effeét. The qualitative behavior changes substantially, however, when the

temperature dep W e permittivity is taken into account. The pseudo-Seebeck

1 predicted to scale linearly with @ even at high electrode potentials,

£
ver predicting the experimental values. This suggests a strong influence of

coefficient

phenomgna nbt captured in the mean field theory, such as deviation of local effective
—

p ittivyy from the bulk value, thermally facilitated adsorption or desorption of ions on

%t‘r@de surfaces and weakening of ionic associations with temperature.
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PulBshimEermodynamics of the electric double layer (EDL) formed at the interface between a solid
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electrode and an electrolyte has received renewed interest for its relevance to low-grade waste
heat harvesting using thermos-capacitive cycles' and reversible heating/cooling in
supercapacitors>>. A key parameter in characterizing these processes ?/Lhe pseudo-Seebeck
coefficient S'= 0¢po/0T)s, which is analogous to the Seebeck coefti 'en@[—lere, is the
temperature, @o the electrode potential, and o the electrode surfaw The basic picture is
that EDL systems at higher temperatures require higher eleﬁ ?p'o'eentials to balance a larger

driving force from thermal energy that causes broader di ibuti@*is of counter ions.

Previous studies reported analytic expressi rgfor‘ia surface potential as a function of
the temperature under the mean field theoryf%&wne ic ions. Janssen et al.* noted that the
pre-factor A7 in the expression for go pro 'Medominant temperature dependence,
suggesting nearly temperature-inqu: n‘\T his, however, is an incomplete picture. The

pseudo-Seebeck coefficient S i@o the temperature and, as we shall show, the quasi-

linearly temperature-dependence of goweported in the previous study, in fact, reflects dominant

influence of the tempe tmgd\%ﬂence of permittivity rather than the intrinsic thermodynamics
£
4

of EDL. (/

esent work, we use a size-modified mean field theory (SMFT) that extends the

KorynshéveKilic-Bazant-Ajdari mean field theory on a 1D flat surface’ to further examine the

influence on %0 the electrode potential, asymmetry in ion sizes, ion concentration and

-

44  t perausre-dependent permittivity. Although their deficiencies are well-known®, we employ

45

46

‘Ehe)m\e\an field theory in the hope of capturing analytically at least some qualitative features of

theypseudo-Seebeck coefficient across a wide range of applied electrode potentials. This then
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Pulalishiegbles us to make some useful, albeit preliminary, assessments on the relative importance of

48  different phenomena occurring at the electrode-electrolyte interfaces.

49 We first describe derivation of the analytic expressions for S. Past studies™’ used the
50 lattice gas model to write the Helmholtz free energy in terms of the mé‘b\ofcations, anions,
51 and available lattice sites and obtained potential-dependent ion co rDations in terms of

52  modified Boltzmann distributions. These ionic concentratio wsre n used to express the

53  charge density distribution p: -~

S |

)
fex u)+n]€
) (1)

e

55  Here, u is the dimensionless potential (= is the packing parameter (= 2No/N); ¢ is the

2 exp(—u)— exp(u)[
>4 psmrr(u) = ( o

56  volume ratio between the anion and cat m ig the porosity (= 2/y — 1 - ¢); N is the total number

by cations; No is the number of ions in the bulk; and

58  co is the ion concentration in the bu

57 of available lattice sites that ca@@

59 We note that in t l1m1 Xh positive electrode potentials, Eq. (1) approaches
2€C0
60 ™ (2)

61  In the limit of }ug egative electrode potentials, Eq. (1) approaches

ﬂ
62 p — =2 3)
_\ 14

63 %m of this asymmetric behavior on S will be discussed later. The corresponding
64 ression for the charge density distribution under the Gouy-Chapman theory is
65 Pcc(w) = —2ec,y sinh(u) = —ecylexp(u) — exp(—u)] 4)
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PulBHshing
67 Equation (1) was substituted into the Poisson equation, which was solved to yield the
68  expression for the electrode surface charge o as a function of the dimensionless electrode
69  potential uo: /\
( 1
8
70 o(ug)syrr = sgn(u,) ecolLp \/: In lexp(—uo) + (& + {% R ]fl +In (Z) (5)
14 &+ 2
—~
_—
71 Note that ¢ represents the electric potential, which Varie%fy across the EDL, whereas ¢o
72 represents the electric potential at the electrode. Th@rressonding expression under the Gouy-
. -
73 Chapman theory is ‘\\
74 o (ug)gc = 4&?@ (%) (6)
\ S
75  The pre-factor in Eq. (5) is someti efered to as the crossover surface charge density o
N,
76 \0- = COLD \/; (7)
77 ¢ can be interprete thé surface charge density where the electrode potential becomes
78  sufficiently lar %W the ion concentration reaches the steric limit, causing the GC theory
79  to deviate ffomthé¢ SMFT theory. The Debye length Lp is defined as
£
80 B 4 Ly, = |2kt 8
S D=\ 2e2¢, (®)
ﬁ
81 &éuation (5) gives o as a function of uo (= epo/ksT). That is, the expression for a(po,T)
82 ifen above only implicitly relates po and 7. We obtain the derivative 0po/0T)s using the basic
83  relation from the multi-variable calculus:
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The partial derivative 6%7) may be recognized as the differential capacitance Ca. By taking
o/ T

f\

the respective derivatives of Eq. (5) required for Eq. (9) and perfo iu.%éﬁ.&wtedious algebraic

manipulations, we obtain one of the key equations of the presen%

) =% kn (g4 12 I ‘)‘“\ (10)

oT )O',SMFT T e dT Q
Here B and D are defined as ‘ -

s
B = exp(—w) + (¢ +m“F ' an

A\
D = exp(—u) —&Q).L%Fl (12)

The corresponding expression unde Gouy-Chapman theory is

%51 +§Z—;) tanh (f{%;) (13)

some repr n{atiy values of the relevant parameters. The first terms on the right hand sides of
-
Egs. (MB are dominant under low electrode potentials. This can be understood as
f‘l:%gn the absence of a steric limit on ion concentrations, maintaining the charge
?@T}I&Jﬁon p 1s in essence equivalent to keeping the exponent u in the Boltzmann distributions

constant (Eq. (4)):
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Puflishing 2(%)=0 - s=2=2 (14)
102  This relation is approximate because the Debye length (and hence the spatial extent of the charge
103  density profile) itself is also a function of temperature. Nonetheless, for low electrode potentials,
104  §=0¢o/0T)s may be approximated by ¢o/7T under both the GC and S \ﬂe{y.
105 High potential limits of S under the GC theory, however, different from those
106  under the SMFT theory. Under the GC theory, S can still w —me&imated by ¢o/T. In
107  contrast, under the SMFT theory, S reaches limiting Val%h negative or positive)
108  potentials. This can be understood as follows. Bec@: the charge density is limited by the
109  steric effects, an increase in temperature does fiot affcet the charge density distribution near the
110  electrode surface where the magnitude o heé\&{ric potential is larger than crossover values
111 [In(2/&y) (ksT/e) for positive potentials n%ﬂy) (ksT/e) for negative potentials]. An increase
112 in temperature then would only affeng\ rge density distribution away from the electrode
113 surface where the magnitude of t \1?cﬁ:ic potential is lower. As a result, there is no longer
114  commensurate changes iQ
115 In the limié,()f ,Z: pgsitive electrode potentials and 77 >> £, Eq. (5) can be approximated
116 by ignoring t tayﬁky(\-uo). The electrode potential can then be expressed as an explicit
117  function the/el ode surface charge:

NV 1

118 &5 9o =~ (%) ksTn "y(j)f + (15)

U

wx
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PuhBshingthis limit, the electrode potential is a linear function of 7. Its derivative S becomes
120  independent of both the electrode potential and the temperature. It depends only on the ion size

121  ratio ¢ and the packing factor y:

: /
¢ kg |nrE/m? \9\
122 ~ — In 1
aT) 0,SMFT, —+c0 e [ 2 ] ) (

123 Using a similar procedure, we can also find S in the limit of r'g‘?kcg@l&ve potentials:
T~

—
dpo

124 )
0T /6, SMFT,po »—o0

(17

~
~

kg 4

? In E

125 These different limiting behaviors under th\%@ and negative electrode potentials for
cted fi

126  electrolytes containing asymmetric ions are é’&g\{
127 (3). When anions are smaller than catii\ms an example, the maximum allowed density

128  of anions (at the positive electrode%\e that of cations (at the negative electrode). The GC

m the difference between Egs. (2) and

129  theory and its predicted linear ce'of S on o therefore holds to higher values of ¢o at the

130  positive electrode interfac n at the negative electrode interface. The limiting value of S for
131 large positive potentials \&Q refore be larger than that for large negative potentials.

y.
4

132 Figure 2 cNt\he imiting values of S for large positive electrode potential (Eq. (16)) as
133 afunction o )cking parameter y (i.e. bulk electrolyte ion concentration) for two different

134  values of C<BY al}awing anions to achieve higher sterically-limited concentrations, the smaller
-

135  value of & leags to larger values of Siimit. For both cases, Siimit decreases with increasing packing
—

136 p amete‘s y and hence increasing bulk ion concentration.

\J

138  the permittivity of a solvent, notably water, is itself a function of temperature. Note that our

137 So far, our discussion assumed that the permittivity is independent of temperature. In reality,
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Pulsbshidgivation for S, as expressed in Eq. (10), does account for this temperature-dependence of
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159

permittivity albeit under the mean field approximation of position-independent permittivity.

The term (77¢) (de/dT) in Eq. (10) can have a magnitude of the order of 1 in some
solvents (e.g., approximately -1.35 for pure water at room temperaturé{ah% temperature
dependence of the permittivity may completely dominate the gener: vaior of S. In this case,

Eq. (10) may be approximated in the limit of high electrode ot‘eStia S:
T~

—
200) (e L (&
0T /6, SMFT,|@q| —»co edr/) T 85

(18)

That is, the predicted S continues to increase app imat;iy)linearly with go even at high
m

electrode potentials for non-zero de/dT. In faet, t nitudes of S predicted may significantly

exceed the limiting values calculated from&&j\ﬁﬁvr Eq. (17) as illustrated in Figure 3.
| I~ |
For typical temperature ranges, of practical interest, € of common solvents varies nearly

linearly with temperature and de be assumed constant. Equation (18) then predicts S to

be nearly independent of fempegature, consistent with the quasi-linear temperature dependence of

@o predicted in the p ViOPS S *. We would like to emphasize again that this result reflects the
dominant inﬂuenl,{ the temperature-dependent permittivity rather than the intrinsic

thermodynanii QEDL captured in the MFT theory.

enfal values of S reported in the literature from commercial supercapacitors were
approx atel)O.S mV/K at a starting electrode potential of 2.5 V!. This is comparable to the

limiting %lues of 0.1 ~ 0.4 mV/K predicted from Eq. (16) but much smaller than values of the

her*of 10 mV/K predicted from Eq. (18) (y =0.1~0.5; £=0.1 ~ 1; £ = 50; de/dT= 0.2 K™").
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Pulsishing  The electric double layer (EDL) structure is often complicated by multiple factors, such
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as various conformations of ions, ionic correlations, specific adsorption and electrode
morphology. The large discrepancy between the experimentally measured values of S and the
prediction from Eq. (10) or Eq. (19) may be explained by one or more @f these factors. In fact,
some of these factors were suggested as causing the increase in ca ci%‘lce ith increasing
temperature despite decreasing solvent permittivity. Such anomh&;o\bs ved experimentally but
not captured by the current SMFT theory, may also be resp‘(')\n 'lﬁmhe diminished magnitude
of §. Recall that the differential capacitance is in the de inatyr of the expression for S in Eq.
(9). Another possibility is that local permittivity is gmﬂuerr@d strongly by large local electric

-

fields®, which then greatly suppresses the temdsatu% pendence of the effective permittivity in

the EDL. \

~

Ne)

As we alluded to, previous studi \? reported that the differential capacitance of EDL
capacitors may increase with t p&,\in direct contrast to the prediction of traditional
models. Some past studies ofth«ted this positive temperature dependence to the
weakening of ionic as @ncreased temperatures, which leads to more effective
screening of the ?é’ctrélé{o;éntial. Another study'! argued instead that decrease in electrolyte
viscosity withdn %emperature promotes adsorption of counter ions in electrode pores and
is thus re ony'ble r the increase in capacitance. Still other studies, focused on ionic liquids'?,
considered co et/ition between two phenomena: 1) overall thickening of the EDL with

| )

increasin rmal energy and 2) weakening of specific adsorption of co-ions on an electrode.

N
.

seteening of the electrode than otherwise expected. One may then postulate that the reduced

would enable relatively higher packing of counter-ions and thereby more effective
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Puigbishisyg ific adsorption of co-ions at an increased temperature counteracts a reduction in capacitance

183  accompanying the decrease in permittivity.

13,14 of thermodiffusion in

184 Related to this discussion are experimental observations
185  aqueous suspensions of nano- and micro-scale solid particles. When zef@d using existing
186 theoretical models of the thermodiffusion coefficient, the experim aaata suggested that

187  (T/e)(de/dT) vary substantially with temperature, changing si ns?n aching values as high as

. . H .

188  +2.44 for aqueous suspensions of polymer particles at rqém<+emperature.'* This value marks a
189  stark departure from the negative value of -1.4 for b@ water, commonly used in previous
190  studies."* When averaged over certain temperatu w1nd&;v1, the positive contribution of

191  (T/e)(de/dT) from one temperature region may, thén cancel out the negative contribution from

192  another temperature region. ﬁ\
\

193 The current SMFT theory a\oe ot capture the formation of ordered structures in

194  electrolytes at the electrode inte%s\egciugh as a multilayer structure described by exponentially
195  decaying sinusoidal oscillationsun ion densities perpendicular to the interface, and associated

196  over-screening effec@!{k\pe Debye length, the period and magnitude of these oscillations
197  were predicted t(i{és@ {h increasing temperature in molecular dynamic simulation of

198  EDLs of a molten galt'>. At high electrode potentials, however, a previous study using a Landau-
199  Ginzburg- { coytinuum theory of solvent-free ionic liquids'® reported that over-screening from

=
200 short-(%grrelations is suppressed in favor of steric constraint-induced crowding of counter

—
201 i!@qhe electrode.

202 w ““In summary, we apply a size-modified mean field theory to analytically capture the

203  influence of different factors on the pseudo-Seebeck coefficient S = 0po/0T)s. We derive

10
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Puolishig ytic expressions of S and show that it scales as @o/T at low electrode potentials but reaches

205

206

207

208

209

210

211

212

limiting values when the electrode potential exceeds crossover values due to the steric effect.
The temperature dependence of the permittivity, however, can significantly modify this behavior.
For appreciable values of de/dT, the parameter S is predicted to scale lificarly with o even at

high electrode potentials, significantly over-predicting the experi t‘zbvalues. Our work

motivates further experimental and theoretical studies to elucj e\ﬂf ts of phenomena
ec

hitherto not captured under the SMFT theory on the pseudo-S¢ ck Coefficient.

\\ <

X\

AN h
/&

A &/

N

11


http://dx.doi.org/10.1063/1.5003362

| This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

AllP

Puhkshing
214

215

216 AR0000532.
217

218

12

Acknowledgment

The article is based in part on work performed with support from DOE ARPA-E under grant DE-


http://dx.doi.org/10.1063/1.5003362

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

Puhlshing References
220
221 ' A. Hirtel, M. Janssen, D. Weingarth, V. Presser, and R. van Roij, Energy Environ. Sci. 8, 2396
222 (2015).
223 2. Schiffer, D. Linzen, and D.U. Sauer, J. Power Sources 160, 765 (2006).
224 3 M. Janssen and R. van Roij, Phys. Rev. Lett. 118, 096001 (2017).
225  *M. Janssen, A. Hirtel, and R. van Roij, Phys. Rev. Lett. 113, 268501 (2014).
226  °Y.Han, S. Huang, and T. Yan, J. Phys. Condens. Matter 26, 28410342014).
227 $M.S. Kilic, M.Z. Bazant, and A. Ajdari, Phys. Rev. E 75, 0 ISM
228 7 V.B. Chu, Y. Bai, J. Lipfert, D. Herschlag, and S. Doniac B‘i&hys. 93, 3202 (2007).
229  %J.0. Bockris, M.A.V. Devanathan, and K. Miiller, Proc. R_\ “Lond. A 274, 55 (1963).
230’ V. Lockett, R. Sedev, J. Ralston, M. Horne, and T. Rodopoulos, ¥ Phys. Chem. C 112, 7486
231 (2008). §
232 'S A. Kislenko, R.H. Amirov, and 1.S. Samoylov, %s. Chem. Chem. Phys. 12, 11245 (2010).
233 "' M. Taniguchi, D. Tashima, and M. Otsubo, in 200%Annu} Rep. - Conf. Electr. Insul. Dielectr.
234 Phenom. (2007), pp. 396-399. ! -
235  '2X.Liu, Y. Han, and T. Yan, Chem. Phys. % 503 (2014).
236 '*S.A. Putnam, D.G. Cahill, and G.C.L. WongyLanguiuir 23, 9221 (2007).
237 L. Lin, X. Peng, Z. Mao, X. Wei, C. Xi Zheng, Lab. Chip 17, 3061 (2017).
238 '3 J. Vatamanu, O. Borodin, and G.D. 8mith, Rhys. Chem. Chem. Phys. 12, 170 (2009).
239  '®M.Z. Bazant, B.D. Storey, and A A. Ms@e , Phys. Rev. Lett. 106, 046102 (2011).
240 \\
241 \\

N
&

)
U

wx

13


http://dx.doi.org/10.1063/1.5003362

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

Pulatishing List of Figures
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Figure 1 (color online) The predicted pseudo-Seebeck coefficient S as a function of the (initial)
electrode potential. The solid line corresponds to the prediction from the GC theory and the

dashed and dash-dot lines from the SMFT theory for two different Valté%

N

Figure 2 (color online): The limiting (or saturation) values o Qr-lalge positive electrode

—
potentials as a function of packing parameter y. The sol@ls correspond to predictions

from the full equation (Eq. (10)) and the hollow s r(@s ﬁjm the approximate expression (Eq.

(16)). Two sets of results for two different Vaw r%'éhown.

\

Figure 3 (color online): The predit%&k; of'S under the SMFT theory (Eq. (10)) for different

values of de/dT, illustrating the{d@g influence of the temperature dependence of the

permittivity. Q
2

A
N

14
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