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A B S T R A C T

We report Peltier heats and reaction entropy of cells with lithium metal- and near fully lithiated lithium iron
phosphate (LFP) electrodes. The Peltier heats were measured through the Seebeck coefficient of thermogalvanic
cells. The value obtained for the Peltier heat of Li-metal, −32 ± 3 kJ/mol at 298 K, supports previously reported
values. When close to being fully lithiated, LFP goes through a phase transition from a two-phase mixture to
a solid solution. The value of Peltier heats obtained for LFP vary from −15 ± 1 to −72 ± 9 kJ/mol. The
variation is explained by large entropy changes of lithium iron phosphate, near the phase transition. The cell
entropy difference of lithium iron phosphate against lithium metal varied from −64 ± 3 to +50 ± 20 J/K mol.
The negative Peltier heats means that the electrodes generates heat when acting as an anode, which leads to a
temperature rise in the electrode compartment, and absorbs heat when acting as a cathode. The local reversible
heat effect is equal to or larger in magnitude than the net reversible heat effect. The time-dependence of the
Seebeck coefficient, the Soret effect, was found to differ between the cells with planar Li-metal electrodes to
porous LFP.
1. Introduction

Lithium ion batteries have become one of the key energy storage
technologies for the transition towards renewable energy sources. The
performance and degradation of lithium-ion batteries has been linked
to thermal effects [1]. To understand ageing processes and improve
thermal management, we need to know possible thermal profiles at a
cell level. For this we need detailed knowledge of thermal properties
and local sources and sinks of heat in the cell.

Heat generation in batteries consists of irreversible- and reversible
heat effects. Irreversible heat is generated due to internal losses in the
battery, and leads to a temperature rise independent of the direction
of the current, while the reversible heat effect changes sign upon on a
change of the direction of the current [2]. This can lead to a net cooling
effect in the battery [3].

Reversible heat effects are usually studied through the reaction
entropy of the cell, measured through the temperature dependence of
the cell’s emf (potentiometric method), often using lithium metal as
a reference electrode [4]. The reaction entropy gives information of
the net reversible heat generated in the battery. Recently, the single
electrode reversible heat effect has received more attention [5–8].
During the (reversible) electrode reaction, heat is produced or absorbed
at the electrode surface [9,10]. This reversible heat effect is the Peltier
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heat [11]. The Peltier heat may cause the electrode to either cool or
heat, depending on the direction of the current.

The Peltier heat of an electrode–electrolyte surface is defined as the
reversible heat needed to keep the temperature constant when one fara-
day of positive charges passes from the electrode to the electrolyte [11].
The Peltier heats of the electrodes in a battery can be subtracted
from left to right under isothermal conditions and sufficiently similar
electrolyte conditions, to give the reaction entropy change of the cell
times the cell temperature [12,13]:

𝑇𝛥𝑆 = 𝛱𝑎 −𝛱𝑐 (1)

This is an entropy balance of the electrode surfaces under reversible
conditions. Here 𝑇 is the cell temperature, 𝛥𝑆 is the cell entropy
change due to the electrode reactions, and 𝛱𝑎 and 𝛱𝑐 refer to the
anode and cathode Peltier heats respectively, as measured from the
Seebeck coefficient [14] (see below). They have also been referred
to as single electrode entropies [5] and single electrode temperature
coefficients [6].

Eq. (1) has been used to calculate the Peltier heat of individual
electrodes from reaction entropies [6,14–16]. Behind Eq. (1) there is
an assumption of isothermal conditions and constant composition and
a current density 𝑗 ≈ 0. The surroundings of the electrolyte adjacent
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to the two electrode surfaces must be the same. To the best of our
knowledge, the validity of the assumptions behind Eq. (1) has not been
discussed for LIB electrodes. We will return to this in Section 2.3.

The electrolyte contributes to the local heat effects at the surface, by
adding terms on one side and subtracting on the other. However, the
two contributions cancel in Eq. (1). The single electrode Peltier heat
has contributions from the electrolyte. Therefore, in order to consider
local electrolyte contributions in thermal models, we need the single
electrode Peltier heats of the battery.

Lithium iron phosphate is one of the electrode materials commonly
used in commercial batteries [17]. It has low cost [18] and low environ-
mental impact [19]. Lithium metal electrodes are much used in battery
research, and measurement of reversible heat generation is often done
with a lithium metal anode [1]. In this work we take a closer look at the
single electrode Peltier heats and reaction entropies of the Li ∥ LiFePO4
cell.

1.1. State of the art

1.1.1. Cell entropy of Li ∥ LiFePO4
The reaction entropy change in Eq. (1) is related to the temperature

dependence of the cell’s emf:

𝛥𝑆 = 𝑛𝐹
𝜕 (𝛥𝜙)𝑗=0

𝜕𝑇
(2)

where 𝛥𝜙𝑗=0 is the emf of the cell.
Few reaction entropies have been reported for the cell Li

Li1−𝑥FePO4 [3,6,15,20], and fewer still with detailed entropy data
or 𝑥 → 0 and 𝑥 → 1. The data available suggests that Li ∥ Li1−𝑥FePO4

has small entropy changes with small variations of ± 10 J/K mol [3,4],
except when the compound is close to fully lithiated or de-lithiated.
LFP goes through a phase transition to a single-phase solid solution
when 𝑥 → 0 or 𝑥 → 1 [21]. The solid solution is promoted at elevated
temperatures — the transition is an entropy driven process [22], which
depends on the particle size of LFP [23]. The stable reaction entropy for
intermediate lithiated states is explained by LFP existing as a two-phase
mix at intermediate lithiated states.

Yamada and co-workers measured the heat flow of a Li ∥ Li1−𝑥FePO4
cell under a C/20 discharge [21], and saw a large variation in the
heat flow near full lithiation of LFP, and a stable heat flow in the
intermediate regions. From their data we can estimate a change in
𝛥𝑆 from roughly −30 J/K mol to 35 J/K mol to roughly 15 J/K
mol between lithiated states of 𝑥 ≈ 0 and 𝑥 ≈ 0.11. We note that
measurements of heat flow in a cell will have a contribution from
irreversible heat evolution, even at low currents.

1.1.2. Peltier heats of Li and LiFePO4
Peltier heats can be measured directly [24], but are usually found

through the Seebeck coefficient of a thermogalvanic cell [25]. The
Peltier and Seebeck effects are reciprocal effects, related through the
Onsager relations [11]. Each Peltier heat in Eq. (1) can be computed
from Seebeck coefficients of thermogalvanic cells with two identi-
cal electrodes, of materials a or c, respectively, in the absence of
composition gradients:

[𝛱]𝑑𝑇=0,𝑑𝜇𝑇 =0 ∕𝑇 = −
(

𝛥𝜙
𝛥𝑇

)

𝑗=0,𝑑𝜇𝑇 =0
(3)

Here 𝑇 is the mean temperature of the thermogalvanic cell and 𝜇𝑇
is the chemical potential evaluated at temperature 𝑇 . The subscript
𝑑𝜇𝑇 = 0 refers to uniform electrolyte composition at this temperature.
The Peltier heat measured through the Seebeck coefficient refers to
that of an anode reaction. The Peltier heat has the same value, but
opposite sign (−𝛱) when acting as a cathode. This is why 𝛱𝑐 is
subtracted in Eq. (1); the value of 𝛱𝑐 refers to the measured value from
the Seebeck coefficients, which corresponds to the anodic electrode
reaction.
2

Seebeck coefficients are measured through the response in the emf
of a thermogalvanic cell when a temperature difference is applied
across the electrolyte. Due to coupling of mass- and heat transfer, a
phenomena known as the Soret effect, concentration gradients will de-
velop in the electrolyte during the experiment. Concentration gradients
will contribute to the emf of the thermogalvanic cell. The right-hand
side of Eq. (3) corresponds to the Seebeck coefficient prior to the estab-
lishment of concentration gradients. At 𝑡 = 0, 𝜂0 = (𝛥𝜙∕𝛥𝑇 )𝑗=0,𝑑𝜇𝑇 =0. At
stationary state a balance is reached between the chemical- and thermal
forces, and we define 𝜂∞ = (𝛥𝜙∕𝛥𝑇 )𝑗=0,𝑡=∞.

The first Seebeck coefficient of LIB thermogalvanic cells were, to
the best of our knowledge, reported by Kuzminskii et al. in 1993 [26].
Several groups have reported 𝜂0 more recently [5,16,25,27,28]. The
Seebeck coefficient has been referred to as a ‘‘temperature coeffi-
cient’’ of single electrode potentials [6,7,15]. We refer to [6,14,29] for
overviews of Peltier heat measurements for LIBs.

The Seebeck coefficient of lithium-metal thermogalvanic cells are
of special interest, since many 𝛥𝑆 are reported with Li-metal as an
anode. This allows us to compute the Peltier heat of the Li-metal
electrode surface. From there we can use Eq. (1) and 𝛥𝑆 measurements
to compute the Peltier heat of other electrodes. Seebeck coefficients of
Li-metal thermogalvanic cells have been reported by several groups [7,
15,16,27,28]; there seems to be a consensus for a value of around
1 mV/K, depending on the electrolyte. This corresponds to a Peltier
heat of around −30 kJ/mol for the Li-metal surface. To the best of our
knowledge, no group has reported the Soret effect in these experiments.

We know of only two reports for lithium iron phosphate (LFP).
Our group found a remarkably high Seebeck coefficient of 3.7 ± 0.8
mV/K at stationary state, with an initial value of 1.3 ± 0.4 mV/K. The
electrolyte was 1 M LiPF6 in 1:1 w% ethylene carbonate (EC): diethyl
carbonate (DEC) and the cell was assembled as a pouch. Swiderska
et al. reported a value of 0.86 mV/K [6] in a LFP thermogalvanic cell
with a 1 M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)
electrolyte. Due to the experimental set-up, with electrodes far apart
and a vertical electrode arrangement, we suspect that the value is the
Seebeck coefficient of the electrolyte at uniform composition.

While both measurements were performed close to full lithiation,
our measured Seebeck coefficient at initial times (1.3 mV/K) were
roughly 50% larger than that reported by Swiderska et al. (0.86 mV/K).
As already mentioned, LFP near full lithiation is known to go through a
phase transition. Large reaction entropy variations caused by the phase
transition give us reason to suspect that also the Peltier heat of LFP may
also vary significantly.

1.2. The objective

The objective of this work is to report Seebeck coefficients/Peltier
heats of Li-metal and commercial LiFePO4 (LFP) thermogalvanic cells
at initial and stationary state, and the reaction entropy differences of
the Li ∥ LFP battery when LFP is close to fully lithiated. These data are
needed for modelling purposes [30]. We shall see that the values for
the Li-metal thermogalvanic cell support previous reports. In addition
we shall see that the values of LFP vary significantly, closely mirrored
by large variations in the reaction entropy of Li ∥ LFP.

In this article, we report new data, while we at the same time
take a closer look into the conditions behind Eq. (1). We suspect that
deviations from Eq. (1) may occur, when one or both electrodes are
porous. In that case, we can no longer expect that transport properties
of the electrolyte in the electrode compartment are the same as for
the bulk. A consistency check of Eq. (1) can be performed, when both
single Peltier heats as well as the cell entropy changes are measured.
The results will have impact on how single electrode reversible heat
effects are measured and reported or modelled.
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Fig. 1. Schematic of cells studied. (a) non-isothermal symmetric Li-cell (thermogalvanic cell), (b) non-isothermal symmetric LFP-cell (thermogalvanic cell), and (c) isothermal Li
∥ LFP cell.
2. Theory

2.1. Cell descriptions and electrode reactions

An isothermal Li ∥ LFP cell is used in this work to measure the
reaction entropy (see Fig. 1(c)). It consists of a Li-metal negative
electrode with a copper lead, a LiPF6 in 1:1 ethylene carbonate (EC):
diethyl carbonate (DEC) electrolyte and a LiFePO4 positive electrode.
LFP consist of many small particles with a carbon coating on an
aluminium backing.

Cu(s)|Li(s)| electrolyte |LiFePO4(s)|C(s)|Al(s)

The reaction of LFP depends on the state it is in. For lithiated states
𝛼 > 𝑥 > 𝛽, where 𝛼 and 𝛽 depends on particle size [23] and
temperature [20], LFP exists in a two-phase mixture of LiFePO4 and
FePO4. Outside of these regions, LFP is a single phase material with
lithium statistically distributed within the electrode particles, cf. Fig. 2.
Hence, the two possible electrode reactions for the Li ∥ LFP cell are:

Li(s) + 1
𝛥𝑥

Li1−(𝑥+𝛥𝑥)FePO4(s) ⇌
1
𝛥𝑥

Li1−𝑥FePO4(s)

Li(s) + FePO4(s) ⇌ LiFePO4(s)

and the half-cell reactions:

Li(s) ⇌ Li+(non − aq) + e−(s)
1
𝛥𝑥

Li1−𝑥FePO4(s) ⇌ Li+(non − aq) + e−(s) + 1
𝛥𝑥

Li1−(𝑥+𝛥𝑥)FePO4(s)

LiFePO4(s) ⇌ Li + (non − aq) + e−(s) + FePO4(s)

We write the reaction entropy as:

𝛥𝑆 = 𝛥𝑆LFP − 𝑆Li (4)

where 𝛥𝑆LFP is the entropy change of LFP due to intercalation of
lithium. From the half-cell reactions we find two possible entropies of
lithiation:

𝛥𝑆LFP =

{ 1
𝛥𝑥𝑆Li1−(𝑥+𝛥𝑥)FePO4(s) −

1
𝛥𝑥𝑆Li1−𝑥FePO4

, 𝑥 < 𝛽, 𝑥 > 𝛼

𝑆LiFePO4
− 𝑆FePO4(s), 𝛼 > 𝑥 > 𝛽

(5)

In this work we use commercial LFP close to full lithiation. The
value of 𝑥 determines whether we have a two-phase material or a solid
solution.

The charging-curve of Li ∥ LFP cell is shown in Fig. 2. As is typical
behaviour of LFP [31], in the region around 𝑥 = 0 we find a steep
increase in the potential with decreasing lithium concentration. The cell
then reaches a stable region where the potential is invariant to changes
in lithium concentration of LFP; this is the two-phase region [32].
Towards the end of the charging, the potential increases rapidly. We
label the regions with changing potential as single-phase regions [32].
3

Fig. 2. Voltage charge-curve for the Li ∥ LFP cell where a charging current of 0.127 mA
was used. An illustration of the phase-transition and shrinking-core model for lithium-
insertion into LFP is added [31–34]. The blue and red-shades are added to highlight
the single-phase regions. The particle-size has an impact for the shape of the voltage
curve. The stippled line are added to indicate the effect of changing particle size, and
is meant as a qualitative illustration only. The electrodes in this study were commercial
electrodes with a particle size in the 𝜇meter range.

2.2. Thermogalvanic cell description and theory

We present the equations that describe the Seebeck coefficient of a
thermogalvanic cell, needed to calculate the Peltier heat of an electrode
surface. For a detailed theoretical description of Li-ion thermoelectric
cells, we refer to earlier work [14,25], but a summary of the most
important equations can be found below.

We determine the Seebeck coefficients of following (symmetric) Li-
metal and LFP thermogalvanic cells (see Fig. 1(a) and (b)), with a LiPF6
in 1:1 ethylene carbonate (EC): dimethyl carbonate (DMC) electrolytes:

Cu(s)|Li(s, 𝑇1)| electrolyte |Li(s, 𝑇2)|Cu(s)

Al(s)|C(s)|Li1−𝑥FePO4(s, 𝑇1)| electrolyte |Li1−𝑥FePO4(s, 𝑇2)|C(s)|Al(s)

The thermogalvanic cells are kept at the same average temperature
(𝑇1 + 𝑇2)∕2.

The Peltier heat is the reversible heat effect at an electrode sur-
face. Following Gibbs’ definition of the dividing surface, the electrode
surface is treated as a discontinuity between the electrode and elec-
trolyte bulk phases. The surface is treated as its own thermodynamic
system [11].
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The thermogalvanic cell theory describes the Seebeck coefficient as
an emf measurement between two identical electrode surfaces (sym-
metric electrode arrangement) at different temperatures [25]. The
Peltier heat measured through the Seebeck coefficient is the Peltier
heat for an oxidation reaction [10,12,14]. It follows from the Onsager
relations that a positive Seebeck coefficient gives a negative Peltier
heat [35]. A negative Peltier heat means that heat is released to the
surroundings. Reversible heat must be removed to keep the surfaces
isothermal.

The Peltier heat is obtained from an entropy balance at the elec-
trode at the start of the experiment [12]. Entropy is liberated or
consumed by the electrode reaction, transported with electrons in the
electrode/current collectors and transported away from the electrode
surface by the charged components in the electrolyte. In addition we
must include the entropy liberated due to removal of neutral compo-
nents following the electric current in the entropy balance. We obtain:

𝛱𝑎

𝑇
= −𝑆Li +𝑆∗

e− +
(

𝑡Li+𝑆
∗
Li+

− 𝑡PF6−𝑆
∗
PF6−

)

+ 𝑡LiPF6𝑆LiPF6 + 𝑡DEC𝑆DEC (6)

Here 𝑆∗
𝑖 is the transported entropy of component 𝑖, and 𝑡𝑖 is the

ransference coefficient or transport number of component 𝑖. The 𝑛th
omponent in the last sum is not included; it is used as the frame of
eference. We see that the electrolyte’s contribution to the Peltier heat,
s related to the transport properties and state of the electrolyte adjacent

to the electrode surface, what we call the electrode compartment. The
third term on the right-hand side is related to entropy changes due to
charge transport. The last two terms on the right-hand side give the
entropy liberated when neutral electrolyte components are transported
away from the surface.

Following equation Eq. (3), we find the Seebeck coefficient of Li-
metal at uniform electrolyte composition with 𝑛 electrolyte components
[11,14,25]:

𝜂0 =
1
𝐹

(

𝑆Li − 𝑆∗
e− −

(

𝑡Li+𝑆
∗
Li+

− 𝑡PF6−𝑆
∗
PF6−

)

−
𝑛−1
∑

𝑖=1
𝑡𝑖𝑆𝑖

)

(7)

When a balance has been reached between the thermal and chemical
forces (at 𝑡 = ∞), and a Soret equilibrium has been established, there is
no net mass flux of neutral components and no net transport of anions.
Therefore, we are left with only entropy transported by the single
charge carrier (lithium ions) and entropy liberated in the electrode
reaction. We are left with the following expression for the Seebeck
coefficient at stationary state (𝜂∞):

𝜂∞ =
(

𝛥𝜙
𝛥𝑇

)

𝑗=0,𝑡=∞
= 1

𝐹

(

𝑆Li − 𝑆∗
e− − 𝑆∗

Li+

)

(8)

The Seebeck coefficient of LFP thermogalvanic cells are obtained in
the same manner. The expression will depend on the phase which
determines the electrode reaction. We take the two phase reaction
as an example. During the oxidation reaction, one mole of LiFePO4
is consumed, and 𝑆LiFePO4

is liberated, while one mole of FePO4 is
liberated, consuming 𝑆FePO4

. We find:

𝛱c = 𝑇

(

−𝛥𝑆LFP + 𝑆∗c
𝑒− +

(

𝑡Li+𝑆
∗
Li+

− 𝑡PF6−𝑆
∗
PF6−

)

+
𝑛−1
∑

𝑖=1
𝑡𝑖𝑆𝑖

)

(9)

2.3. Remark on Peltier heats and the reaction entropy of batteries

We can now take a closer look at Eq. (1). When subtracting the two
Peltier heats of a battery, we see that:

𝛱𝑎 −𝛱𝑐 =𝑇 a

(

−𝛥𝑆a + 𝑆∗a
𝑒− + 𝑡a

Li+
𝑆∗,a
Li+

− 𝑡aPF6−𝑆
∗,a
PF6−

+
𝑛−1
∑

𝑖=1
𝑡a𝑖𝑆𝑖

)

−

𝑇 c

(

−𝛥𝑆c + 𝑆∗c
𝑒− + 𝑡c

Li+
𝑆∗,c
Li+

− 𝑡cPF6−𝑆
∗,c
PF6−

+
𝑛−1
∑

𝑡c𝑖𝑆𝑖

)
(10)
4

𝑖=1
Under the assumption of isothermal conditions, 𝑇 a = 𝑇 c, and that the
transport properties in the electrolyte do not change, Eq. (10) reduces
to Eq. (1). When there is a temperature gradient across the battery,
we are no longer at equilibrium conditions. For now we neglect the
temperature dependence of the transport properties.

The 𝑆∗
𝑖 and 𝑡𝑖 are weakly composition-dependent properties, but will

differ between the surface and bulk. For porous electrodes, they may
also differ between the electrolyte within the electrode pores and the
bulk solution.

3. Materials and methods

3.1. Cell assembly

All cells were assembled as pouch-cells in an argon filled glove
box. The thermogalvanic cells had a symmetric electrode arrangement.
The electrode material was either lithium-chips from TMAX (0.25 mm
thick) or electrode sheets of carbon coated LiFePO4 (HS-LIB-P-LFP-001,
70 μm electrode material, 30 μm Al backing) from Hohsen. For the
reaction entropy measurements, cells were assembled with one LiFePO4
and one lithium-metal electrode, where the LiFePO4 electrodes were
extracted from LFP thermogalvanic cells made with 20 and 80 s vacuum
sealing time (see Table 2). Copper and aluminium foil was used as
tabs for the Li-metal and LFP electrodes, respectively. The electrodes
were pristine. A stack of 4 Whatman Glass Microfibre Filters GF/D
(no 1823070, pore diameter of 2.7 μm) were used as a separator for
the thermogalvanic cell, while only one was used for the isothermal
cell. The stack was sandwiched between the two electrodes, and had
a thickness of 1.8 mm after vacuum sealing. The electrolytes were
1 M LiPF6 in 1:1 v/v EC/DMC from Sigma Aldrich. The voltage-
curve was recorded for a Li ∥ LiFePO4 cell with the same electrodes,
but with an LP40 electrolyte (1 M LiPF6 in a 1:1 weight% EC/DEC)
from Gotion. The PC8 pouch-cell laminate from Targray was used,
and a polypropylene film was used to reinforce the seal around the
tabs. Electrolyte was added to the separators until the separators were
soaked, but not dripping, approximately 1 mL per cell.

The stack thickness was chosen to maintain a thermal gradient
across the cell, while still keeping the characteristic time for diffusion
in the electrolyte low enough to allow the Soret effect to be observed
within a reasonable time-frame. The characteristic time is given as 𝜃 =
𝑙2∕𝜋2𝐷, where 𝑙 is the diffusion path length and 𝐷 is the diffusion co-
efficient. Assuming a diffusion coefficient of 1–3 ×10−10 m2/s [36–38]
gives a characteristic time between 18 and 55 min, in bulk electrolyte.

The pouch cells were sealed with an Audion VMS 53 Vacuum
Chamber. Vacuum was applied followed by heat-sealing of the last edge
of the pouch (4 s). The lowest pressure was reached after 15 s. We
report results for sealing times of thermogalvanic cells as 𝑥 + 4, where
𝑥 is the time spent under lower pressure before heat was applied (from
4 to 99 s). For sealing times less than 15 s, the lowest pressure was
never reached. For sealing times longer than 15 s, the remaining time
was spent under vacuum. For Li ∥ LFP cells, a sealing time of 20 s was
used.

3.2. Charge curve Li ∥ LFP

An Arbin LBT21084MC Battery Cycler was used to charge the Li ∥
LFP cell, see Fig. 2. A constant charging current of 0.127 mA was used.
The capacity of the cell was 3.76482 mAh at a cell voltage of 4.3 V.
The lithium content of Li1−𝑥FePO4 in the figure was estimated from
the capacity of the cell, with 𝑥 = 0 at 0 capacity at 𝑥 = 1 at 3.76482

mAh.
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Fig. 3. Experiment set-up.
3.3. Isothermal reaction entropy measurements

The Li ∥ LFP cell was sandwiched between two copper plates within
a frame of two aluminium plates (see Fig. 3(a)). The circulating water
was set to the same temperature, and allowed both sides of the cell to
be thermostatted. An Agilent 34970A Data acquisition/Switch unit was
used to record the electric potential difference between LFP (positive)
and Li (negative). Type K thermocouples were placed between the
copper plates to measure the temperatures on the two sides. The
potential response of the cell was measured when the temperature was
changed. Both cells had a negative drift in the potential, indicating self-
discharge. All changes in the emf at constant cell temperature came
from this drift. A constant drift, calculated from a linear region of the
curve, was subtracted when treating the data. Potential curves before
and after correcting for the drift are also shown in Fig. 4. The slope of
the subtracted drift is stated in the caption of Fig. 4 here and in Figs.
6–21 in the SI.

3.4. Thermogalvanic cell measurements

The same setup as for the reaction entropy measurements were used,
but now a temperature difference was applied by circulating water in
the aluminium frames (see Fig. 3(a)). The difference was applied by
using two water-baths (Grant Ecocool 150R), at different 𝑇 ’s. Hot water
was circulated in the top plate and cold water in the bottom plate, to
avoid convection in the electrolyte. Prior to measurement, the cells
were equilibriated by short-circuiting for approximately 30 min. An
Agilent 34970 A Data acquisition/Switch unit was used to record the
potential difference between the hot electrode (defined as the positive
electrode) and the cool electrode (defined as the negative). Afterward
short-circuiting, the cells were allowed to reach a stable emf. A bias
potential of typically ± 1 mV was recorded prior to and in-between the
measurements and subtracted from the reading. The potential response
of the cell to an applied temperature difference was measured for up
to 16 h. Type K thermocouples were placed between the copper plates
to measure the temperatures at the two electrode interfaces.

3.5. Calibration of internal temperature difference

A drawback coming from the choice to assemble the cells as pouch
cells is the difficulty in controlling the temperature difference between
the electrodes. A control was set-up in a few cases.

In the typical set-up we measured the temperature difference be-
tween the Cu plates external to the cell. The temperature difference
across the electrodes is needed in the expression for the Seebeck
coefficient.

The calibration procedure, to find the last from the first, was there-
fore set up in the same way as described by Richter [5]. Two type K
thermocouples were stripped of insulation and introduced into three
Li-symmetric cells in order to record internal temperature differences.
These thermocouples were positioned between the cell housing and the
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metal electrodes. The external temperature difference was controlled
and compared to the internal one. The ratio of the two differences were
0.66 ± 0.06 (see Figure 1–3 in the supplementary material). The un-
certainty introduced by the calibration was included in the uncertainty
of the reported Seebeck coefficients. For LFP, the internal temperature
difference was calculated from the difference of the Li-symmetric cells
using Fourier’s law (see supplementary material).

4. Results

4.1. Reaction entropy of Li ∥ L1−𝑥FP

The Li ∥ LFP-cells were characterized by emf values between 2.8–
3.4 V. This is within the expected voltage range for this cell when
LFP is close to being fully lithiated [21]. The lithium content of our
electrodes are within the blue-shaded region in Fig. 2, where small
changes in lithium concentration can strongly influence the potential
of the electrode.

All cells had a drifting potential. The change in voltage from 3.3/3.4
V to 2.8/3.0 V for cells 1 and 2 respectively, came from a drift that
took place over 8 days. Entropy changes are calculated from a corrected
potential where the drift from the start to the end of a measurement had
been removed. Both cells’ drift appeared to be temperature dependent.
Because of this, the temperature dependency was difficult to quantify
for 𝛥𝑆 measurements with voltages between 3.2–3.3 V for cell 1 and
3.3–3.4 V for cell 2, though qualitatively it was positive and negative
respectively (see Figs. 6a and 15 in the supplementary material). For
cell 1, this is in agreement with a positive voltage measured for cell 2
between 3.1–3.18 V. At around 3.1 V there was a sign change in the
emf response due to a temperature change in cell 1 (see Figure 6b in
the supplementary material).

Fig. 4 here, and Figs 6–21 in the supplementary material show tem-
perature dependencies of two Li ∥ LFP isothermal cells, with average
values reported in Table 1. Reported voltage curves for L1−𝑥FP show
a rapid decrease in the emf when 𝑥 → 0 [21,23] (cf. Fig. 2), which
has been attributed to a phase transition from a two-phase material
to a solid solution. The drift might be explained by small changes in
lithiation or by a phase transition that occur when LFP is near fully
lithiated. We return to this issue in the discussion.

Cell 1 reached a more stable emf temperature dependence between
2.8–2.96 V, with an average slope of −0.66 ± 0.03 mV/K from seven
measurements presented in figure 4a–c and figures 8–12 in the SI.
The value corresponds to a reaction entropy of −64 ± 3 J/K mol.
At 3.25–3.27 V the cell had a positive temperature dependence. It
was negative around 3.1 V (see Fig. 6 in Supplementary material).
Cell 2 had a negative slope between 3.37–3.4 V. Due to a high self-
discharge which appeared to be varying with the temperature, these
measurements were used qualitatively only. Similarly to cell 1, cell 2
exhibited a sign change, and had a positive slope of 0.5 ± 0.2 mV/K
when the cell voltage was between 3.10–3.18 V, corresponding to a
𝛥𝑆 = 50 ± 20 J/K mol. This value is an average of the measurements
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Table 1
Li || L1−𝑥FP entropy differences for cell 1 and 2. The value for Cell 1 is an average of seven measurements, for Cell 2 an average of four
measurements. The reported uncertainty is two times the standard error. 𝑥-values estimated from nominal capacity. 𝛱LFP are computed from
𝛱Li (see Table 2) and 𝑇𝛥𝑆 at 𝑇 = 298 K.
Cell Emf (V) Estimated 𝑥-values 𝜕 (𝛥𝜙)𝑗=0 ∕𝜕𝑇 (mV/K) 𝛥𝑆 (J/K mol) 𝛱LFP

est (kJ/mol)

1 2.80–2.96 0-0.0007 −0.66 ± 0.03 −64 ± 3 −13 ± 4
2 3.10–3.18 0.0028–0.0041 0.5 ± 0.2 50 ± 20 −47 ± 9
Fig. 4. (a) The emf of Li ∥ LFP cell 1, (b) The emf of Li ∥ LFP cell 1 corrected for a drift of −0.010133 mV/s, (c) The temperature dependency of the emf for cell 1 was found
from the slope of a linear regression of the emf against temperature to be −0.67 mV/K in one measurement when the cell emf was around 2.94 V. (d) The emf of Li∥LFP cell 2,
(e) The emf of Li∥LFP cell 2 corrected for a drift of −0.000302 mV/s, (f) The temperature dependency of the emf of cell 2 was found from the slope of a linear regression of the
emf against temperature to be 0.54 mV/K in one measurement when the cell emf was around 3.17 V.
shown in figure 4d–e and figures 19–21 in the SI. Note that in these
measurements, the potential responded nonlinearly to the temperature
change at low temperatures, which is likely to have contributed to the
large uncertainty of the computed 𝛥𝑆. Possible explanations could be
that the region is close to where LFP goes through a phase transition,
which is temperature dependent, or to a change in the self-discharge
with temperature. The point where the temperature reached its set
point was chosen for the regression. The potential of the cell at the
lowest temperature is most influenced by this, and we see that in
all measurements the point contributes to lowering the slope of the
regression line.

The entropy measurements document large cell entropy variations
for L1−𝑥FP near 𝑥 → 0.

4.2. Seebeck coefficients and single electrode Peltier heats

Fig. 5 shows typical measurement series of the Seebeck coeffi-
cient of Li- and LFP-thermogalvanic cells. The Seebeck coefficients and
estimated Peltier heats are given in Table 2.

From Figs. 5(a) and 5(b) here and Figures 20–34 in the supple-
mentary material, we see that Li-thermogalvanic cells quickly reaches
a stationary state, typically within one hour. There is no statistically
significant difference between the values at initial and stationary state,
indicating that the Soret effect is negligible in these cells. We return to
this in the discussion. This is not so simple for LFP (see Figs. 35–47 in
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supplementary material). The LFP cells show differing time-dependent
behaviour; some had not reached a stationary state after 16 h.

All cells show a sharp increase as soon as the temperature difference
is applied; this is the initial response at uniform conditions. After that,
we can roughly divide the time-dependent change into three patterns;

1. The recorded emf quickly reaches a local minimum, followed by
a slow increase to a plateau value at stationary state. Cf. Figure
35 in the supplementary material.

2. The recorded emf does not vary much with time, similar to the
Li-cells, cf. Figures 39–40 in the supplementary material.

3. The emf curve has a slow increase to a plateau value at sta-
tionary state, cf. Figures 37, 41, 43, 44, 45 and 47 in the
supplementary material.

In addition we observed that in a few LFP-thermogalvanic cells the
shape of the emf-curve changed within a measurement series. We found
this to be a reversible and reproducible behaviour, cf. Figs. 5(c) and
5(d) here and Figures 44 and 45 in the supplementary material. We
observed that the time-dependency of the emf response changed with
𝛥𝑇 . The sign and magnitude varied, something we would not expect in
a bulk electrolyte solution of the same composition.

Neither the lithium-metal cells nor the LFP cells showed significant
dependence on the pouch cell sealing procedure. Upon opening the
cells, the amount of electrolyte was observed to differ, however. Excess
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Table 2
Measured Seebeck coefficients at uniform and stationary state conditions and estimated Peltier heats at 298 K.
Vacuum time (s) Li LFP

𝜂0 𝜂∞ (mV/K) 𝛱 (kJ/mol) 𝜂0 𝜂∞ (mV/K) 𝛱 (kJ/mol)

4+4 0.84 ± 0.08 0.81 ± 0.08 −24 ± 2 –
1.37 ± 0.13 1.34 ± 0.14 −39 ± 4 –

6+4 0.93 ± 0.14 0.90 ± 0.09 −27 ± 4 –
10+4 1.04 ± 0.10 1.01 ± 0.10 −30 ± 3 –
20+4 0.94 ± 0.09 0.91 ± 0.09 −27 ± 3 0.51 ± 0.05 0.61 ± 0.06 −14.7 ± 1.4
30+4 – 1.8 ± 0.3 2.1 ± 0.3 −52 ± 9

– 1.9 ± 0.3 1.9 ± 0.3 −55 ± 9
– 1.6 ± 0.2 1.8 ± 0.2 −46 ± 6

40+4 0.90 ± 0.09 0.84 ± 0.08 −26 ± 3 0.92 ± 0.08 1.0 ± 0.2 −26 ± 2
– 0.78 ± 0.08 0.75 ± 0.08 −22 ± 2

60+4 1.37 ± 0.13 1.42 ± 0.14 −39 ± 4 2.5 ± 0.3 2.4 ± 0.2 −72 ± 9
0.83 ± 0.08 0.87 ± 0.08 −24 ± 2 1.7 ± 0.7 1.8 ± 0.5 −50 ± 20

70+4 – 1.6 ± 0.2 2.1 ± 0.2 −46 ± 6
80+4 1.18 ± 0.10 1.23 ± 0.12 −34 ± 3 2.1 ± 0.2 3.5 ± 0.9 −60 ± 6

1.33 ± 0.13 1.41 ± 0.14 −38 ± 4 2.3 ± 0.3 3.3 ± 0.6 −66 ± 9
– 1.6 ± 0.3 2.1 ± 0.4 −46 ± 9

99+4 1.13 ± 0.12 1.10 ± 0.11 −32 ± 3 1.2 ± 0.2 1.3 ± 0.1 −35 ± 6
1.35 ± 0.13 1.43 ± 0.14 −39 ± 4 1.7 ± 0.2 1.8 ± 0.4 −49 ± 6
1.00 ± 0.10 0.92 ± 0.10 −29 ± 3 –
Fig. 5. (a) Emf response to an applied temperature gradient for a Li-thermogalvanic cell with 60 s vacuum sealing. The temperature gradient is the calibrated internal temperature
gradient. (b) The Seebeck coefficient is found from linear regression. The error bars represent the uncertainty in the temperature gradient and the uncertainty in the emf response.(c)
Emf response to an applied temperature gradient for a LFP-thermogalvanic cell with 30 s vacuum sealing. The temperature gradient is the calibrated internal temperature gradient.
(d) The Seebeck coefficient is found from linear regression. The error bars represent the uncertainty in the temperature gradient and the uncertainty in the emf response.
electrolyte is probably more affected by longer sealing procedures

and/or evaporation of solvent [39]. Details regarding vacuum-sealing

are often not reported, and it has been pointed out that vacuum-sealing

may lead to solvent evaporation [40]. Since it appears to be no trend

with sealing procedure for either Li nor LFP, we assume that we may

neglect variations due to solvent evaporation.
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5. Discussion

5.1. Reaction entropy and phase transition of LFP

In this work we have focused on commercial L1−𝑥FP electrodes with
𝑥 ≈ 0. The initial emf of the Li ∥ LFP cells were 3.3–3.4 V. The
electrodes in the cell entropy measurements had not been cycled. We
see from Fig. 2 that the LFP electrodes were close to, but not fully
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lithiated, within the region where there is a phase transition to a solid
solution. LFP has been observed to chemically delithiate on exposure
to air [41]. The electrodes in this study are pristine, but if any lithium
loss has occurred prior to cell assembly, the electrode will be left with
a slightly lower lithium content.

We have measured large variations in the entropy change of Li ∥
LFP, from −64 ± 3 J/K mol to +50 J/K mol (see Table 1). To the best
of our knowledge, no one has reported such large variations in 𝛥𝑆 as
reported here for LFP before from emf measurements. We can compare
our values to those estimated from Yamada et al.’s work [21] (see
Section 1.1.1), who reported heat flow from calorimetric measurements
for a Li ∥ LFP cell. From their data, we estimate 𝛥𝑆 between roughly
−30 J/K mol and +35 J/K mol for close to fully lithiated states, in
the region where LFP is a solid solution. We see a similar trend in our
measurement; a negative 𝛥𝑆 towards the highest lithiated states, and a
region with a large positive 𝛥𝑆. Comparing the voltage curves given in
their work to that of Fig. 2, we expect that we have used an electrode
with a larger particle size in this work.

Large 𝛥𝑆 variations due to phase transitions have also been ob-
served for cobalt oxide electrodes. Reynier and co-workers reported a
positive entropy change of +20 J/K mol at an order–disorder transition
for Li𝑥CoO2 at 𝑥 = 0.55, compared to a negative entropy change
of around −20 and −40 J/K mol outside of the phase-transition re-
gion [42]. Similar entropy variations for Li𝑥CoO2 was also given by
Thomas et al.; at 𝑥 = 0.5–0.75 𝛥𝑆 values from −60 J/K mol to +30
J/K mol were reported [43].

The potentiometric method to determine reaction entropies assumes
a linear relationship in the response of the emf to a temperature
change, as can be seen in Eq. (2). However, a non-linear temperature
dependence is present in the measurement, as can be seen in Fig. 4d,
possibly resulting from a temperature dependent self-discharge. While
the temperature step method used in the measurements here are com-
monly used, other methods have been suggested to minimize the effect
of self-discharge and the temperature path on the determination of
reaction entropies. Linear temperature ramps [8,44] and alternating
positive and negative temperature jumps [45] have been suggested by
other groups.

The possibility of a contribution from the Seebeck effect in the leads
to the potential giving the entropy was remarked on by Zilberman
et al. [45]. In the set-up here, the cell is thermostatted with water
circulated in metal frames above and below the cell. If the two metal
frames were at different temperatures, this could lead to a thermal
gradient across the cell, which would contribute to the measurement.
We did not see this in our data.

5.2. Seebeck coefficients and Peltier heats

The results in Table 2 give an average Seebeck coefficient of Li (𝜂Li
0 )

of 1.1 ± 0.1 mV/K (where the uncertainty is two times the standard
error), corresponding to a Peltier heat (𝛱Li) of −32 ± 3 kJ/mol. This
is in agreement with previously reported values between 1.1–1.2 mV/K
for 1 M LiPF6 in EC/DMC [16,27], and 1.0–1.6 mV/K for various
electrolytes [7,15,28].

For LFP there is no similar average (𝜂LFP
0 ) value to report; we see

a large variation for both the initial and stationary state values. Could
these be related to composition changes due to solvent evaporation?
If so, we would have expected to see the same for Li-thermogalvanic
cells, which we do not. We see from Eq. (9), however, that a variation
in 𝛥𝑆LFP, and hence 𝛥𝑆, would change the Seebeck coefficient/Peltier
heat of LFP.

We have measured large variations in 𝛥𝑆, including a change in
sign, from −64 J/K mol to +50 J/K mol. The variation in reaction
entropy supports the observation of large variations in the Seebeck
coefficient of LFP. In Table 1 we have used Eq. (1), 𝛱Li = −32 ± 3
kJ/mol and 𝛥𝑆 values in Table 1 to compute 𝛱LFP. From the Peltier

LFP
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heat of LFP, we may also compute 𝜂0 . In the region 𝑥 = 0 − 0.0007,
we find 𝜂LFP = +0.45 ± 0.14 mV/K, in the region 𝑥 = 0.0028 − 0.0041
we compute 𝜂LFP = +1.6 ± 0.3 mV/K (note that any error in 𝛥𝑆
from the nonlinear potential response described in Section 4.1 will
also be present in this estimate). The measured 𝜂LFP

0 were between
+0.51 ± 0.05 and + 2.5 ± 0.3 mV/K (see Table 2). The observed large
variations in reaction entropy can therefore explain a part, if not all of
the variations in 𝜂LFP

0 .
The data support that Eq. (1) can be used to predict Peltier heats in

lithium ion battery electrodes. In this work we have used commercial
LFP electrodes, with a large electrode particle size. Will the Peltier
heat and reaction entropy change, if the particle size is reduced? It
is known that LFP electrodes with nanoscale porosities have different
phase-transition regions [23]. Are transport properties also affected?
More knowledge is needed to establish the impact of the heterogeneous
porous nature of the electrodes on the Peltier heat.

We have previously reported that the Seebeck coefficients for LIB
electrodes are negative [5,25]; In this study we report only positive
Seebeck coefficients, indicating a possible measurement error on our
part in earlier publications [5,14,25,29]. A positive value is in agree-
ment with values from other groups [6,7,15,27,28], and measurements
done by the group of Schuster [24], who measured the Peltier heat of
deposition on lithium-metal electrodes directly.

5.3. Peltier heat vs. entropic heating

We see that the size of the Peltier heat of lithium, −32 ±3 kJ/mol,
is larger than 𝑇𝛥𝑆, which varies from −19 to +15 kJ/mol. The Peltier
heat of LFP varies from −15 ± 1, similar in size to 𝑇𝛥𝑆, to −72 ± 9
kJ/mol, significantly larger. When Li is oxidized (during discharge), 32
kJ/mol is released at the surface, leading to a local temperature rise.
At the same time, at lithiated states corresponding to the blue region
in Fig. 2, between 15 and 72 kJ/mol is absorbed at the LFP surface
as lithium is intercalated, and the electrode cools. The sign switches
upon a change in the direction of the current. The net entropic heat in
the Li∥LFP cell varies; upon discharge, the cell absorbs heat, i.e. cools,
when 𝛥𝑆 is positive, and generate heat when 𝛥𝑆 is negative.

5.4. The time-dependent thermogalvanic potential

A time-dependency of the thermogalvanic potential is usually
caused by the Soret effect. Thermodiffusion caused by the Soret effect
happens on the same timescale as diffusion. As mentioned in Sec-
tion 3.1, our system is expected to have a characteristic time between
18–55 min. Due to the porous structure of LFP, we may expect a higher
characteristic time for the LFP cells. With measurement times between
4 h (Li-thermogalvanic cells) and 16 h (Li- and LFP thermogalvanic
cells), we would expect to be able to observe the Soret effect of the sys-
tem. We observed a negligible time-dependency of the thermogalvanic
potential of the Li-thermogalvanic cells. This could mean that there is
a negligible Soret effect in the system. It could also mean that there
is mixing in the electrolyte which disturbs the concentration gradients,
i.e. convection.

We have seen that the time-dependence of thermogalvanic potential
of the LFP cells differs from that of the Li-cells, cf. Figs. 20–47 in
the supplementary material. The time-dependent behaviours of the
emf of the LFP-thermogalvanic cells are not consistent; the approach
to stationary state varies from cell to cell (see figs. 35–47 in the
supplementary material). The different time-dependent curves could
indicate either (1) that we have different Soret effects in the Li- and
LFP cells or (2) that there is another temperature dependent process
occurring simultaneously. Both systems contain the same electrolyte; so
different curves could be explained by the heterogeneous nature of the
porous electrodes, which affects the transport coefficients, cf. Eq. (10).

However, in Fig. 5(c) we also saw a time-dependency in the emf

for an LFP-thermogalvanic cell which cannot be explained by Soret
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diffusion alone; the curve was temperature gradient dependent, non-
symmetric with the relaxation process and the effect was reversible
upon removal of the thermal force. We suspect that the effect may
be caused by a phase-transition in the heated electrode. The phase
transition from a phase separated system to a solid solution is an
entropy driven process; and it is promoted at elevated temperatures.
In the thermogalvanic cell experiments we heat one electrode and cool
the other. A temperature-dependent phase transition would be more
favourable for the high 𝑇 electrode, than the low 𝑇 electrode.

Another possibility, perhaps more farfetched, is that the presence
f a thermal force itself might favour a phase transition. It has been
uggested that the thermodynamic driving forces present under normal
attery operation suppress the phase separation of LFP and that the
lectrodes can be in a transient solid solution phase [46]. In other
ords, it has been suggested that the phase diagram of LFP change
uring non-equilibrium conditions [47].

We have previously reported large Soret effects that we have been
nable to reproduce [5], though the Seebeck coefficients are similar in
agnitude to those reported in this work. Perhaps these processes are

onnected to the phase transition to solid solution. The phase transition
an, when shifted along the liquidus line, give rise to reversible thermal
ffects.

. Conclusion

We have examined conditions relating the reaction entropy and
ingle electrode Peltier heats in lithium ion batteries with planar and
orous electrodes. Our measurements of Peltier heats of lithium-metal
f −32 ± 3 kJ/mol agree with previously reported values around −30
J/mol. We report large variations in the Peltier heat of LiFePO4, from
15 ± 1 to −72 ± 9 kJ/mol close to full lithiation. The negative

ign means that the Li-metal surface generate heat during discharge,
hile heat is absorbed at as lithium ions are intercalated into LFP. The
ariations in the Peltier heat of LFP are explained by large measured
eaction entropy changes of −64 ± 3 J/K mol to + 50 ± 20 J/K

mol against lithium. The time-dependence of the Seebeck coefficient
of the metallic electrode differ from that of the porous electrodes. This
indicates that the Soret effects differ from the bulk value in the pores
of the electrode.
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