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Abstract: Tertiary battery is charged by the environmental heat, not
by the electric energy, by using the difference (Aa) in the thermal
coefficient (« = dV/dT) of redox potential (V) between the anode and
cathode materials. The thermal cyclability is not good in the
prototypical NayCo[Fe(CN)glo.71 (NCF71)/NaxCo[Fe(CN)glo.90 (NCF90)
tertiary battery. Here, we significantly improved the thermal cyclability
of the tertiary battery with using Ni-substituted NayNi[Fe(CN)s]o.cs
(NNF68). The Ni-substituted NNF68/NCF90 tertiary battery shows
good thermal cyclability: both the cell voltage and capacity essentially
unchanged up to the 10th thermal cycles.

Introduction

An innovative energy harvesting technology, which converts
waste heat near room temperature and/or human body heat to
electric energy at low cost and high efficiency, is required to
realize a smart society. Recently, several researchers™! reported
that the environmental heat can put a battery in a charged state
by using the difference (Aa) in the thermal coefficient (o = dV/dT)
of the redox potential (V) between the anode and cathode
materials. Hereafter, we call the battery “tertiary battery”, because
itis charged by the environmental heat, not by the electric energy.
The tertiary battery generates electric energy in the thermal cycle
between low (T.) and high (Tw) temperatures. In the warming
process, the battery shows the cell voltage (Vcen) of AaAT (AT =
Tu — TL) and the accumulated electric energy can be extracted by
discharging the cell at Ty. Similarly, the cooling process induces
Veen (= - Ao AT). From a thermodynamically point of view, a is
nothing but AS/e, where e and AS are the elementary charge (>
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0) and the differences in entropy of the system between reduced
and oxidized states. In a battery system, AS consists of
components of electrode and that of electrolyte, because the
redox process accompanies ion exchange between them. @

PBAs, denoted as NaxM[Fe(CN)gly (M is a transition metal),
show three-dimensional (3D) cyano-bridged transition metal
network, -M-NC-Fe-CN-M-, with cubic nanopores of 5 A on each
side.¥ Most of PBAs have face-centered cubic (Fm 3 m; Z = 4)
or trigonal (R 3 ‘m; Z = 3) structures.? The reduction/oxidization
process of the network causes intercalation/deintercalation of Na*
into/from the nanopores. Consequently, PBAs are promising not
only as cathode materials for the secondary batteries® but also
as tertiary battery materials. In addition, PBA exhibits reversible
redox reaction even in aqueous solution,®! which is incombustible
and environmentally-friendly. This feature is significant when the
materials are used in tertiary batteries, because they do not need
wide potential window like the secondary batteries. Shibata et
al.k9 fabricated a tertiary battery made of two kinds of cobalt
Prussian blue analogues (PBA) with different a, i.e.,
NaxCO[Fe(CN)s]ojl (NCF?:L) and NaxCO[Fe(CN)e]o,go (NCF90),
and aqueous electrolyte. The NCF71/NCF90 tertiary battery
produces electric energy with thermal efficiency () of 1.0 %
between T, (= 295 K) and Ty (= 323 K). The thermal cyclability of
the NCF71/NCF90 tertiary battery, however, is not good. To put
the tertiary battery into practical use, improvement of the thermal
cycle cyclability is indispensable.

In this paper, we compared the thermal cyclability between the
prototypical NCF71/NCF90 tertiary battery and Ni-substituted
NaxNi[Fe(CN)s]o.ss (NNF68)/NCF0 tertiary battery. We found that
the thermal cyclability significantly improved in the Ni-substituted
tertiary battery. In the NNF68/NCF90 tertiary battery, both the cell
voltage [Vcen(40K)] at AT (= Tw — T ) = 40 K and capacity (Q)
essentially unchanged up to the 10th thermal cycles.

Results and Discussion

We first investigate the discharge curves of the NCF90, NCF71,
and NNF68 films in aqueous solution containing 17 mol/kg
NaClO,4 with 8.7 % addition of 0.1 mol/L HCI. Figure 1 (a), (b),
and (c) show the discharge curves of the NCF90, NCF71, and
NNF68 films, respectively. In the (a) NCF90 film, the curve shows
two plateaus near 1.0 and 0.55 V vs. Ag/AgCl, whose feature is
the same as that obtained in propylene carbonate (PC) containing
1M NaClO,.[M Therefore, the redox site at lower (higher) is
Co%*/Co?%" (Fe®*/Fe?*). In the (b) NCF71 film, the curve shows
single plateaus near 0.55 V vs Ag/AgCl, which is ascribed to the
redox reaction of Fe®*/Fe?'8l. Similarly, the curve of in the (c)
NNF68 film shows single plateaus near 0.4 V vs. Ag/AgCl, which



is ascribed to the redox reaction of Fe®*/Fe?®l. Importantly, the
redox potentials (V) of the lower plateaus are nearly the same
among the three films, which is necessary condition to fabricate
tertiary battery.
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Figure 1. Discharge curves of (a) NaxCo[Fe(CN)eloo (NCF90), (b)
NaxCo[Fe(CN)slo.72 (NCF71), and (c) NaxNi[Fe(CN)sJoss (NNF68) films. The
current density was 10 pA/cm? The cell voltage (Vcen) of the (d) NCF90, (e)
NCF71, and (f) NNF68 films against temperature (T) in the warming run. Solid
straight lines are results of the least-squares fitting. Arrows in (a), (b), and (c)
represent the x values, where the T-dependences of V were measured.

The temperature coefficient (o) of V is expressed as o = dcei -
aref, Where ocen and oy are the coefficient of the cell and
referential electrode, respectively. In the present work, the
coefficient of the referential electrode (Ag/AgCl standard
electrode) was - 0.48 mV/KI, Figure 1 (d), (e), and (f) show the
cell voltage (Vcen) of the three films against T in the warming run.
The acar values were evaluated by least-squares fittings, as
indicated by solid straight lines. With use of the relation that
o = deen + 0.48 mV/K, we obtained ancrgo = 1.53 mV/K for NCF90
(X = 1.14), ONCF71 — 0.65 mV/K for NCF71 (X = 040), and OINNF68 —
0.23 mV/K for NNF68 (x = 0.13). Strictly speaking, « depends on
both the electrode and electrolyte, because the process
accompanies exchange of Na* between them. In the oxidized
state, Na* dissolves in the electrolyte to form a solvated state,
whose entropy strongly depends on the electrolyte. We note that
the electrolyte (aqueous solution containing 17 mol/kg NaClO4
with 8.7 % addition of 0.1 mol/L HCI) is the same for the three
PBA cells. Then, the electrolyte component of « is the same for
the three PBAs and cannot explain material dependence of a.

We emphasize that the coefficient (ancroeo = 1.53 mV/K) of the
NCF90 film is much higher than those in the NCF71 (ancer1 = 0.65
mV/K) and NNF68 (annrss = 0.23 mV/K) films. The enhanced « in
the NCF90 film can be ascribed to the difference in the redox site;
the redox site of NCF90 is Co while those of NCF71 and NNF68
are Fe. From a thermodynamically point of view, « is equivalent
to (Ssa™-Ssd)/e, where Sz@ and S are the 3d-electron
configuration entropy of the redox site in the divalent and trivalent
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states, respectively. Ssq is expressed as kglnW, where kg and W
(= NspinNorbitai, Where Ngpin and Nomirat @re spin and orbital degrees
of freedom, respectively) is the Boltzmann constant and number
of degenerated electronic configuration. In PBAs, the oxidization
process of Co?* causes spin state transition from high-spin (Co?*;
t2g°eq2) to low-spin (Co®'; t4°) states while the oxidization process
of Fe?* changes the electronic configuration from low-spin (Fe?*;
tag®) to low-spin (Fe®; tp) states. Nspin is expressed as 2S + 1,
where S is the total spin quantum number. Nowiw = 3 in the tzg°e4?
and tyg® configurations while Nomia = 1 in the tx® configuration.
The redox process of Co?*/Co®" contributes to o by 0.21 mV/K*4
while that of Fe?*/Fe®* contributes to a by - 0.15 mV/K!Y, Thus,
3d-electron configuration entropy of the redox site qualitatively
explains why a in NCF90 is larger than those in NCF71 and
NCF68.

Figure 2 shows the thermal cycle properties of the Ni-
substituted NNF68/NCF90 tertiary battery at AT (= Tu - Ty) = 40
K. At the 1st cycle (black) in the (a) warming process, Vcen linearly
increases with the increase in T at a rate of 1.1 mV/K. The rate is
comparable to ancreo - annrss (1.3 mV/K). At Tw, Ve becomes
40 mV. In the (b) discharge process at T, Vcen linearly decreases
to 0 V with the charge (q). The capacity (Q) is 10 mAh/g, which is
8.2% of the capacity of NCF90. In the (c) cooling process, Ve
linearly decreases with the decrease in T at a rate of 1.1 mV/K. At
TL, Veen becomes - 45 mV. In the (d) discharge process at T, Q is
12.5 mAh/g. The thermal cyclability of the NF68/NCF90 tertiary
battery is good; the properties at the 5th (red) and 10th (blue)
cycles are essentially the same as that of the 1st cycle (black).
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Figure 2. (a) Cell voltage (Vcen) of the NNF68/NCF90 tertiary battery against
temperature (T) measured in the warming run under the open circuit condition
at the 1st, 5th, and 10th cycles. Solid straight lines are results of the least-
squares fitting. (b) Discharge curves at Tu (=323 K) against charge (q). () Vcel
against T measured in the cooling run under the open circuit condition. Solid
straight lines are results of the least-squares fittings. (d) Discharge curves at T.
(= 283 K).

It is rather curious that Q at T, [Fig.2(d)] is slightly larger than
that at Ty [(b)]. Figure 3 (a) schematically shows the thermal cycle
of tertiary battery in the Vcen — q plane. Q is expressed as Q = -
AVeenl (dVee/dg), where AVeey (= acenAT) is the thermally induced



cell voltage. Note that the sign of AV, and hence Q, reverses
between Ty and T.. If Ve is stable against time [(a)], Q at T,
should be the same as that at Tw. If Vcenis unstable and changes
by 6 (< 0) [(b)], apparent asymmetry of Q appears between Ty and
Tv. In the initial warming process, AV (>0) and Q is the same as
those in the stable case. In the next cooling process, AVcen (< 0)
effectively increases by 8 Then, Q at T, increases by 8/(dVce/dq).
We note that the enhancement of Q is observed only at T_
because the signs at Ty are opposite between AV (> 0) and 6 (<
0). Even the voltage fluctuations in the order of several millivolts
causes asymmetry of Q because AV is several tens of millivolts.
Consistently with these arguments, |AV.e| in the cooling process
[Figure 2 (c)] is slightly larger than that in the warming process
[Figure 2 (a)]. The asymmetry of Q causes gradual variation in
the Na concentration (x) with cycle.

(a) stable V

cell

(b) unstable V.

Fean V.

Figure 3 Thermal cycles of tertiary battery with (a) stable and (b) unstable cell
voltage (Veel.) AVeel (= 0cetAT ) and q are the thermally induced cell voltage and
charge. § is temporal variation of Vcei.
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Figure 4. (a) Cell voltage (Vcen) of the NCF71/NCF90 cell against T measured
in the warming run under the open circuit condition at the 1st, 4th, and 6th cycles.
Solid straight lines are results of the least-squares fitting. (b) Discharge curves
at Tu (=322 K) against charge (q). (c) Vcen against T measured in the warming
run under the open circuit condition. Solid straight lines are results of the least-
squares fittings. (d) Discharge curves at T. (= 282 K).
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The good thermal cyclability observed in the Ni-substituted
NNF68/NCF90 tertiary battery is in sharp contrast with the poor
thermal cyclability of the NCF71/NCF9O0 tertiary battery. Figure 4
shows the thermal cycle properties of the NCF71/NCF90 tertiary
battery at AT = 40 K. In the (a) warming process at the 1st cycle
(black), Vcen linearly increases with the increase in T at a rate of
1.0 mV/K. The rate is comparable to ancreo - anness (= 0.9 mV/K).
The rate, however, steeply decreases with cycle number;
0.8mV/K at the 4th cycle (red) and 0.4 mV/K at the 6th cycle (blue).
In the (b) discharge at Ty at the 1st cycle (black), Q is 14.3 mAh/g,
which is 11.4% of the capacity of NCF90. Q, however, steeply
decreases with cycle number; 11.0 mAh/g at the 4th cycle (red)
and 3.6 mAh/g at the 6th cycle (blue).

Figure 5 shows (a) Q and (b) cell voltage [Vcen (40K)] at AT =
40 K against cycle number. In the NNF68/NCF90 tertiary battery
(open red circles), both Q and Ve (40K) essentially unchanged
up to the 10th thermal cycle. In the NCF71/NCF90 tertiary battery
(filled blue circles), however, Q steeply decreases with cycle
number at a rate of - 11 %/cycle. In addition, V.. (40K) decreases
with cycle number at a rate of - 7 %/cycle. The substitution of Ni
for Co in the NCF71 film significantly improves the deteriorations
of the NCF71/NCF90 tertiary battery. In other words, the bad
thermal cyclability of the NCF71/NCF90 cell is originated in the
NCF71 film, not in the NCF90 film.

30,

20¢

NNF68/NCF90

10

0 (mAlv/g)

NCF71;-NCI‘:9O

1(b)
I NNF68/NCF90

(40K) (mV)
S

Veel

Cycle number

Figure 5. (a) Capacity (Q) and (b) cell voltage [Vcen (40K)] at AT = 40 K in the
NNF68/NCF90 (open red circles) and NCF71/NCF90 (filled blue circles) tertiary
batteries against cycle number. Average values of the warming and cooling runs
are plotted. Solid straight lines are results of the least-squares fittings.

Figure 6 shows discharge curves of the (a) NCF71 and (b)
NNF68 films against cycle number at T, (= 283 K; blue) and Ty (=
323 K; red), respectively. At T, no trace of the capacity
deterioration was observed in both the films up to the 10th cycle.
At Ty, however, serious capacity deterioration was observed in
the NCF71 film [Figure 5 (a)]. The capacity at the 2nd (3rd) cycle
is 57 % (12 %) of that at the 1st cycle. Such a capacity
deterioration of the NCF71 film causes the poor thermal cyclability
of the NCF71/NCF90 tertiary battery. The origin of the capacity
deterioration is perhaps the cracks formation in the particles,
since the NCF71 films sometimes peeled off during the washing



after the cyclability test. The substitution of Ni for Co significantly
improves the capacity deterioration [Figure 6 (b)] and causes the
good thermal cyclability of the NNF68/NCF90 tertiary battery
(Figure 5). Similarly, Xie et al. B reported that cyclability of
Na,Co:.-Ni[Fe(CN)e¢] as cathode material for the sodium ion
secondary battery in ethylene carbonate (EC) / diethyl carbonate
(DEC) containing 1M NaPFs becomes better with the increase in
the Ni concentration (z). The capacities at the 100th cycle are
49.2 %, 89.5 %, and 91.7 % of those at the first cycle at z = 0.0,
0.5, and 1.0, respectively.
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Figure 6. Discharge curves of the (a) NCF71 and (b) NNF68 films up to the 10th
cycle. The blue and red curves represent the data measured at T. (= 283 K) and
Th (= 323 K), respectively. The current density was 10 pA/lcm?,

Table 1. Crystallinity, density of [Fe(CN)g] deficiency, and unit cell size (a)
of the NCF71, NCF90, and NNF68 films.

Film crystallinity density of [Fe(CN)e] deficiency a (nm)
NCF71 High 29% ~1.03
NCF90 High 10% < 1.02
NNF68 Low 68% ~1.020

Here, we consider the necessary conditions and possible
mechanism for the crack formation in PBA particles. Figure S1
shows scanning electron microscope (SEM) image of the NCF71.
NCF90, and NNF68 films. The NCF90 and NCF71 films consists
of crystalline particles about 100 nm in diameter, while the NNF68
film consists of granular particles with low crystallinity. Figure S2
shows X-ray diffraction pattern (XRD) of the NCF71, NCF90, and
NNF68 films. The diffraction peaks of the NNF68 film is much
broader than those of the NCF71 and NCF90 films, indicating
smaller domain size (~ 20 — 70 nm) in the NNF68 film. On the
other hand, the unit cell size (a) of NCF90"! and NNF68F is less
than 1.02 nm in the entire region of x, and is smaller than that (~
1.03 nm®in the entire region of x of NCF71. We summarized In
Table 1 particle crystallinity and a of the NCF71, NCF90, and
NNF68 films, together with the density of [Fe(CN)e] deficiencies.
The NCF71 film, whose cyclability is bad due to crack formation,
has higher crystallinity, higher-density of the [Fe(CN)g] deficiency,
and larger unit cell size. It is reasonable that the high crystallinity
makes the crack formation easier. In addition, the high-density Fe
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deficiencies and large unit cell size causes the highly porous
structure, which is amenable for the crack formation during the
chare/discharge process at Ty. On the other hands, the NNF68
film with lower crystallinity and smaller unit cell size is robust
against the crack formation during the chare/discharge process.

Conclusions

We compared the thermal cyclability between the prototypical
NCF71/NCF90 tertiary battery and Ni-substituted NNF68/NCF90
tertiary battery. We found that the thermal cyclability significantly
improved in the Ni-substituted tertiary battery. Both the cell
voltage [Vce(40K)] at AT = 40 K and capacity (Q) essentially
unchanged up to the 10th thermal cycles. Our experiment reveals
that the poor cyclability of the NCF71 film at Ty (= 323 K) is
responsible for the poor thermal cyclability of the NCF71/NCF90
tertiary battery. Present work indicates that tertiary batteries are
one of the promising energy harvesting devices.

Supporting Information and Summary

Scanning Electron microscope (SEM) images and X-ray
diffraction (XRD) patterns of the as-grown NCF71, BCF90, and
NNF68 films are shown.
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Tertiary battery is charged by the environmental heat and is a promisingenergy harvesting device for the 10T society. The thermal
cyclability is not good in the prototypical NaxCo[Fe(CN)g]o.71 (NCF71)/NaxCo[Fe(CN)elo.oo (NCF90) tertiary battery. Here, we
significantly improved the thermal cyclability of the tertiary battery with using Ni-substituted NaxNi[Fe(CN)s]o.ss (NNF68). The

improvement is ascribed to poorer crystallinity and smaller unit cell size of the NNF68 film.



