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Recently, it was reported that a thermocell can convert a thermocell, consisting of two types of cobalt Prussian blue
temperature into electric energy by using the difference in  analogues (Co-PBAs) with differeatvalues. The thermocell
the thermal coefficient (@ = dV/dT) of the redox potential produces electric energy with high thermal efficiengy=1
(V) between the cathode and anode materials. Here, we %) betweerl (=295 K) andTy (= 323 K). This type of ther-
systematically investigateda of Na,Coi_,Mn,[Fe(CN)g]y mocell expands the application region of the battery materials
(Co1—_;Mn,-PBA) against Mn concentration ¢). The z  from energy storage to energy conversion. To realize a new
dependence ofx is interpreted in terms of the 3d-electron  energy harvesting device, exploration of high-is indispens-
configuration entropy (ASsy) of the redox site. Utilization  able.

of S is a strategy effective for the design of highe/| ma- Prussian blue analogues (PBAs) with chemical formula of
terial for energy harvesting thermocell. NaM[Fe(CN)]y (M = Fe, Co, Mn and Ni) are promising

, cathode materials of sodium-ion secondary battetié§The
A new energy harvesting technology, that converts waste he"étompounds consist of three-dimensional (3D) jungle-gym-

near room temperature and/or human body heat to electric epe host framework with guest Ndons and HO molecules

ergy at low cost and high efficiency, is required for a "smart” hich are accommodated in the nanopores of the framework.
society. Recently, several researce?seported that a ther- Most of the PBAs have face-centered culfiar@m; Z = 4)

mocell that uses the difference in the thermal coefficiart (. trigonal ®3m; Z = 3) structures' Importantly, PBAs are
dv/dT) of the redox potentia() between the anod@énosd 4150 promising materials for the energy harvesting thermo-
and cathodedcathosd Materials can convert the cell temper- .o pecause thein values distribute from - 0.3 mVid in

ature {Icey) into the electric energy. The thermocell can pro- NaMn[Fe(CN)s]o.s3 (NMF83) to approximately 1.4 mVK:

duce _electric energy in the therma_l cycle between Id'w ( in NaCo[Fe(CN}]o.o (NCF90)8 Nevertheless, the origin of
and high Ty) temperatures, making in sharp contract with they, s \yige distribution of is still unclear. From an thermo-
semiconductor-based thermoelectric deVide.the warming dynamically point of view,a is equivalent totAS, wheree

1 e

process, the redox potentials of the_anode and cathode changgyas are the elementary charge () and the differences in
by OanodAT anddcainodd\T, respectively. Then, we expect gnyqny 6 of the system before and after Nénsertion. Fur-
a thermally induced change in the cell volta¥ee() as 1arge  thermore AS can be divided into the components due to elec-

as (Ocathode— aam?de)AT. In other words, electric energy is trode solid materialfSs,iq) and electrolyteASuectrolyt J.16.17
thermally stored in the thermocell. The stored electric energy ) . .

can be extracted by the discharge proces$qat Similarly, In this paper, ~we investigated o  of
during the cooling process, the redox potentials of the anodgla’<C:01*Z'\/I_nZ[':e(CN)5]y (Cop_:Mn,-PBA) - against Mn
and cathode change byoanoddT and - OcatmoddT, respec- concentration 4. We found thaFa(z) ~ a(0) [a(0) an.d
tively. The stored electric energy can be extracted by the dis?(?) are the temperature COEffICIenth of rgdox potential of
charge process @t . For example, Shibatet al.5 fabricated NCF90 and Ce Mn.-PBA, respectively] in the Co/Mn
redox region £ < 0.7) while a(z2) <« a(0) in the Fe redox

t Electronic Supplementary Information (ESI) available: [details of any Fegion € > 0.7). We semi-quantitatively explain the redox
supplementary information available should be included here]. See DOIsite dependence af(z) in terms of variation £S4) of the

10.1039/b000000X/ o o 3d-electron configuration entropy{;) between the divalent
a8 Graduate School of Pure & Applied Science, University of Tsukuba,

Tennodai 1-1-1, Tsukuba, lbaraki 305-7571, Japan. E-mail: morit- and trivalent states.
omo.yutaka.gf@u.tsukba.ac.jp Films of Ca_,Mn,PBA were fabricated by the electro-

b . . o .
Faculty of Pure & Applied Science, University of Tsukuba, Tennodai 1-1-1, ; e g : : _
Teukuba, Ibaraki 305-7571, Japan. chemical deposition on an indium tin oxide (ITO) trans

¢ Tsukuba Research Center for Energy Materials Science (TREMS), UniveP@rent electrodes under potentiostatic conditions at - 0.45
sity of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan V vs. a standard Ag/AgCl electrod&:2° The electrolytes
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Table 1: Chemical formula and concentrations (mmol/L) of the solutes

z chemical formula CoGl MnCl, K3[Fe(CN)] NaCl Co(NGs)2 NaNG;
0.00 Nay 60CO[Fe(CNE]0.902.9H0 — 0.00 0.80 — 0.50 5000
0.36 Nq,64C00,64Mn0'36[Fe(CN)5] 0.912.0HL,O 0.43 0.23 1.00 5000 — —
0.56 Na 60C0n.44Mng selFE(CNX]0.903.2H0 0.38 0.38 1.00 5000 — —
0.78 NqA68C00_22Mn0'73[Fe(CNk]0_923.2H20 0.25 0.75 1.00 5000 — —
0.89 Na 56C0p.11Mng gg[FE(CNX]0.893.1H,O 0.13 1.13 1.00 5000 — —
1.00 Nay 72Mn[Fe(CN)s]o.932.3H,0 0.00 1.50 1.00 5000 — —

were aqueous solutions containing[Re'"' (CN)g], Co"Cl,

[Co'"(NOs3),], Mn'"'Cl,, and NaCl (NaN@). In this process, _ 4@ z=0.00 .
the reduction reaction of [F&(CN)s] + € — [Fe?"(CN)g] s s
triggers the deposition of PBA. Therefore, Fe, Mn, and Co in % %
the as-grown films are divalent. The chemical composition of % 4
the film can be finely controlled by the concentration of the so-  » f
lutes (Table 1). For example, tlrevalue can be controlled by E« E/

58]

the concentrations ratio between4tcand Mr?+. Chemical
compositions of the films were determined using the induc-
tively coupled plasma (ICP) method and are listed in Table 1.
The obtained film was transparent (Fig. S1) with a thickness
of ~ 1 um . In the whole region f, the crystal structure of the
as-grown film was hexagonal (Fig. S2). The lattice constants,
aandc, monotonously increase witt({Fig. S3), reflecting the
larger ionic radiusrfy2+ = O.SSOA) of Mn?* as compared
with that 2+ = 0.745A ) of Co?*.
The electrochemical measurements were carried out with
a potentiostat (HokutoDENKO HJ1001SD8) in an Ar-filled
glove box using a beaker-type cell. The cathode, anode, and ]
electrolyte were the film, Na metal, and propylene carbonate 0 1 2
(PC) containing 1 mol/L NaClQ respectively. The charge x X
and discharge rate were about 1 C. The cut-off voltage was
from 2.8 to 4.0 V. Thex value in Cq_,Mn;-PBA was evalu-  Fig. 1: Discharge curves of the €oMn,-PBA films; (a)z = 0.0,
ated from the total current under the assumption 0.0  (b) 0.56, (c) 0.89, and (d) 1.00. The discharge rate was about 1 C.
in the charged state. Arrows represent th& value of the films used in the test cell (see
Figure 1 shows discharge curves of the,GdMn,-PBA  text).
films; (a)z= 0.0, (b) 0.56, (c) 0.89, and (d) 1.00. In whole
the region of, the discharge curves show two-plateau feature.
At z= 0.0 [(@)], the high- and low plateaus are observed (r,, .. = 0.830A) are much larger than those of the other
around 3.8 and 3.3 V, respectively. The higiplateau is as- ions. Then, we may expect discontinuous increase of the lat-
cribed to the redox reaction of F&/Fe*", while the lowV tice constant at the switching of the redox site from Co (Mn)
plateau is ascribed to the redox reaction of@€0* .2 Atz to Fe. We investigated the crystal structure ofstkeontrolled
= 1.0 [(d)], the high- and low/ plateaus are observed around Co,_,Mn,-PBA at the boundary bwetwwn the high- and low-
3.6 and 3.4 V, respectively. The highplateau is ascribed to Vv plateaus. In the whole region afthe crystal structure was
the redox reaction of Mi/Mn3*, while the lowV plateauis  face-centered cubic (Fig. 4S). As expected, the lattice constant
ascribed to the redox reaction of #éFe*t.21 We note that (a) shows discontinuously jumps at~ 0.7 froma = 10.09
the redox site at the low-plateau switches from Ca€ 0.0) A to 10.41A (Fig. 5S). Here, let us evaluate the variation
to Fe ¢=1.0). (Aa) of a by the change of the ionic radii. The change of the
At the boundary between the high- and Idplateaus, the ionic radii of Co, Mn and Fe arfrc, = 0.20A, Aryn = 0.185
electronic configuration of the low- and highsamples are A andArge = - 0.06 A, respectively. ThenAa [= 0.3Arc, +
Co*" (Mn3) - F&#t and M+ (Co?t) - Fe*T, respectively.  0.7Arwn + Arge becomes 0.38, which is close to the experi-
We note that ionic radii of Co (ree+ = 0.745,&) and Mr¢t mental value (= 0.323\). In addition, the color of the film at the

4L(@==1.00

V' (V vs.Na/Na +)

W
V (V vsNa/Na")
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Table 2: Chemical composition of N@o;_,Mn,[Fe(CN)]y 0.05Ha)z=0.36 0.05(b)z=0.56 |
that is used as anode and cathode of the test@gllyogeand - -0.38mVK -0.32mVK
Oanode &re the temperature coefficients of redox potential of |

cathode and anode, respectively. e I . \
annode cathode 30 S 3 0L
z y X A y X | Ocathode" Cxanode(mVK7l) ~ r =~ )
0 090 0.81]036 091 0.94 -0.38 [ ¢ warming ¢ warming
0 090 0.91| 056 0.90 1.09 -0.32 [ ° 9(})91i1|1g| ‘ - ccl>olmg 3
0 090 0.96] 0.78 0.92 1.07 -0.89 290 300 310 290 300 310
0 090 0.97] 0.89 0.89 1.00 -1.50
0 090 0091|100 093 1.15 -1.75 025 Lea ) 025 Lea X)
{c)z=0.89 {(d)z=1.00
- -1.50 mVK'' -1.75 mVK™

middle point of the low¥ plateau significantly changes from o | o
deep purple at=0.56 to reddish brown at 0.78 (Fig. S1). The 0.2 * warming] =02
deep purple color is ascribed to the electronic transition from ;8 ©  cooling g’
F&* to Co® .12 Then, the switching of the redox site causes »

the significant color change as observed, because the Co state \
changes from trivalent to divalent. A similar switching of the

®  warming
©  cooling
MRS SR et S

15

redox site was reported by Kurihaet al.?° in the isomor- 0 290 300 0'15290 300 310

phic lithium compound (LiCo1—,Mn,[Fe(CN)]y), in which Teey (K) Teer (K)

the redox site at the low- plateau changes from Co/Ma €

0.7)to Feg> 0.7). Fig. 2: Cell voltageVer) of the NCF90/Ce_,Mn,-PBA cell against

Recently, Fukuzumét al.® reported thatt = 1.4 mV/K in  the cell temperatureTy); (a) z= 0.36, (b) 0.56, (c) 0.89, and (d)
the lowV plateau of NgCo[Fe(CN}]loo (NCF90). There- 1.00. Both the anode and cathode werextwentrolled films to the
fore, we regarded the NCF9@ £ 0.0) film as a standard of middle point of the lowV plateau. Red and blue marks mean that the
a. We fabricated a lowke cell whose anode, cathode and data obtained in the healing and cooling runs, respectively.
electrolyte were the NCF90 film, Go,Mn,-PBA films, and
PC containing 1 mol/L NaClg) respectively. The areas of the . 3 1
electrodes are- 1.0 cn?. To avoid the potential fluctuation ef- 0-7). @(2) is aimost the same ag(0) (= 1.4 mVK™). In the
fect which is significant in the as-grown (fully-reduced) state,/2'9€Zregion €= 0.7),0a(2) steeply decreases and finally be-
x of the NCF90 and Cp ,Mn,-PBA films were controlled to COMes negative (=-0.1--0.4 r_n\fl%) abovez = 0.89. The
the middle point of the low plateau (arrows in Fig. 1) usinga "€dativea(2) in the largez region is consistent with the nega-
beaker-type cell. The chemical composition of the anode an{ve Value in NaMn[Fe(CN)Jo.ss (NMF83).” Thus, we con-
cathode of the thermocell are summarized in Table 2. In thd'med that the magnitude af(z) has strong correlation with
highV plateau, the redox potential was too unstable agasinif'® "edox sitea(2) is large in the Co/Mn redox regior(0.7)
time to determine reliable. We carefully measuredee of ~ WWhile a(2) is small in the Fe redox regior>(0.7).
the NCF90/Ce@_,Mn,-PBA cell (test cell) againsteer. Teel Figure 3(b) show¥/cei (= Vz - Vo, whereVp andV; is the
was monitored with a Pt resistance thermometer in the elededox potential of NCF90 and Go,Mn,-PBA, respectively)
trolyte and was slowly increased/decreased at a rate f ~ Of the test cell at 290 K. In the smatlregion ¢ < 0.7),Vcenl Is
0.3 K/min. nearly zero indicating that; ~ V. At z~ 0.7,V; discontinu-

Figure 2 show¥, of the test cell againder; (8)z=0.36,  OUSly jumps fromVeey = 20 mV atz= 0.56 to 125 mV at 0.78.
(b) 0.56, (c) 0.89, and (d) 1.00. Red and blue marks mean tha/ith further increase iz, a steeply increase to frofce) =
the data obtained in the heating and cooling runs, respectively:2> MV atz = 0.78 to 213 mV az = 1.00. This discontinu-
We observed no thermal hysteresis/gf), indicating that the ~ OuS jump olV; atz= 0.7 is probably ascribed to the redox site
data are free from temperature gradient nor sample deterior&Witching from Co/Mn£<0.7) to Fe ¢> 0.7).
tion effects.Aa [= a(2) - a(0)] was evaluated by least-squares  Now, let us consider the effect of thel<&lectron configura-
fittings. In the smalkz region [(a) and (b)]JAa| is small (¢ tion entropy q) ona. From a thermodynamically point of
0.32 mVK-1) indicating that(z) ~ a(0) (= 1.4 mVK1). In  view, a is equivalent totAS. Then, the contribution oy on
the largez region [(c) and (d)]|Aa| is large & 1.50 mVK™Y)  a'is expressed afASy = 2(SJ, - SIi), whereS], andSy, are
indicating thata(z) < a(0). Figure 3(a) shows thus deter- the configuration entropy in the divalent and trivalent states,
mineda(z) [= Aa + a(0)] againstz. In the lowz region ¢ < respectively.S3q is expressed agInW, whereW (= Ngpin x
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[(a) Co;_Mn_-PBA I(b) Co, Mn_-PB Table 3: 2-electron configuration entropdy)
o~ 2,‘ 5\200" at 200 K ion electron configuration S3g %,ASgd
M C 2| Co™t Eo kgIn(4x3) —
E 13\)\@ ;8100'_ Co*t egtgg kgIn(1x1) —
= | , [ — — — 0.21 mvK™!
v w [ 2+ 3
g b\ a | Mn &3, kgIn(6x1) —
0 ftr‘o“ Mn3+ egtsy kaIn(5x2) —
lo0) = 1,40 mVK % I — — — -0.04 mvK-1
0 0.5 1 0 0.5 1 Fe?t egtgg kgIn(1x1) —
z z Feit eft3, kgIn(2x3) —
— — — -0.15 mvK1

Fig. 3: (a) Thermal coefficientof(z)] of redox potential in
Co1_;Mnz-PBA againstz. (b) Ve (= Vz - Vo, whereVp andV; is
E:g ﬁggg(scggm;\jlnmpl\éi':cge(:lZgii%gzMaﬂzzg? rgz‘;’:‘;ﬁ‘e’eéﬁozfe scenario. On the other hand, Shibataal2? reported that
and cathode wezre tzhecontrolled films to the middle point of the the mag.thde oRis quantlta}tlv'ely. reprOduc.ed by the slopes
low-V plateau. The straight lines are merely guides to the eyes. of the _dlscharge CUIVES. Thls_ indicates tEIalls_expected be

larger in the material whose discharge curve is flatter.

In conclusion, we systematically investigatedz) in

Norbital, WhereNspin andNorbital are spin and orbital degrees of Co1—,Mn,-PBA againstz. We found thati(2) ~ a(0) in the
freedom, respectively) is the number of degenerated electronico/Mn redox region < 0.7) whilea(z) < a(0) in the Fe re-
configuration. In Table 3, we summarigg, andS}, of Co,  doxregion ¢> 0.7). We semi-quantitatively explain the redox
Mn, and Fe, together with the numerical evaluatiof Ay Site dependence ar(z) in terms of the 8-electron configura-
Nspin is expressed asS* 1, whereSis the total spin quantum tion entropy Gsq). Utilization of S is a strategy effective for
number. Nospita = 3 in theegtg’g and egtg configurations, be- the design of highel| material for energy harvesting thermo-
cause we can select three orbitals fortadole. Norpita = 2in~~ CEll-
the eétg’g configuration, because we can select two orbitals for
theey electron.Norital = 1 in theeltS, andejt3; configurations, This work was supported by JSPS KAKENHI (Grant Num-
because there is no degenerated configuration. In PBAs, tH€r JP17HO0113). The synchrotron radiation experiments were
oxidization process of Go causes spin state transition from Performed at the BLO2B2 of SPring-8 with the approval of
high-spin (C8*) to low-spin (C3*) states. The redox pro- the Japan Synchrotron Radiation Research Institute (JASRI)
cess of C8/Co> contributes tai(z) by 0.21 mVK-1 while (Proposal No. 2018A1125 and 2017A1_O40). The _eleme_n_tary
that of Fé+/Feé** contributes tax(2) by - 0.15 mVK-L. Thus, analyses were performed at the_ChemlcaI Ana!y3|s _D|V|S|on_,
ASsy semi-quantitatively explains why (= 1.40 mVK-1) in Research Facility Center for Science and Engineering, Uni-

Co-PBA is larger than that (= - 0.35 mVK) in Mn-PBA. In  Versity of Tsukuba.

other words, the hight value of NCF90 is ascribed to the spin

state transition of the Co ion accompanied by the redox reacconflicts of interest

tion. The observed difference (= 1.75 mVK in o between  There are no conflicts of interest to declare.
Co-PBA and Mn-PBA, however, is larger than the difference

(= 0.36 mVK 1) evaluated based ohSzq. This implies that
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