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kinetics in nanoporous metal-

hexacyanoferrates 1

Masamitsu Takachi,? Yuya Fukuzumi,? and Yutaka Moritomo,*2P:¢

Metal-hexacyanoferrates (metal-HCFs) are promising can-
didates for cathode materials of sodium-ion secondary bat-
teries (SIBs). Here, we systematically investigated Na  * dif-
fusion constants ( D) and their activation energies ( Eg) of
metal-HCFs against the framework size (= a/2). We found
that the magnitude of D (Ez) systematically increases (de-
creases) with increases in  a, indicating that steric hindrance
plays a dominant role in Na ™ diffusion.

Coordination polymers are promising cathode materials for
SIBs, due to robust nature of their frameworks against Na™ in-
tercalation/deintercalation. Among the coordination polymers,
metal-HCFs, NaxM[Fe(CN)gly (M is metal element), are most in-
tensively investigated as cathode materials for SIBs. 119 The com-
pounds show three-dimensional (3D) jungle-gym-type framework
with periodic cubic nanopores, 0.5 nm at the edge.!! Signifi-
cantly, the framework size (= a/2) is finely-controlled by the sub-
stitution of M. Actually, in (Cs,Rb), M [Fe'! (CN)gly (M = Co, Fe,
Ni, Cu, Zn, Mn, and Cd), a increases linearly with increase in the
ionic radius (r) of M as a [A] = 0.8091 + 2r [A].11.12

The electrochemical performance of the metal-HCF family has
been rapidly improved every year. Goodenough’s group! have
reported Na™ intercalation behaviors in a K-M-Fe(CN)g system
(M = Mn, Fe, Co, No, Cu, Zn), even though their Coulomb ef-
ficiency is very low. The Coulomb efficiency is significantly im-
proved in thin films of Naj3,Mn' [Fe!' (CN)glo.833.5H20,2 and
Naj Co" [Fe'' (CN)g10.92.9H,0:3 the films show high capacities
of 109 and 135 mAh/g and average operating voltages of 3,4
and 3.6 V against Na, respectively. By a structural optimization,
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Yang et al.> demonstrated that Naj 76Nig1oMng gg[Fe(L.2 1g.og
exhibits an excellent cycle life with a capacity of 118 m. .,'5. In
addition, Lee et al.® reported that Na,Mn'' [Mn" (CN)g1 show a
huge capacity of 209 mAh/g mediated by one- and two-¢ 'ec ron
reactions per a chemical formula. Significantly, the metsl F'CFs
also work as cathode materials of lithium-ion secondary bac.eries
(LIBs). 13717 Then, we can directly compare the diffusion dvnam-
ics of Nat (r = 1.18 A) and Li* (r = 0.92 A) within the se~- the
host framework.

In this Communication, we investigated the framework <iz~ de-
pendence of Na™ diffusion constants (D) and their activat.c.. en-
ergies (Ey) of metal-HCFs. We found that the magnitude o. D Ey)
systematically increases (decreases) with increases in the f me-
work size. We further compare the diffusion dynamics of i+
Li* within the same Mn-HCF and Cd-HCF frameworks.

Films of Co-, Mn- and Cd-HCF were fabricated by the ! :rtro-
chemical deposition on indium tin oxide (ITO) transpare .. .lec-
trodes under potentiostatic conditions at - 0.45 V vs.
dard Ag/AgCl electrode. 1418 The electrolytes were aqueo 's s >lu-
tions containing 0.8mM K3[Fe”I (CN)gl, 0.5mM Co"! (NCz>,and
5M NaNOgj for Co-HCF, that containing 1.0mM K3[Fe"' ~iv)gl,
1.5mM Mn''Cly, and 1M NaCl for Mn-HCF, and that cor rai ing
1.0mM Kz[Fe'' (CN)g], 1.5mM Cd' Cl,, and 1M NaCl for C* "CF.
The obtained film was transparent with a thickness (d) ot ~ 500
nm (Fig. S1). Chemical composition of the Co-HCF filn ¢ ter-
mined to be Naj 5,Co'! [Fe!l (CN)g]0.883.1H,0 (denoted as 72.788)
using the inductively coupled plasma (ICP) method and « «HN
organic elementary analyzer. Calcd: Na, 10.4; Co, 17 .0: Fe,
14.6; C, 18.9; H, 1.8; N, 22.0%. Found: Na, 11.2; C¢ 17.4;
Fe, 15.3; C, 18.5; H, 1.9; N, 20.0%. Chemical compositim of the
Mn-HCF film determined to be Naj 3gMn' [Fe!' (CN)g]g.43.4Ho0
(MnF84). Calcd: Na, 9.7; Mn, 16.9; Fe, 14.5; C, 18.7; H. 2.1;
N, 21.8%. Found: Na, 10.6; Mn, 16.8; Fe, 14.7; C, 18.2; Y 2.1;
N, 20.9%. Chemical composition of the Cd-HCF film dete ... ned
to be Naj 74Cd" [Fe' (CN)g10.943.8Ho0 (CAF94). Caled: N, 9.6;
Cd, 26.8; Fe, 12.5; C, 16.1; H, 1.9; N, 18.8%. Found: Na, 10.3;
Cd, 27.0; Fe, 13.1; C, 15.8; H, 1.8; N, 17.9%. The X-ray r~"der
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diffraction (XRD) patterns of the CoF88, MnF84, and CdF94 films
were obtained with use of a synchrotron-radiation X-ray source
(Fig. S2). The crystal structure was hexagonal (R3m; Z = 12) for
MnF84 and CoF88 white it is face-centered cubic (Fm3m; Z = 4)
for CdF94. The masses of the films were measured using a con-
ventional electronic weighing machine by subtracting the mass of
the substrate.

In order to investigated the Na™diffusion kinetics, electrochem-
ical impedance spectra (EISs) were measured with a potentiostat
(BioLogic SP-150) in a two-pole beaker type cell against Na. The
electrolyte is propylene carbonate (PC) containing 1M NaClOg.
The active area of the film was 1 cm2. The frequency range was
from 5 mHz to 200 kHz, and the amplitude was 30 mV. The
concentration (X) of Nat was controlled by charge/discharge
process of the battery cell. The magnitudes of x was evaluated by
the relative charge with assuming the ideal redox reaction. In the
MnF84 and CoF88 films, the discharge curve shows a character-
istic two-plateau®* (Fig. $3). The high- and low-V plateaus of
MnF84 are ascribed to 1.36Na® + Mn{l ;gMnlll [Fe!'' (CN)gl0.84
—  0.84Na™  NagsoMn'[Fel (CN)glpgsa and  0.84Nat
Nags,Mn' [Fe'' (CN)gloga — NagzeMn''[Fe' (CN)gloga, re-
spectively. The high- and low-V plateaus of CoF88 are ascribed
to 1.52Na™ + Co''[Fe (CN)glgpsa[Fe" (CN)gloss — Nat +
Nag52Co'" [Fe!! (CN)glo.gs and Na™ + NagszCo' [Fe!' (CN)glogs
— Nay 50Co" [Fe!' (CN)glo.gs, respectively. In the high-V plateau,
the EISs are too deformed to analyze (Fig. S4). So, we chose
X [= 0.6 (0.8) for MnF84 (CoF88)] at the central region of
the low-V plateau. In the CdF94, the discharge curve shows a
single-plateau '8 (Fig. $3): 0.94Na™ + NaggoCd" [Fe'' (CN)g]0.94
— Na1,76Cd” [Fe'! (CN)glo.ga. We chose x (= 1.1) at the central
region of the plateau.

The formal wvalences at the EIS measurements

are Nag eMn' [Fe!' (CN)g]o.0s[Fe"! (CN)6]0.76 (MnF84),
Nag gCo'' g 28C0'"" g 72[Fe!' (CN)g0.88 (CoF88), and
Naj 1Cd" [Fe'' (CN)glo.og[Fe!!' (CN)glogs (CAF94). We note

that the molar ratios of the divalent metals (Mn", Fe"', Co", and
Cd") and the heavy metals (Mn, Fe, Co, and Cd) are close to
each other: 0.59, 0.61, and 0.66 for MnF84 (x = 0.6), CoF88
(x = 0.8), and CdF94 (x = 1.1), respectively. In other words,
the electrostatic forces between Na™ and the host frameworks
are nearly the same. In addition, the hexagonal distortion
of the as-grown MnF84 (x =1.36) and CoF88 (x = 1.52)
disappears with decrease in x.2# Actually, crystal structures are
face-centered cubic (Fm3m; Z = 4) at the EIS measurements:
a = 10.56 A for MnF84 (x = 0.6) and 9.97 A for CoF88 (x =
0.8). Thus, metal-HCFs give us ideal platforms to investigated
the interrelation between the Na™ diffusion kinetics and the
framework size.

Figure 1(a) shows EISs of CoF88, MnF84, and CdF94 films
against Na. In the high frequency region, the spectra show semi-
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Fig. 1 (a) EISs of CoF88, MnF84, and CdF94 films in PC containing 1M
NaClOg4 at 305 K. (b) EISs of the Li-substituted MnF84 and CdF94 film
in EC / DEC containing 1M LiClO4 at 305 K. Arrows indicate the
frequencies. Broken straight lines are eye-guided ones. Solid curves are
results of the least-squares fittings with the Randles equivalent circuit
model (see text).

circles. With decrease in the frequency (f), the spectra show
straight lines with the angle of ~ 1/4 against the imaginary axis
[broken straight lines in Fig. 1(a)]. With further decrease in f,
the data deviates from the broken line. We define the critical
frequency (fc) where the data begin to deviate from the broken
line. Crudely speaking, the diffusion constant (D) is expressed as
27f.d2 because fo 1 is the characteristic time when the diffusion
length reaches d. We found that f; in the CoF88 film is much
smaller than those in the MnF84 and CdF94 films (Table S1).

We quantitatively analyzed the EISs with a Randles equivalent
circuit model, which consists of the high frequency resistance
(Rp) of electrolyte, ionic charge-transfer resistance (R¢t), dou-
ble layer capacitance (Cgq)), and restricted diffusion impedance
(R4 z4: Ry and z4 are characteristic resistance and reduced diffu-
sion impedance, respectively) of flat plate with thickness d.1? To
reproduce the finite slope in the low frequency region, we used
the constant phase element (CPE)-restricted form as zg: 20

_wd?

_ au"+yucothu o)
~ u+aul/2cothyu’ D’

z4(u)

where w (= 2mf), a, n is the angular velocity, dimensionless
quantity, and specific exponent, respectively. We evaluated seven
parameters, i.e., Ry, Ret, Cqi, Ry, a, n, and D, by least-squares
fittings of the EIS curves [solid curves in Fig. 1(a)].
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Fig. 2 (a) Diffusion constant (D) and (b) activation energy (Es) of
CoF88, MnF84, and CdF94 films against lattice constant (a). Open and
closed circles stand for Na* and Li*, respectively.

We further investigated the diffusion kinetics of Li* in the same
host framework. We measured the EISs in ethylene carbonate
(EC) / diethyl carbonate (DEC) containing 1M LiClO4 against Li.
Before the measurements, Na™ of the films is electrochemically
substituted for Li*. The concentration (X) of alkali cations was
controlled by charge/discharge process of the battery cell. The
magnitudes of x was evaluated by the relative charge with as-
suming the ideal redox reaction'®. In the MnF84 films, the dis-
charge curve shows a characteristic two-plateau structure 13 (Fig.
S5). Figure 1(b) shows EISs of MnF84 and CdF94 films against
Li. We evaluated the D values by least-squares fittings of the EIS
curves with the Randles equivalent circuit model [solid curve in
Fig. 1(b)].

In Fig. 2(a), we plotted D against a. Open and closed cir-
cles stand for Na™ and Li", respectively. The magnitudes of a
were evaluated with use of the x dependence of a reported in
literature. 18 For CdF94, we used the structural data of the Li-
substituted Cd-HCF. 18 We found that the Na*t diffusion constant
steeply increases with increase ina: D = 0.5x10710, 2.3x10719,
and 7.7x10710 cm?/s at a = 9.97 (CoF88), 10.56 (MnF84), and
10.70 A (CdF94), respectively. This behavior is reasonable be-
cause the wider the framework becomes the faster the guest ion
transfer to the adjacent cubic nanopore. We further found that
the diffusion constant of the smaller Li* is much higher than that
of Na* diffusion constant in the same MnF84 and CdF94 frame-
work (Tables S1 and S2).

In order to evaluate the activation energy (Ey) of D, we in-
vestigated temperature dependence of EISs (Figs. S6 and S7) of
the CoF88, MnF84, and CdF94 films. The magnitudes of D were
evaluated by the least-squares fittings of the EIS curves with the
Randles equivalent circuit model. Figure 3 shows temperature de-
pendence of D. As indicated by least-squares fitted straight lines,
D obeys the thermal-activation law: D O exp(-Ez/kgT). The mag-
nitudes of E; were calculated from the slope of the fitted lines. In

This Journal is ® The Royal Saciety of Chemistry [year]
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Fig. 3 Arrenius plot of diffusion constant (D) of CoF88, MnF84, ¢a
CdF94 films. Open and closed circles stand for Na*™ and Li*,
respectively. Solid lines are results of least-squares fitting.

Fig. 2(b), we plotted E, against a. We found that Ej, steeply de-
creases with increase in a. The activation energy corres,. ...’s to
the barrier height of the Na™ potential curve along the ion ....gra-
tion path. An ab initio calculation!2 indicates that the p t > tial
shows local maximum at the window position between tk =~ gh-
boring cubic nanopores. Then, the suppressed Ej in the .a: je-a
compound is ascribed to the weaker guest-host interactiou, and
resultant lower potential barrier at the window position.

Finally, let us discuss the effects of the Na™ - HoO and N1 -
Na™ interactions on D. The metal-HCF has two types of crvstal
waters, ie., the zeolite and ligand waters, in addition 1> *.a™.
The zeolite waters occupy the nanopores and disturb t~_ Na™
diffusion, while the ligand waters coordinate the metal 1o, i.e.,
Mn, Co, and Cd. Then, the Na™ - H,O interaction is expected
to suppress D with increase in the zeolite water content (). n;
was evaluated by z - 6(1-y), where z is the total water .v..cent
per a chemical formula: n, = 2.4, 2.4, 3.4 for CoF88, vnr84,
CdF94, respectively. Contraly to the expectation, D increas =5 7ith
increase in n;. This indicates that the Na*t - H,O interat’  has
minor effect on D. The Na™ - Na™ interaction is also c. o cted
to suppress D with x, because Na* cannot hop to the o cu ied
adjacent site. We, however, found that D of the MnF84 “'1 is
nearly independent of x: D = 2.3 x10710, 2.2 x10710 ani 2.6
x10710 cm?2/s at x = 0.6, 0.9, and 1.1, respectively.

In conclusion, we demonstrate that diffusion kinetics ¢ _kali
cations in metal-HCFs crucially depends on not only the iv... ra-
dius but also the framework size. The high Na™ diffusion ¢ n's ant
(~ 1072 cm?/s) in the wide framework compounds sugge 'ts that
metal-HCFs are promising cathode materials of SIBs.

This work was supported by the Mitsubishi Foundation, Yazaki
Memorial Foundation, and Nippon Sheet Glass Foundaticn  The
elementary analyses were performed at the Chemical Anal’ .. Di-
vision, Research Facility Center for Science and Engineering, Jni-
versity of Tsukuba. The XRD measurements were perforn.ed un-
der the approval of the Photon Factory Program Advisor ~om-
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