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Enhancing Efficiency of Low-Grade Heat Harvesting by
Structural Vibration Entropy in Thermally Regenerative

Electrochemical Cycles

Ahreum Choi, You-Yeob Song, Juyoung Kim, Donghyeon Kim, Min-Ho Kim,

Seok Woo Lee,* Dong-Hwa Seo,* and Hyun-Wook Lee*

The majority of waste-heat energy exists in the form of low-grade heat

(<100 °C), which is immensely difficult to convert into usable energy using
conventional energy-harvesting systems. Thermally regenerative
electrochemical cycles (TREC), which integrate battery and
thermal-energy-harvesting functionalities, are considered an attractive system
for low-grade heat harvesting. Herein, the role of structural vibration modes in
enhancing the efficacy of TREC systems is investigated. How changes in
bonding covalency, influenced by the number of structural water molecules,
impact the vibration modes is analyzed. It is discovered that even small
amounts of water molecules can induce the A;, stretching mode of cyanide
ligands with strong structural vibration energy, which significantly contributes
to a larger temperature coefficient (a) in a TREC system. Leveraging these
insights, a highly efficient TREC system using a sodium-ion-based aqueous

effectively utilize waste energy against en-
ergy consumption.'3l The majority of
waste energy is low-grade waste heat below
100 °C difference.**! However, low-grade
heat energy is rarely converted into usable
energy using existing energy-harvesting
systems because of the small tempera-
ture difference.l®”] The thermally regener-
ative electrochemical cycle (TREC), which
combines a battery and thermal energy-
harvesting system, is capable of converting
low-grade heat (<100 °C) into electrochem-
ical energy.38] In a battery system, some
energy loss always occurs due to the var-
ious overpotentialsl®! (5, such as the acti-
vation overpotential, ohmic overpotential,

electrolyte is designed and implemented. This study provides valuable
insights into the potential of TREC systems, offering a deeper understanding
of the intrinsic properties of Prussian Blue analogs regulated by structural
vibration modes. These insights open up new possibilities for enhancing the

energy-harvesting capabilities of TREC systems.

1. Introduction

With the continued depletion of fossil fuels, increasing atten-
tion is being focused on energy-conversion systems that can

A. Choi, Y.-Y. Song, J. Kim, D. Kim, M.-H. Kim, D.-H. Seo, H.-W. Lee
School of Energy and Chemical Engineering

Ulsan National Institute of Science and Technology (UNIST)

Ulsan 44919, Republic of Korea

E-mail: dseo@unist.ac.kr; hyunwooklee@unist.ac.kr

S.W. Lee

School of Electrical and Electronic Engineering

Nanyang Technological University

Singapore 639798, Singapore

E-mail: sw.lee@ntu.edu.sg

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202303199

© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202303199

Adv. Mater. 2023, 35, 2303199 2303199 (1 of 10)

and concentration overpotential) (Figure 1a,
left). However, these overpotentials can be
overcome by designing the temperature co-
efficient (a) of each electrode material in
a TREC system, and low-grade waste heat
can be converted into usable electrochem-
ical energy as shown in Figure la (right).

The  temperature  coefficient «
is the most critical variable for a high-performance TREC system:

_dv_ AS

T - aF 1)

where dV is the voltage difference, dT is the temperature differ-
ence, AS is the entropy change, n is the number of electrons
transferred in the reaction, and F is Faraday’s constant.’] In
particular, the sign of the temperature coefficient is important
when designing a TREC. With a negative temperature coefficient,
the charge voltage decreases at higher temperatures and the dis-
charge voltage increases at lower temperatures, and vice versa. As
the temperature coefficient is directly proportional to the entropy
change, the amount of harvested work is significantly affected by
its value (Figure 1b). Therefore, to design electrode materials with
a high-temperature coefficient that can harvest more energy, it is
necessary to consider the factors that affect the entropy change,
as identified in previous studies:('%]

AS =AS,, +AS

phn + Asconf + ASe’ + A’Sother (2)
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Figure 1. Principle of TREC and effect of water molecules in a PBA structure. a) Schematic showing the different mechanisms of a battery and TREC
system. Whereas the battery system (left) loses some of the stored energy as unusable energy, the TREC system (right) can convert low-grade waste-heat
energy into electrochemical energy during battery cycling. b) The amount of harvested work is determined from changes in entropy and temperature.
To harvest a larger amount of work, the electrodes must undergo larger entropy changes during cycling. c) Effect of water molecules on the stretching
vibration mode of cyanide ligands. d) Representative Raman spectra showing the vibration modes of E; and A;, of the PBA structure.

where AS,,, is the ion entropy, AS,,, is the phonon vibration en-
tropy, AS,,is the configuration entropy, AS,. is the electron en-
tropy, and AS,,,, is related to other factors that affect the elec-
trochemical reaction. A comprehensive examination of these en-
tropy changes in electrode materials is required to understand
the underlying principles responsible for enhancing the perfor-
mance of TREC systems.

Prussian blue analogs (PBAs) P[R(CN),] where P is an N-
coordinated transition metal and R is a C-coordinated transition
metal) have been identified as representative and well-suited ac-
tive materials for TREC systems.[31%12] The redox reaction of
PBAs occurs within the stable voltage range of aqueous elec-
trolytes applied in TREC systems.['*] In addition, the large chan-
nel size of PBAs reduces hysteresis during cation intercalation
with a low degree of dehydration. There are two types of wa-
ter molecules in the PBA structure: coordinated and intersti-
tial water molecules. Coordinated water molecules are typically
bonded to the N-coordinated transition metal via R(CN), vacan-
cies to compensate for charge valence, whereas interstitial wa-
ter molecules are located in the empty channels of PBAs.[*l Al-
though it is difficult to remove coordinated water molecules, as
they are an integral part of the PBA structure, interstitial water
molecules can move easily with charge carriers.

The present study highlights the impact of structural vibra-
tion entropy on copper hexacyanoferrate (CuHCFe) as a func-
tion of the number of water molecules, thereby contributing to
the achievement of high-temperature coefficients.[®#1%11 Accord-
ing to our previous research,'!l the hydration entropy change
with different hydration states of cations was associated with the
number of water molecules present on the surface of cations.
This effect could enhance the temperature coefficient value of
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—1.002 mV K~! using Rb* cations. However, the hydration shells
were almost inevitable to control due to their dependence on the
cations employed. In addition, the deployment of electrolyte sys-
tems that rely on larger cations like Rb™ may incur significant
expenses and present logistical challenges for broad-scale imple-
mentation. Therefore, it is imperative to investigate additional
influential factors inherent in the electrode materials, suggest-
ing that the utilization of Na*-ion electrolyte systems appears
to be a viable approach for practical implementation, necessitat-
ing the identification of significant parameters within the elec-
trode materials. The structural vibration entropy is considered
a highly influential variable parameter. For example, interstitial
water molecules surrounding the transition-metal ions can en-
hance the effect of coordinated water as shown in Figure 1c, lead-
ing to different directions of cyanide ligand stretching, E, and
A, (Figure 1d).">""] We have found the relationship between
the covalency and symmetry of bonding strength in Raman spec-
tra of the PBA structure by comparing different structural vi-
bration modes. The covalency of Fe—C bonding is reduced in
the presence of a lower quantity of water molecules, resulting
in greater symmetry of the 6 Fe—C bonds compared to a higher
quantity of water molecules. The structural vibration entropy trig-
gers strong A,, vibration modes in PBA, which entail strong vi-
bration energy than the E, vibration mode that is activated by wa-
ter molecules. The different degrees of each structural vibration
mode can affect the phonon vibration entropy change (AS,,),
which is closely related to structural vibration.[*®! Therefore, the
different bonding covalency between the transition metal and
cyanide ligand, resulting in enhanced specific structural vibra-
tion modes, is intimately related to the temperature coefficient.
Consequently, CuHCFe with a low amount of water molecules
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Figure 2. Effect of water molecules on temperature coefficient. a) TGA under an inert (N,) atmosphere for three different CuHCFe samples, O/Cu-1.5,
0O/Cu-1.3, and O/Cu-1.0, containing varying amounts of water molecules. The heating rate was 1°C min~. b) Partial radial distribution functions, g(r),
for copper (coordinated by three CN groups) and oxygen of water within the CuHCFe structures, obtained from ab initio molecular dynamics simulations
conducted at different temperatures. The peak near 2 A in g(r) corresponds to the oxygen ion of coordinated water. c) The OCV changes of O/Cu-1.5,
0O/Cu-1.3,and O/Cu-1.0 at SOC 50% over the temperature range of 1040 °C. d) Fitted data of OCV change used to calculate the temperature coefficients.
e) Temperature coefficient of O/Cu-1.5, O/Cu-1.3, and O/Cu-1.0 from SOC 10% to SOC 90%. The temperature range of the measurements is the same

as in that of (a).

can be applied in a high-efficiency TREC with a sodium-ion-
based aqueous electrolyte (~5% without a heat recuperation
system).

2. Results

2.1. Temperature Coefficients of CuHCFe with Different Amounts
of Water Molecules

To investigate the effect of interstitial and coordinated water
molecules on CuHCFe, we prepared three different types of com-
pound containing different amounts of water molecules. Itis well
known that three types of water molecules are related to the PBA
structure:['?! surface water, interstitial water, and coordinated wa-
ter. Surface water is located at the particle surface, whereas in-
terstitial and coordinated water occupy empty spaces within the
crystal structure. Coordinated water is bonded to exposed tran-
sition metals at vacancies, whereas interstitial water is found in
the interstitial sites where sodium ions are inserted. To estimate
the amounts of interstitial water, we employed thermogravimet-
ric analysis (TGA). As observed in the TGA data in Figure 2a,
there are three distinct temperature ranges: i) from room tem-
perature to 75 °C, ii) from 75 to 140 °C, and iii) temperatures
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above 140 °C. According to previous work, HCN is detected when
the temperature reaches the highest range (iii), indicating the
thermal degradation of the structure by the decomposition of the
cyanide ligand with coordinated water.[?%! Otherwise, the loosely
bonded water molecules evaporate at lower temperatures (i), in-
dicating the presence of absorbed water molecules at the sur-
face of CuHCF. As a result, the amount of interstitial water was
calculated within range (ii). Based on the TGA and inductively
coupled plasma-mass spectrometry (ICP-MS), we calculated the
chemical formulas of O/Cu-1.5, O/Cu-1.3, and O/Cu-1.0 (Table
S1, Supporting Information), which indicated that the samples
had similar crystallinity but contained different amounts of in-
terstitial water. To investigate the effect of the synthesis temper-
ature on the water molecules within the PBA structure, we con-
ducted ab initio molecular dynamics (AIMD) simulations at var-
ious temperatures (280, 313, 363, and 413 K). The analysis of the
partial radial distribution functions (pRDFs, g(r)) for copper (co-
ordinated by three CN groups) and oxygen of the water molecules
in the structures is presented in Figure 2b. The pRDF analysis re-
vealed that the intensity of the first peak decreased with increas-
ing simulation temperature, suggesting reduced coordinated wa-
ter molecules at high temperatures, which agrees with our exper-
imental observations.
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First, the temperature coeflicients were determined by mea-
suring the change in the open-circuit voltage (OCV) over a range
of temperatures. As shown in Figure 2c,d, the OCV decreased
with increasing temperature, indicating that CuHCFe has a neg-
ative temperature coefficient (a < 0), which is consistent with
previous research.['!] The temperature coefficients at the state of
charge (SOC) 50% for O/Cu-1.5, O/Cu-1.3, and O/Cu-1.0 were
—0.643, —0.679, and —0.755 mV K=, respectively, with O/Cu-
1.0 showing a 17.4% and 11.2% improvement over O/Cu-1.5
and O/Cu-1.3, respectively. This trend was maintained through-
out the entire range of SOC (Figure 2e). For example, the tem-
perature coefficient of O/Cu-1.5 at SOC 10 and SOC 90 was
—0.714 and —0.547 mV K7, respectively, while that of O/Cu-1.0
was —0.870 and —0.679 mV K™, representing improvements of
21.8% and 24.1% compared to O/Cu-1.5 at SOC 10% and SOC
90%, respectively. In addition, the temperature coefficient tends
to increase as SOC decreases across the entire SOC range. Based
on these trends, we can identify the two major influences on the
temperature coefficient: i) when more sodium ions are interca-
lated in PBAs, the temperature coefficient rises, and ii) small
amounts of water molecules can improve the temperature coeffi-
cient. The first effect may stem from the decreased lattice param-
eter resulting from the reduction of Fe(III) to Fe(II)!**) (Figures
S1,S2, Table S2, Supporting Information). Thus, the effect of wa-
ter molecules on the temperature coefficient will be the focus of
our investigation.

2.2, Effectiveness of TREC Half-Cell

We operated the TREC half-cell using O/Cu-1.5, which has the
lowest temperature coefficient, and O/Cu-1.0, which has the
highest temperature coefficient, to compare the amount of har-
vested work and TREC cycle efficiency. As CuHCFe has a negative
temperature coefficient, the TREC cell should be charged at high
temperatures for lower operating potential and discharged at low
temperatures for higher operating potential (Figure 3a). During
the rest step between the charging and discharging processes,
the OCV was evaluated to track the potential change. The closed-
loop TREC in Figure 3b demonstrates that the discharge poten-
tial is higher than the charge potential in both TREC systems
with O/Cu-1.5 and O/Cu-1.0, indicating that the TRECs effec-
tively transformed heat energy into electrochemical energy in the
battery system. We evaluated the performance of the TREC cell at
various current densities and temperatures. First, the TREC cell
was operated at temperature differences (AT) of 50 °C (from 10
to 60 °C), 40 °C (from 15 to 55 °C), and 30 °C (from 20 to 50 °C)
with 0.5 C (30 mA g™!) (Figure 3c).

The amount of harvested work W can be calculated using the
following equation:

Vdis
W = Qdis Vdis - Qch Vch = Qdis (Vdis - CE) (3)

where Qy; is the discharge capacity, Q,, is the charge capacity, V;,
is the discharge voltage, V,, is the charge voltage, and CE is the
coulombic efficiency.'”! The amount of harvested work tends to
decrease with decreasing temperature difference because there
is less available heat energy to be converted into electrochem-
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ical energy after surmounting the energy loss by the overpo-
tential. The average amount of harvested work for 20 cycles is
328 gl (AT =50°C), 2.88 ] g! (AT =40°C), and 1.24 ] g
(AT =30 °C) for O/Cu-1.0, and 2.64, 1.99, and 0.45 ] g~!, respec-
tively, for O/Cu-1.5, indicating that more work can be produced
for O/Cu-1.0 as expected.

The efficiency of heat-to-electricity conversion can be calcu-
lated using the following equation:

w _ Wdischmge - Wcharge
TyAS + Qup lal Ty Qu + (1 — ny) C,AT

)

n =

where T}, is the high temperature of the TREC system, #,,, is
the efficiency of heat recuperation, and C, is the heat capacity.'"*!
The heat-to-electricity conversion efficiency has an inverse rela-
tionship with the heat capacity, determining the amount of heat
energy required to increase the system temperature. The DSC
data (Figures S3,54, Supporting Information) indicate a signif-
icantly lower heat capacity for O/Cu-1.0 (0.285 mWh g~! K1)
compared to O/Cu-1.3 (0.332 mWh g! K7') and O/Cu-1.5
(0.389 mWh g=! K71). As a consequence, O/Cu-1.0 is expected
to possess a higher heat-to-electricity conversion efficiency than
O/Cu-1.5 due to its smaller heat capacity and a larger amount of
harvested work. When the heat recuperation system is not opera-
tional (1, = 0), the first-cycle efficiencies for O/Cu-1.0 are 3.66%
(AT =50 °C), 3.80% (AT = 40 °C), and 2.55% (AT = 30 °C). For
O/Cu-1.5, these efficiencies are 2.71%, 2.47%, and 1.21%, respec-
tively (Figure 3d). The amount of harvested work decreases with
increasing current density, resulting in a larger overpotential.
Hence, the TREC cells with a current density of 1 C (60 mA g™!,
Figure 3e) and 2 C (120 mA g~!, Figure 3f) provide smaller
amounts of harvested work than those with a current density of
0.5 C (Figure 3c). The work is not harvested when AT is below
40 °C for 1 C or below 50 °C for 2 C because the temperature dif-
ference is insufficient to overcome the larger overpotential. These
results indicate that a sufficiently high-temperature coefficient is
necessary for harvesting additional work under high current den-
sity. The average harvested work was 1.89 ] K™! (AT = 50 °C at
1C),1.38J K~ (AT=40°Cat 1 C), and 0.45 ] K-! (AT = 50 °C
at 2 C) for O/Cu-1.5 and 3.01, 2.07, and 0.68 ] K~! for O/Cu-
1.0 respectively. In the absence of heat recuperation, the first-
cycle efficiencies for O/Cu-1.5 are 1.86% (AT = 50 °C at 1 C),
1.50% (AT = 40 °C at 1 C), and 0.68% (AT = 50 °C at 2 C).
For O/Cu-1.0, these efficiencies are 3.53%, 2.97%, and 1.31%,
respectively, as shown in Figure 3gh. Thus, the electrode mate-
rial in the TREC cell with a higher temperature coefficient can
harvest more work with higher conversion efficiency. In addi-
tion, the heat-to-electricity efficiency tends to increase with a heat-
recuperation system (nz; = 50 in Figure 3d,gh), which reuses
additional waste-heat energy generated by operating the TREC
system.[212] The detailed values for absolute and relative effi-
ciencies are provided in Tables S3,S4 (Supporting Information).
Therefore, we can validate the potential for further enhancing the
efficiency of TREC through the design of a heat-recuperation sys-
tem.
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Figure 3. TREC half-cell cycles. a) Voltage profile of 1 cycle of TREC half-cell system as a function of time. b) Closed loop TREC cycle for O/Cu-1.5 and
O/Cu-1.0. ¢) Amount of harvested work at different temperatures (50 °C (left), 40 °C (middle), and 30 °C (right)) with a current density of 0.5 C. d)
The corresponding efficiency of the TREC under the same conditions as (c). €) Amount of harvested work at a current density of 1 C. The temperature
differences are 50 °C (left) and 40 °C (right). f) Amount of harvested work at the current density of 2 C. The temperature difference is 50 °C. g) Efficiency
of the TREC under the same conditions as (e). h) Efficiency of TREC under the same conditions as (f). The efficiencies in (d), (g), and (h) were calculated

for 0% and 50% heat recuperation (i74x).

2.3. Effect of Amount of Water Molecules on Stretching Modes of
Cyanide Ligands

Raman and Fourier-transform infrared (FT-IR) spectroscopy are
suitable tools for identifying the molecular vibrational modes for
comparison of the degree of bonding covalency in the CuHCFe
structure depending on the number of water molecules. Previ-
ous research has identified three types of vibration modes in
CuHCFe: E,, A, and T,,,l'*) with E, and A,, being Raman ac-
tive and T,, being IR active. For T,,, the bonding on the z-
axis moves toward the +z-direction and those on the x- and
y-axis move toward the —z-direction, which is not directly re-
lated to cyanide ligand covalency.??] The peak position of T[]

Adv. Mater. 2023, 35, 2303199 2303199 (5 of 10)

with Fe(IIl) appears near 2173 cm™' and that with Fe(Il) near
2097 cm™. As shown in Figure S5 (Supporting Information), the
two peaks are shown for the pristine and SOC 100% states in FT-
IR spectra of O/Cu-1.5, O/Cu-1.3, and O/Cu-1.0. The 2097 cm™
peaks in both the pristine and SOC 100% states correspond
to the partially reduced state of Fe(IIl) to Fe(II). The intensity
and position of T, remained unchanged during the cycle for
all the samples, indicating that the vibration of T,, is unaf-
fected by the amounts of water molecules and cyanide-ligand
covalency.

In contrast, the Raman peaks exhibit noticeable variations
among the samples and the states (Figure 4a). The Raman spec-
tra of the pristine samples demonstrate that the peak intensity
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Figure 4. Raman spectra and schematic illustrating the change in bonding covalency by the presence of water molecules. a) Raman spectra of O/Cu-1.5,
O/Cu-1.3, and O/Cu.0 in pristine, SOC 0%, and SOC 100% states. b) Ratio of E, to A;, for O/Cu-1.5, O/Cu-1.3, and O/Cu-1.0 in the pristine and SOC
100% states. c) Schematic showing the effect of water molecules on Cu—N and Fe—C bonding covalency. d) Effect of removal of water molecules on the
CuHCFe structure and covalency variation (-ICOHP/eV). The average -ICOHP values of Cu—N and Fe—C bonds and the SD of -ICOHP values of 6 Fe—C

bonds are presented.

of E, increases whereas that of A;, decreases with the increas-
ing amount of water molecules, resulting in the highest E, and
lowest A, peak intensity for O/Cu-1.5. Regardless of the sample
type, interstitial water molecules are easily moveable with inter-
calated sodium ions during electrochemical reactions.[?*?*] Con-
sequently, after the extraction of sodium ions at SOC 100%, the
peak intensity of E, decreases whereas that of A, increases due
to the absence of some interstitial water molecules. In contrast,
coordinated water remains stationary with sodium ions, thereby
maintaining its inherent properties and resulting in a relatively
higher peak intensity of E, in O/Cu-1.5 and A;, in O/Cu-1.0, as
shown in Figure 4b. The ratio of E, to A, was substantially higher
in O/Cu-1.5 and decreased in the order of O/Cu-1.3 > O/Cu-
1.0. At SOC 100%, the overall ratio decreased but the same ten-
dency remained. Unlike for the pristine and SOC 100% states,
the Raman spectra of the SOC 0% state were nearly identical
for each sample. This finding might be attributed to intercalated
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sodium ions, which can dominate the temperature coefficient
value, as indicated in Figure 2e. The insertion of cations signifi-
cantly changes the entire CuHCFe system, possibly overwhelm-
ing the local vibration of the structure.

As shown in Figure 1d, in the E, mode, cyanide ligands on the
z-axis elongate in opposite directions, whereas those on the x-
and y-axes contract along their respective axes. In contrast, in the
A, mode, cyanide ligands on the x- and y-axis elongate along the
axis.[??l Consequently, the bonding should be easily contracted for
astrong E, intensity, indicating that the Cu—N bonding possesses
relatively weak covalency and that the Fe—C bonding possesses
relatively strong covalency. Unlike E,, A,, requires strong cova-
lency of Cu—N bonding and weak covalency of Fe—C bonding for
easier elongation. Therefore, we suggest that the degree of cova-
lency greatly depends on the amounts of water molecules in the
CuHCFe structure, as shown in Figure 4c, which induces differ-
ent preferred vibration modes. As the amount of water molecules
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decreases, the Cu—N bond covalency becomes stronger, whereas
the Fe—C bond covalency decreases.

To investigate the effect of water molecules on the local en-
vironment and the bonding nature of Cu—N and Fe—C bonds
surrounding the Fe(CN), vacancy, we calculated the integrated
crystal orbital Hamilton population (-ICOHP) values.[?>*?’] The
CuHCFe structures with and without water molecules were pre-
pared and fully relaxed using generalized gradient approximation
(GGA) + U (see Computational Details for further information),
and one layer of relaxed PBA structures projected along the y-
direction is shown in Figure 4d (left). Upon the removal of wa-
ter molecules, the contraction of Cu—N bonds and expansion of
Fe—C bonds were observed, which is consistent with our predic-
tion (Figure 4c). An upward trend in the average -ICOHP value
for Cu—N bonds around the vacancy was observed, indicating
increased bond covalency. In contrast, the downward trend in -
ICOHP values for Fe—C bonds indicates reduced bond covalency
(Cu—N* and Fe—C* in Figure 4d). Further examination reveals
that the strength of these Fe—C bonds decreases, causing their -
ICOHP values to become notably similar to those of neighboring
Fe—C bonds and resulting in a more symmetric bond-strength
distribution. To quantify this observation, we analyzed the stan-
dard deviation (SD) of -ICOHP values for Fe—C bonds in FeCg
octahedra (SD of 6 Fe—C in Figure 4d), which exhibited a de-
crease in the structure without water molecules. As previously
mentioned, the Raman A;, peak with lower water content cor-
responds to simultaneous contraction and stretching in six di-
rections centered on the metal ion. Consequently, the reduction
in the standard deviation of Fe—C bond values supports the ob-
served trend in the Raman A, peak,!'”] further emphasizing the
effect of water molecules on the electronic structure and vibra-
tional mode of the system.

The Raman spectra and computational simulation results in-
dicate that a deficiency of water molecules in CuHCFe enhances
the Cu—N bond covalency while decreasing the Fe—C bond co-
valency, resulting in the strong A,, vibration mode. Because the
A;, mode appears at larger wavenumbers than the E, mode
(Figure 1d), A,, can infer higher vibrational energy with a rel-
atively aggressive motion,1?%! inducing significant changes in
structural vibration entropy. Consequently, our result validates
that CuHCFe with a smaller amount of water molecules pos-
sesses a larger temperature coefficient.

2.4. TREC Full-Cell Demonstration of O/Cu-x and Co-gr

Taking advantage of the above-designed entropy term, we
demonstrate the TREC full-cell with a cathode of O/Cu-x
and an anode of cobalt hexacyanoferrate-green (CoHCFe-
green, Co-gr) that undergoes a two-step redox reaction:
Coll[Fe'(CN),] < Coll[Fel(CN),] < Co'l[Fell(CN).].2% As
a result of different phonon entropy changes according to lat-
tice parameter changes, Co-gr exhibits a positive temperature
coefficient for the redox reaction of Co™™ and a negative tem-
perature coefficient for the redox reaction of Fe!/!!.[1% Based
on Figure 5a, Co-gr has a positive temperature coefficient of
0.370 mV K! at SOC 10% and 0.154 mV K~! at SOC 30%.
The temperature coefficient of the full cell is the difference
between the temperature coefficient of the cathode and anode
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materials (accll = Qcathode ~ ¥anode’ Where Xcell> Xcathoder and Xanode
are the temperature coefficients of the cell, cathode, and anode,
respectively.). Therefore, we can design a TREC cycle by using
electrode materials with the opposite direction of temperature
coefficients, resulting in an ideal system with a higher temper-
ature coefficient for the cell. Figure 5b demonstrates that the
voltage changes of Co-gr and CuHCFe occur in the opposite
direction. At a higher temperature (T,), the voltage of the
cathode with CuHCFe decreases, and that of the anode with
Co-gr increases (the full-cell voltage is E,;), and the voltages
change in the opposite direction at a lower temperature (the
full-cell voltage is E;). Therefore, when the cell is charged at
a higher temperature and discharged at a lower temperature,
the heat energy is effectively transformed into electrochemical
energy as the amount of (E;, — E,;) X capacity. As a result of
the TREC full-cell design, the Cu-1.5_4,04e—CO-8lapoge SYStem
exhibits a temperature coefficient of —0.905 mV K-!, whereas
the O/Cu-1.0_,4,04.—CO-Elapoqe SYstem exhibits a temperature
coefficient —1.017 mV K~!, as shown in Figure 5c. The activation
process at the initial cycle is caused by the relatively high mass
loading of Co-gr to use the SOC range of SOC 15% to SOC 25%
(Figure 5d). After activation, the maximum amount of harvested
work is 3.45 ] g7! for the O/Cu-1.0_,,04e—CO-8lanode System and
3.04 ] gt for the Cu-1.5_,,,0e—CO-810qe SYStem. However, the
performance of the TREC full-cell system degrades more rapidly
than that of the TREC half-cell system due to the poor thermal
stability of Co-gr*!l (Figure S6, Supporting Information). How-
ever, the cyclability of the O/Cu-x TREC half-cell system is stable
for 100 cycles, indicating that the vibration modes of cyanide
ligands do not change as the cycle repeats. In other words,
coordinated water molecules are strongly bonded to Cu(lI)
during redox reactions, whereas interstitial water molecules
move reversibly in and out of CuHCFe channels with sodium
ions. As a consequence, the entropy changes of CuHCFe caused
by water molecules are not a one-time reaction but a persistent
reaction.

3. Conclusion

In conclusion, we present the design of a TREC system that
achieves high efficiency by controlling the structural vibrational
entropy change. The findings validate that the structural vibra-
tion mode, influenced by the number of water molecules in the
structure, plays a significant role in determining the degree of
structural vibrational entropy change. Through a combination
of Raman spectra analysis and computational simulations, we
establish that coordinated and interstitial water molecules have
the ability to modulate the covalency of the transition metal
and cyanide ligands. In the absence of these water molecules,
a stronger covalency in the Cu—N bonds and a weaker covalency
in the Fe—C bonds enhance the A,, vibration mode, resulting in
higher structural energy and a large structural entropy change.
By using the inherent characteristics, we can design a TREC sys-
tem that exhibits a high heat-to-electricity conversion efficiency.
By focusing on the intrinsic properties of PBAs with structural
water molecules, we contribute valuable insight for the advance-
ment of next-generation battery and self-charging systems. This
work bridges the gap between scientific understanding and prac-
tical implementation.
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Figure 5. TREC full-cell demonstration. a) Temperature coefficient of Co-gr from SOC 5% to SOC 90%. b) Voltage changes of CuHCFe cathode and Co-gr
anode (left) and full cell (right). T, represents low temperature, T, represents high temperature, E, represents the full-cell voltage at low temperature,
E represents the full-cell voltage at high temperature, and E, represents the full-cell voltage at normal state. c) Voltage plot of O/Cu-1.5, Co-gr, and
full cell (left). Voltage plot of Cu-1.0, Co-gr, and full cell (right). d) Amount of harvested work as a result of TREC full-cell and half-cell. The low and high
temperatures are 10 and 60 °C, respectively. The current density of the full cell is set at 0.5 C (30 mA g™') based on O/Cu-x.

4. Experimental Section

Synthesis of O/Cu-x:  O/Cu-x was synthesized using a co-precipitation
method, which was previously used to synthesize PBA materials.3?] An
aqueous solution of Cu(NOj3),3H,0 (0.04 m, 100 ml) and K3Fe(CN)g
(0.02 M, 100 ml) were added to deionized (DI) water (50 ml) for 1 h. Af-
ter stirring for 1 h, the precipitate was aged overnight without additional
stirring at room temperature. The reaction and stirring temperatures were
7 °C for O/Cu-1.5, 40 °C for O/Cu-1.3, and 90 °C for O/Cu-1.0. After the
aging step, the precipitate was washed three times with DI water and once
with acetonitrile. It was dried overnight under vacuum at 40 °C.

Synthesis of Co-gr:  Co-gr was synthesized using a method similar to
that used to prepare O/Cu-x. An aqueous solution of Co(NO;),+6H,0
(0.04 m, 100 ml) and K4Fe(CN)ge3H,0 was added to NaCl solution (5 m,
50 ml) for 1 h at 30 °C. After stirring for 1 h at the same temperature, the
precipitate was washed three times with DI water. It was dried for 15 h
under vacuum at 100 °C.

Material Characterization: The chemical formula was determined by
using ICP-MS for K, Na, Cu, and Fe. The amount of water in Cu-x and Co-gr
was determined by TGA by heating the sample to 350 °C at 1°C min~" un-
der N,. The crystal structures of O/Cu-x were observed using synchrotron
X-ray diffraction (XRD). The lattice parameters and space groups were con-
firmed with Le Bail fit using FullProf.33]

Electrochemical Measurement: Working electrodes were prepared by
mixing 80 wt.% O/Cu-x or Co-gr, 10 wt.% carbon black and 10 wt.%
polyvinylidene difluoride (PVDF) binder in 1-methyl-2-pyrrolidone using
a planetary mixer (ARE-310). Active material slurries were coated on car-
bon cloth and dried overnight under vacuum at 40 °C for O/Cu-x or for
2 h under vacuum at 90 °C for Co-gr. Counter electrodes were prepared by
mixing 90 wt.% activated carbon and 10 wt.% PVDF binder in 1-methyl-
2-pyrrolidone using a planetary mixer. The activated carbon slurries were
coated on carbon cloth and dried overnight under vacuum at 40 °C. All
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the electrochemical measurements were performed in a flooded three-
electrode cell with 20 ml of electrolyte. The electrolyte was 1 m aqueous
NaNOj; prepared by using N,-purged DI water. An Ag/AgCl reference elec-
trode (with saturated KC| solution) was used as the reference electrode.
The electrochemical test was performed using a BioLogic VMP3 multi-
channel battery tester.

Computational Details:  First-principles calculations were carried out
using the Vienna Ab initio Simulation Package.’*] The calculations
were performed using GGA with Perdew—Burke—Ernzerhof exchange-
correlation functional.l3*] The van der Waals correction was incorporated
using Grimme’s D3 method to address weak long-range interactions.[36:37]
The DFT + U approach!®3] was used with U values of 1eV for Fe and 3 eV
for Cu, following the same values used for CuHCFe in previous works of
literature.[3%40] For the CuHCFe structures, an energy cut-off of 550 eV and
1x 1% 2 T'-centered K-point grid was used. Atomic coordinates, cell vol-
ume, and cell shape were fully relaxed until the forces of each atom were
below 0.05 eV A~!. To simulate the Fe(CN), vacancies in the structure,
a2 x 2 x 1 supercell was constructed with the distribution of vacancies
based on the research by Xianyong Wu et al.}3] To investigate the effect
of the temperature on coordinated waters, AIMD simulations were con-
ducted within the canonical ensemble using a Nosé—Hoover thermostat.
To strike a balance between computational efficiency and accuracy, cal-
culations were performed using a I'-centered 1 X 1 x 1 k-point grid. The
CuHCFe structures were initially set up with water molecules positioned
close to Cu sites, which were coordinated by three or four CN groups ex-
hibiting non-bonding behavior near the Fe(CN)¢ vacancy (Figure S7, Sup-
porting Information). The simulation began at an initial temperature of
100 K, with velocities assigned based on the Boltzmann distribution. Em-
ploying a time step of 1 fs, the temperature was incrementally increased
over 200 steps, eventually reaching the target temperatures (280, 313,
363, and 413 K). Subsequently, at each equilibrium temperature, struc-
tures with various water molecule configurations were attained for 2.5 ps
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simulation time. Averaged pRDF curves were calculated using the pymat-
gen diffusion module.[*142] The bonding information was derived from
the electronic wavefunctions using a I'-centered 2 X 2 X 4 k-point grid
for CuHCFe structures. The LOBSTER (Local Orbitals Basis Suite Toward
Electronic—Structure Reconstruction) code was used to calculate the Crys-
tal Orbital Hamilton Population, which allowed for evaluating the contri-
butions of electrons to individual bonds.[?>?7]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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