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Thermally regenerative electrochemical cycles (TRECs) have drawn plenty of attention recently as an
efficient and low-cost approach to convert heat to electricity. In this work, we report the application of
cobalt hexacyanoferrate (CoHCF)-based materials in TRECs. When the battery is charged at a high
temperature (Ty) and discharged at a low temperature (7)), the discharge voltage is higher than the
charge voltage due to the dependence of battery voltage on temperature, and thus low-grade heat can
be converted into electricity. The temperature coefficient and specific heat of the material determine the
energy conversion efficiency of the battery. When complexed with helical carbon nanotubes (HCNTSs),
the CoHCF/HCNTs show a higher absolute temperature coefficient and lower specific heat than pure
CoHCF. Consequently, the heat-to-electricity conversion efficiency is greatly increased. It is suggested
that moderately changing the temperature coefficient and specific heat is an effective strategy to further
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1. Introduction

Low-grade waste heat (<100 °C) widely exists in the natural
environment and industrial production processes.*™ It has
great potential as a sustainable energy source due to its large
quantity and wide distribution. However, efficient utilization
of low-grade waste heat is challenging, since the theoretical
efficiency is limited by the Carnot limit. Currently available
technologies include solid-state thermoelectric energy
conversion® and the organic Rankine cycle. Solid-state ther-
moelectric conversion needs materials with low abundance
and high cost, and the organic Rankine cycle has complicated
system designs.>® In contrast, thermally regenerative elec-
trochemical cycles (TRECs) can achieve relatively high heat-to-
electricity conversion efficiency with low costs and facile
assembly processes, which is attractive for low-grade heat
harvesting.®™**

TRECs are based on the temperature-dependence of cell
voltage in an electrochemical system. For a battery reaction, A +
B — C + D, the temperature coefficient « is defined as:
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improve thermogalvanic performance of CoHCF-based materials.
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where V is the full cell voltage, T is the temperature, n is the
number of electrons transferred in the reaction,' F is Faraday's
constant, and Sy stands for the change of partial molar entropy
in the full cell reaction. In the case of « being negative, as shown
in Fig. 1, the low-grade heat can be converted into electrical
energy when the battery is charged at Ty and discharged at Ty,
as the voltage at Ty, is higher than that at Ty. In contrast, when
o is positive, electrical energy is gained when the battery is
charged at Tp and discharged at Ty. To evaluate the heat-to-
electricity conversion efficiency, the conversion efficiency u is
defined as:

w o SBAT_EIOSS
On+QOur  |a|TuQc + (1 — ugr)4TCo

where W is the energy difference between the battery charge and
discharge in one cycle, Qg stands for the energy absorbed at
high temperatures, Qur stands for the extra energy which is
used for heating the battery to complete the cycle, Sy is the
change of partial molar entropy in the reaction, AT = Ty — Ty,
Ejoss is the energy loss due to the internal resistance, C, is the
heat capacity of the battery and uyy is the energy recovery effi-
ciency, indicating how much energy that dissipated during the
cooling process can be used for the heating process. uygr can
reach 100% theoretically and 50-70% practically.

Recently Prussian blue and its analogues were extensively
investigated in TRECs.”>™” Lee et al.*® reported a TREC system
with copper hexacyanoferrate as the cathode and Cu**/Cu as the
anode, which achieved a high conversion efficiency of 5.7%
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Fig. 1 The voltage—capacity plot of a TREC.
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when charged at 60 °C and discharged at 10 °C. Yang et al.’
reported a novel membrane-free battery where nickel hex-
acyanoferrate (NiHCF) and Ag'/Ag served as the cathode and the
anode, respectively, with a full cell temperature coefficient of
—0.74mVK .

One challenge in these TREC systems is the reduction of cell
impedance so that the voltage loss due to internal resistance is
limited, and thus the heat-to-electricity conversion efficiency
can be enhanced. Usually, complexing with carbon materials,
such as carbon nanotubes, graphene and porous carbon, is an
effective strategy by which the composites can form three-
dimensional hybrid structures to realize facile Li* and elec-
tron transport, high conductivity and high surface area.**>¢

In this work, we propose a novel approach of compositing
with helical carbon nanotubes (HCNTSs) to improve the heat-to-
electricity conversion efficiency. Pure CoHCF shows an absolute
temperature coefficient of 0.69 mV K™ ' and a specific heat of
2.33 J g " K", When complexed with HCNTs, the absolute
temperature coefficient is improved to 0.89 mv K ' and the
specific heat capacity is reduced to 2.17 J g~ K~ *. Consequently,
the heat-to-electricity conversion efficiency of COHCF/HCNTSs is
twice higher than that of pure CoHCF at different energy
recovery efficiencies (uygr). It is suggested that moderate
improvement of the absolute temperature coefficient and
reduction of specific heat of materials indeed further improve
the heat-to-electricity conversion performance of pure cobalt
hexacyanoferrate materials.

2. Experimental section
2.1 Synthesis and acid treatment of HCNTs

All chemicals used in the experiments were purchased from
KESHI and were analytical reagent grade. Firstly, in a typical
procedure, 100 mL of 1 mol FeCl, was added into 100 mL of
a 1 mol C;H,O¢KNa solution under constant stirring at room
temperature. After the mixture turned light yellow, a precipitate
was obtained by filtration. Then the precipitate was washed with
deionized water several times until the pH of the solution
became neutral. In order to remove residual organic impurities,
the obtained product was washed in a Soxhlet extractor with
ethanol for 3 h and dried in a vacuum oven at 90 °C for 3 h.
Thus, the catalyst precursor C,H,O¢Fe was obtained. The
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HCNTs were prepared by a typical catalytic chemical vapor
deposition (CCVD) method. C,H,O¢Fe was used as the catalyst
precursor and HCNTs were then synthesized in a horizontal
reaction tube at 550 °C by introducing acetylene for 1 h. Details
are shown in our previous work."® 1.2 ¢ HCNTs were added into
400 mL mixed acid (300 mL H,SO, (98%) and 100 mL HNO;
(65%)), and then the mixture was sonicated for 100 min and
diluted for the next process. After being centrifuged, the ob-
tained precipitate was washed with deionized water several
times until approximately neutral pH of the filtrate was ob-
tained. Finally, after drying at 80 °C in a vacuum oven for 24 h,
the functional HCNTs were obtained.

2.2 Synthesis of COHCF and the COHCF/HCNT
nanocomposite

The CoHCF/HCNT composite was obtained by a chemical co-
precipitation method. 0.2 g functional HCNTs were first
added into 20 mL deionized water and then sonicated for 1 h
and continuously stirred for 2 h. Then 20 mL of 25 mmol
K;Fe(CN)e (Sigma Aldrich) and 20 mL of 50 mmol Co(NO;),
(Sigma Aldrich) were simultaneously added dropwise into the
aqueous solution of HCNTs under strong stirring with a speed
of about one drop per second. The black brown precipitate was
centrifuged and dried at 40 °C for 12 h. The ratio of CoHCF to
HCNTs is approximately equal to 3:4. For the sake of
comparison, pure CoHCF was synthesized by the same chem-
ical co-precipitation process without the addition of HCNTs.

2.3 Preparation of the electrode and electrochemical
measurement

The electrochemical system was studied in a three-electrode
configuration inside a pouch cell. The working electrode
slurry was prepared by mixing 70 wt% as-prepared composite,
20 wt% super P carbon black and 10 wt% polyvinylidene fluo-
ride (PVDF) in N-methyl-2-pyrrolidone (NMP) and then stirring
for several hours. The obtained slurry was cast onto carbon
cloth with an area of 1 ecm x 1 cm and dried at 40 °C in
a vacuum oven. The mass loading of the active material was
about 2 mg cm 2. Here, all chemicals used for preparation of
the slurry were purchased from Power Battery Material Co. Ltd
at battery grade quality. Pt and Ag foil pieces were used as
current collectors for the working electrode and the counter
electrode, respectively. The Ag/AgCl reference electrode was
made by precharging a silver rod with a width of 2-5 mm in
a 1 mol L' KCl solution at a current density of 1 mA ecm ™2 for
1 h. Then a Ag film with 15-20 mm width was charged in
a 1 mol L' KClI solution at a current density of 1 mA ecm > for
2 h and discharged for 0.7 h, resulting in the formation of a Ag/
AgCl film for use as the counter electrode. A 3 mol L™ KCI
aqueous solution was used as the electrolyte.

2.4 Instruments

In the experiments, a centrifugal separator (TL80-1, Tianli,
Jiangsu) was used to centrifuge the precipitate and an ultrasonic
generator (KH2200E, Hechuang, Kunshan) was used for acid
treatment of HCNTSs. A vacuum oven (DZF-6020, Kejin, Hefei)
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was used for drying the as-prepared composite and the elec-
trode. Electrochemical properties were characterized using an
electrochemical workstation (P4000, Princeton, USA). X-ray
diffraction (XRD) patterns were obtained on an X-ray powder
diffractometer (XRD-7000X) with Cu Ka radiation of wavelength
A=1.5418 A, and a field emission scanning electron microscope
(FESEM, JSM-7600F) was used to observe the morphology and
size of composites. Specific heat (c;) was measured using
a Differential Scanning Calorimeter (DSC, Q2000 V24.7 Build
119). Temperature cycling was performed with a home-made
thermoelectric-based temperature cycler, and will be
described below.

3. Results and discussion

The morphologies of COHCF, HCNTs and the CoHCF/HCNT
composite are investigated by scanning electron microscopy
(SEM) and the obtained results are presented in Fig. 2 and S1.}
Fig. S11 shows homogeneous helical structures with an average
coil diameter of 0.2 um and coil pitch of 0.3 pm. Loops from
different parts of the helical fiber come together and show
similar size and morphology. Fig. 2a indicates that the average
size of the COHCF aggregations is about 3 pm, while the grain
size is about 100 nm. As shown in Fig. 2b, CoHCF particles with
sizes of 500-800 nm are uniformly dispersed around HCNTs,
which form a continuous porous network. With the addition of
HCNTs, the microtexture of CoHCF is improved and the
CoHCF/HCNT composite shows better electrochemical perfor-
mance than pure CoHCF.

X-ray diffraction (XRD) is used to further study the crystal
structure of COHCF and the COHCF/HCNT composite. As shown
in Fig. S2,t all diffraction peaks agree well with the standard
diffraction pattern of Coj[Fe(CN)¢],-2H,O (ICSD, PDF file no.
82-2284) with no discernible impurity phase. The correspond-
ing crystal planes are noted near the peaks. A broad character-
istic diffraction peak of C (ICSD, PDF file no. 75-0444) centered
at 26.31° can be obviously observed in the XRD pattern of the
CoHCF/HCNT composite, which confirms the existence of
HCNTs in the composite sample.

Electrochemical tests at room temperature are first investi-
gated to study the intrinsic properties of the CoHCF and
CoHCF/HCNTs. All electrochemical measurements are carried
out with a three electrode configuration in a pouch cell, with

s
|

600nm
»-

Fig. 2 SEM images of the as-prepared (a) CoHCF and (b) CoHCF/
HCNT composite.
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CoHCF or CoHCF/HCNTs as the working electrode (WE), and
Ag/AgCl as both the reference and counter electrodes (Fig. S31).
The electrolyte is a 3 mol L™ " KCI aqueous solution and the
typical amount of electrolyte inside the pouch cell is about 0.5
mL. The reactions of the two cells are:

WE: CoY[Fe"(CN)gl> + 2K* + 2e™ — K,CoY[Fe''(CN)g]»

CE: AgCl +e~ — Ag+ CI™ (3)

The electrochemical performance including cyclic voltam-
metry (CV), galvanostatic charge/discharge (GCD), electro-
chemical impedance spectroscopy (EIS) and cycling stability of
CoHCF and CoHCF/HCNT electrodes is evaluated at room
temperature before temperature-dependent electrochemical
property measurements. Fig. 3 shows that COHCF and CoHCF/
HCNTs possess good chemical reversibility. The cyclic voltam-
metry curves at different scanning speeds show similar shapes,
and a pair of redox couples can be clearly identified (Fig. 3a and
b), which reveals that the specific capacity of CoHCF mainly
comes from ion intercalation/deintercalation of the electrode.
Fig. 3c compares the cyclic voltammogram area of COHCF and
CoHCF/HCNTs. It is obvious that the CoHCF/HCNTs show
a larger area than pure CoHCF at the same scanning speed of
5 mV s ', which demonstrates that the HCNT network
enhances the kinetics of electrochemical reactions. After
demonstrating steady performance at room temperature, the
temperature-dependent electrochemical properties are investi-
gated. The cell voltages of CoHCF and CoHCF/HCNTs at
different temperatures are measured carefully as shown in
Fig. 3d. Fig. 3d shows that the full battery voltage is linear with
temperature in the range from Ty, to Ty. Moreover, the CoHCF/
HCNT composite exhibits lower equivalent series resistance and
higher capacity than CoHCF as shown in Fig. S4.f The EIS
curves tested at a sinusoidal signal of 10 mV in the frequency
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Fig. 3 (a) Cyclic voltammetry curves of CoHCF at different scan rates.
(b) Cyclic voltammetry curves of CoHCF/HCNTs at different scan
rates. (c) The comparison of cyclic voltammetry curves between

CoHCF and CoHCF/HCNTs at 5 mV s (d) The temperature-
dependent voltage of a pouch cell at different temperatures.
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range of 100 kHz to 0.01 Hz are depicted. The impedance of the
CoHCF/HCNT composite is lower than that of COHCF. And the
GCD is also analyzed from 520 to 680 mV. Apparently, the
discharge time of CoHCF/HCNTs is also longer than that of
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Fig. 4 The real time measurement of the temperature coefficient of
(@) CoHCF and (b) the CoHCF/HCNT composite. The thermal cycling
system at 40 mA g~ for the (c) CoHCF/Ag/AgCl/3 M KCl electro-
chemical system and (d) CoHCF/HCNT/Ag/AgCl/3 M KCl electro-
chemical system.
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pure CoHCF. Moreover, Fig. S57 illustrates the cycling perfor-
mance of this system. HCNTs are electrochemically unstable in
aqueous media due to the supercapacitive properties, and after
cycling for 1000 cycles, the final retention rate of HCNTs is
reduced to approximately 50%. The CoHCF/HCNT system is
charged and discharged for 10 cycles at a current density of
40 mA g, and the specific capacity shows no obvious decrease.
Therefore, compositing with HCNTs is an effective way to
improve the electrochemical performance of CoHCF, which will
be beneficial for its application in TREC systems.
Temperature-dependent electrochemical properties are
measured with a homemade temperature cycler as shown in
Fig. S6.1 The thin pouch cell is sandwiched between two Al
sheets, which are heated or cooled by thermoelectric plates. The
thermal couples are attached to the surface of the cell for
temperature measurement. The temperature is measured and
controlled using an SCM (a temperature controller shown in
Fig. S6b¥). Fig. 4 and S7t show the temperature-dependent
open-circuit voltage (OCV) of CoHCF, HCNTs and CoHCF/
HCNTs at different temperatures. The pure CoHCF and
HCNTs show absolute temperature coefficients of 0.69 and
0.43 mV K ', respectively. When complexed with HCNTs, the
absolute temperature coefficient is improved to 0.89 mv K .
The larger coefficient indicates the larger voltage gap between
charge and discharge, which can enhance the heat-to-electricity

(b)
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Fig. 5 The voltage vs. specific capacity plot at 40 mA g™ of (a) CoHCF and (b) CoHCF/HCNTSs, the heat flux as a function of the sample

temperature in the DSC test of (c) CoHCF and (d) CoHCF/HCNTs.
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conversion efficiency. The structure of the materials usually
determines their properties. To further verify the increase of the
absolute temperature coefficient, we recorded the SEM image of
pure HCNTs first, which shows the homogeneous helical
structures (Fig. S11). Then, we obtained the BET and BJH results
of the HCNTSs. As shown in Fig. S8, the specific area of HCNTs
is 19.3 m* g~ ' and the pore size distribution is mainly at 5-
50 nm, indicating the presence of mesopores. Based on these
data, we are able to hypothesize that the helical structures and
large specific area may provide faster transport channels for
ions and electrons, which results in a higher absolute temper-
ature coefficient of COHCF/HCNTs. Fig. 4c and d present the
temperature cycles of CoHCF and CoHCF/HCNT electrodes,
respectively. It can be obviously observed that the voltages
increase when the temperature decreases from Ty to Ti.
However, when the temperature increases from Ty, to Ty, the
voltage decreases at first and then increases.

The heat harvesting performance and specific heat of
CoHCF, HCNT and CoHCF/HCNT electrodes are shown in Fig. 5
and S9.1 The CoHCF and CoHCF/HCNT electrodes are charged/
discharged at a constant current density of 40 mA g~ as shown
in Fig. 5a and b. For pure CoHCF, the pouch cell is charged to
697.60 mV at 45 °C, discharged at 15 °C to 555.40 mV, and then
heated up to 45 °C again. The average discharge and charge
voltages of CoHCF are 629.90 mV (Vy;s) and 622.00 mV (V.p),
respectively. The charge capacity of COHCF is 17.12 mA h g~*
(Qen) and discharge capacity is 16.87 mA h g~ * (Qg;s). Therefore,
the gap between charge and discharge is only 7.9 mV, repre-
senting a small voltage gain. The small voltage gap and low
efficiency of pure CoHCF originate from the low temperature
coefficient and high impedance of the electrode. To address
these issues, the CoHCF/HCNT composite is further tested
between 15 °C and 45 °C, and the average discharge and charge
voltages of COHCF/HCNTS are 605.30 mV (Vy;s) and 589.20 mV
(Ven), respectively. The charge capacity of CoHCF/HCNTs is
20.20 mA h g (Q.) and discharge capacity is 19.50 mA h g *
(Quis)- The gap between charge and discharge is 16.1 mV, which
is twice higher than that of pure CoHCF. The specific heat of
HCNTs is 1.25] g * K~ ', which is lower than that of pure COHCF
(2.33] g~' K ). Therefore, after complexation with HCNTs, the
specific heat of COHCF/HCNTs is reduced to 2.17 J g~ " K *. The
measurement range was —10 to 70 °C with a ramping rate of
5°C min~". The detailed calculation is shown in the ESI,} the
conversion efficiency at different uyy is exhibited in Table S1,f
and the summary of performance comparison is shown in Table
S2.1 Apparently, after being complexed with HCNTSs, the specific
heat is reduced and the charge and discharge capacity of
CoHCF/HCNTs improved compared with that of pure CoHCF,
which means that Prussian blue analogues composited with
carbon materials could further improve the heat-to-electricity
conversion efficiency.

4. Conclusions

In summary, an electrochemical pouch cell based on CoHCF or
CoHCF/HCNTs as the working electrode could convert heat into
electricity for low-grade thermal energy harvesting. After
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complexation with HCNTs, the COHCF/HCNT system exhibits
more than twice the heat-to-electricity conversion efficiency
exhibited by pure CoHCF at different energy recovery efficien-
cies (uur)- These excellent properties arise due to the fact that
the CoHCF/HCNT system has a larger absolute temperature
coefficient and lower specific heat. All these results provide
a new approach to further improve the heat-to-electricity
conversion efficiency of TRECs.
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