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High-Performance Quasi-Solid-State Thermogalvanic Cells
with Metallized Fibril-Based Textile Electrodes and

Structure-Breaking Salts

Jaejin Choi, Jeongmin Mo, Jaemin Jung, Yeongje Jeong, Jinhan Cho,* and Jaeyoung Jang*

Thermogalvanic cells (TGCs) convert heat into electricity through
thermoelectrochemical reactions of redox couples, generating a millivolt-scale
Seebeck coefficient. However, TGCs based on liquid electrolytes are prone to
leakage, whereas quasi-solid-state TGCs (QTCs) using gel-based electrolytes
typically have low power outputs due to slow ion diffusion and limited
reaction rates. Herein, we present novel strategies for developing
high-performance all-flexible QTCs using both metallized fibril-based textile
electrodes with extremely large surface area, (specifically Ni textiles), and
structure-breaking salts for hydrogel electrolytes. The electrodes are oxidized
to create Ni and Ni oxide heterostructures, forming numerous O vacancy
defects that enhance redox reactions. Meanwhile, the structure-breaking salts
facilitate redox reactions and improve ion diffusion by disrupting water
structures in the hydrogel electrolyte. These advancements significantly
enhance the performance of the QTCs without the need for precious-metal
electrodes, achieving a remarkable maximum power density of 4.05 mW m—2
K=2 and a record-high effective cell conductivity of 17.3 S m~', compared to
previously reported QTCs. Finally, the proposed QTCs can generate a stable
open-circuit voltage and output power for wearable applications owing to the
flexibility of the electrodes and electrolyte, achieving successful electronic
device operation using body heat from the forearm (AT = 2 K).

stable power using ubiquitous temper-
ature gradient (AT) without noise and
moving parts or relying on weather
conditions.[**] In particular, thermo-
galvanic cells (TGCs), which utilize the
thermo-electrochemical reactions of re-
dox couples, have received considerable
attention owing to their millivolt-scale
Seebeck coefficient (S) values (>1 mV
K~'). These values are nearly 100 times
higher than those of conventional TE
materials based on electronic Seebeck
effects,!®”] demonstrating the utility of
TGCs for powering electronic devices
from low-grade heat waste around room
temperature. When a AT is applied to a
TGC, oxidation and reduction co-occur
at the surface of each electrode.®*®! The
reacted products then diffuse to the op-
posite electrode, undergoing continuous
thermo-electrochemical reactions and
facilitating sustainable power genera-
tion. Additionally, as redox couples, such
as ferro-/ferricyanide (FeCN), are com-

1. Introduction

The rapid development of wearable electronics has sparked sig-
nificant interest in a new era of energy-harvesting technolo-
gies, emphasizing the need for self-powering systems with good
flexibility.['-*] Among various energy-harvesting devices, thermo-
electric (TE) generators are promising candidates that produce
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posed of naturally abundant elements

and inexpensive components, TGCs can

be considered a highly cost-effective
option within TE technologies.['”) However, using liquid elec-
trolytes in redox couple-based TGCs presents fundamental chal-
lenges, such as leakage, that significantly limit their flexible ap-
plications, including wearable devices.[>!!]

Flexible and leak-proof quasi-solid-state TGCs (QTCs) have
been developed by impregnating the redox couple electrolytes
into a polymer matrix, such as hydrogels, to address the issues
associated with liquid electrolytes.>!3] The mechanical proper-
ties of the gel electrolytes can be precisely controlled by selecting
different types of polymer matrices, ensuring the suitability of
the QTCs for wearable applications.*'21# For example, double-
network or anisotropic structures within the polymer matrices
have been employed to achieve high mechanical strength while
maintaining good flexibility.’>"'”) Nonetheless, further improve-
ment is still needed for the output performance of QTCs. The
normalized areal power density (P,,,, /(AT)?) values of QTCs typ-
ically range from 0.002 to 11.9 mW m~2 K~2,7123% which are
relatively lower than those of liquid-state TGCs, typically rang-
ing from 0.4 to 16.5 mW m~2 K=2.8-1131537] Such lower perfor-
mance is mainly ascribed to the polymer chains that restrict the
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movement of redox couples, thereby limiting the electrochemical
reactions at the electrodes and the effective cell conductivity.'>18
Consequently, QTCs often do not provide stable output current
over time.[12:20]

One of the proposed methods to improve the output power of
QTCs is using electrolyte additives, such as guanidinium chlo-
ride or urea,l1%28-30] which can increase the S by modulating
the entropy of redox couples.[*10353¢] However, the electrodes
of these QTCs are either based on noble metals, such as plat-
inum and gold, in the form of wires and sheets or inflexible car-
bon papers, which can diminish the advantages of low-cost and
flexible gel electrolytes.!”"1628-30] Thig is probably because the or-
ganic compound additives can cause undesirable side reactions
with common non-precious metal electrodes (Figures S1 and S2,
Supporting Information).*®] Therefore, the QTC performance
should be improved using non-precious and fully flexible elec-
trode materials.[>*°] Additionally, these electrodes must also be
designed considering various factors, such as electrical conduc-
tivity, hydrophilicity, and specific active surface area.!'>?*?’] More-
over, addressing the issue of slow ion diffusion within polymer
gel electrolytes is essential.[1> 18]

The gel electrolyte and electrode should be developed comple-
mentary to facilitate electrochemical reactions and enhance the
device performance. In particular, electrodes should efficiently
extract current from diffused redox couples, and gel electrolytes
should ensure sufficient diffusion of these redox couples to the
electrode.[*®] To this end, electrodes should possess an extremely
large surface area, hydrophilic surface, bulk metal-like electrical
conductivity, and high catalytic activity.>**] However, to the best
of our knowledge, the reported QTC electrodes have yet to meet
all these criteria simultaneously. For instance, flexible 3D carbon
cloth electrodes have relatively low catalytic activity and highly hy-
drophobic surfaces,['*?°] and their sheet resistances (>5 Q sq7!)
are much higher than those of bulk metal-based electrodes (< 0.1
Q sq1).[4142]

Meanwhile, the diffusion of redox couples in a gel electrolyte
is strongly influenced by the extent of H bonding interaction. In
aqueous media, mobile ions diffuse through H bonds among wa-
ter molecules, ] and the addition of specific ions can either pro-
mote or disrupt these H bonds. For example, adding “structure-
breaking” ClO,~ anions to a poly(ethylene glycol) hydrogel in-
creases the diffusion coefficient of the target material (Eosin Y) by
two orders of magnitude.** Therefore, structure-breaking ions
can markedly increase the number of redox couples that reach
the electrodes, thereby enhancing the effectiveness of electro-
chemical reactions. However, despite these advantages, if the gel
electrolyte does not sufficiently wet the electrode or the diffusion
of redox couples to the electrode is inadequate (particularly, in
the case of highly porous 3D electrodes with a complex struc-
ture), the resulting power generation of QTCs will be signifi-
cantly restricted.1?’”] Therefore, collaborative efforts to improve
both the electrode and the electrolyte are required to achieve high-
performance QTCs without using noble-metal components.

In this study, we introduce a noble-metal-free and all-flexible
QTC with high power generation and unprecedented effective
cell conductivity. This is achieved through the use of metallized
fibril-based textile electrodes with extremely large active surface
area and the incorporation of structure-breaking salts into hy-
drogel electrolyetes, which greatly enhance the diffusion of re-
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dox couples and promote their redox reactions (Scheme 1). We
also highlight that our flexible textile electrode exhibits a high
electrochemical response due to the abundance of O vacancies
and is completely filled with the gel electrolyte from the out-
side to the inside. To achieve these goals, we first utilized Ni-
electrodeposited carbonized cotton textiles (Ni-CCTs) as flexible
3D electrodes. This cost-effective Ni-CCT configuration exhibits
an extremely low sheet resistance (<0.05 Q sq~!) while maintain-
ing a porous structure crucial for enhanced QTC performance.
The alkaline treatment on the electrodeposited Ni layers creates
a large number of electrochemically active O vacancy defects, fur-
ther boosting the thermoelectrochemical activity of the QTCs.
Furthermore, the Ni electrodeposition onto pristine CCTs formed
nanoprotuberant-structured Ni/Ni oxide layers, further increas-
ing the large active surface area of macroporous pristine CCTs.
Despite this large surface area, the skeletal mass density of the Ni-
CCT electrode was estimated to be ~1.03 g cm™, which was con-
siderably lower than that of Ni foam or Ni felt (~8.91 g cm™3).14]
Second, we incorporated Cs-based structure-breaking salts into
poly(acrylamide) (PAM)-based hydrogel electrolytes. These ionic
salts enhanced the diffusion and electrochemical activity of the
FeCN redox couples by disrupting the hydration shells and H
bonds among water molecules. As a result, our fully flexible
QTC achieved a record-high effective cell conductivity of 17.3
S m~! among all reported QTCs.I”'273% In addition, a remark-
able P /(AT)? of 4.05 mW m~2 K~2 was achieved, which is the
highest value reported for noble-metal-free QTCs.[12-1419.24-27.29]
These advancements enabled our QTC to power a light-emitting
diode (LED) and hygro-thermometer under an extremely low
AT =2 °C when applied on the forearm, demonstrating its ex-
ceptional performance and flexibility in generating stable power
from curved heat sources, such as the human body. As our ap-
proach is rooted in the structural, interfacial, and electrochemical
designs of electrodes and electrolytes, we believe this approach
can provide a basis for developing and designing various high-
performance electrochemical devices as well as QTCs.

2. Results and Discussion

2.1. Preparation of Ni-Coated Textile Electrodes for All-Flexible
QTCs

Ni-CCT electrodes with large active surface areas for QTCs were
prepared by first carbonizing natural cotton textiles composed of
numerous cellulose fibrils (Scheme 1). Carbonization tempera-
ture greatly affects the chemical and physical structures and elec-
trical properties of CCTs.l*#7] As such, we used Raman spec-
troscopy and analyzed the changes in the microstructural charac-
teristics of the CCTs with increasing carbonization temperature
from 550 to 850 °C. Figure 1a shows the spectra of all carbonized
samples with three distinct peaks at ~#1335, 1581, and 2884 cm™!,
corresponding to the D, G, and 2D bands, respectively.[*##%] The
D band represents the disordered A, vibrational mode of the
hexagonal carbon structure. In contrast, the G band originates
from the E,, vibrational mode of the sixmembered aromatic
rings.’% Also, the distinct 2D band at 2400-3100 cm™!, highly
sensitive to the defect or heteroatom doping in carbon-based
structures, confirms the amorphous structures of carbon-based
materials at low carbonization temperatures.®!l In particular,
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Scheme 1. Design strategy for the fabrication of high-performance, all-flexible QTC. Schematic of the fabrication of n-Ni-CCT electrodes, the device
structure of the all-flexible QTC, and structure-breaking effect of CsNO; salts on the water structures in FeCN-PAM hydrogel electrolyte. The top FE-SEM
image and flow chart shows the surface morphology of the Ni-CCT electrode and chemical structure changes of the cotton textile with carbonization,

respectively.

the intensity ratio of the D to G bands (I/I;) increases from
0.72 to 1.01. In contrast, the 2D to G bands (I,5/I) ratio de-
creases from 0.51 to 0.22 with increasing carbonization tempera-
ture (Figure 1a; Table S1, Supporting Information). These results
are consistent with previously reported findings for carbonized
softwoods,®?! indicating the enhanced formation of hexagonal
ring structures of sp?-hybridized carbon atoms within the car-
bonized cotton fibers.**!

X-ray diffraction (XRD) analysis was conducted to investigate
further the physical properties of the CCTs (Figure S3, Support-

Adv. Energy Mater. 2024, 2404151

2404151 (3 of 14)

ing Information). The XRD patterns of the CCTs display two dis-
tinct peaks corresponding to the (002) and (100) planes of the
carbon structures, regardless of the carbonization temperature.
The broad (002) peak at ~#23° indicates partial graphitic ordering
within the conjugated carbon structure of the CCTs.[>l In addi-
tion, a relatively weak (100) peak is observed at ~44°, which is
associated with the turbostratic structure typically found in dis-
ordered carbon materials.>>%] Notably, as the carbonization tem-
perature is increased from 550 to 950 °C, the electrical conduc-
tivity (o) of the CCTs gradually increased from 2.1 X 107° to 1.05

© 2024 Wiley-VCH GmbH
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cotton textile and CCT carbonized at 850 °C. c¢) FE-SEM and EDS (C and O) images of CCT and water-contact angle () images of CCT and commercial
carbon cloth. All images share the same scale bar. d) Sheet resistance and electrical conductivity of the Ni-CCTs as a function of the electrodeposition

current density. e) Relative electrical conductivity (6/c,) with bending cycles for the Ni-CCT electrodeposited at 550 mA cm~2. The inset shows Ni-CCT
before and after bending with a bending radius (R) of 0.2 cm. f) FE-SEM image of the Ni-CCT. The inset presents a magnified image, showing the surface
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S cm™! (CCT thickness ~480 um at 850 °C), and the sheet re-
sistance decreased from 9.8 x 10° to 20 Q sq~' (Figure S4, Sup-
porting Information). To find an optimal carbonization temper-
ature, we fabricated QTCs using the CCT electrodes and PAM
hydrogels with 0.4 M potassium ferro-/ferricyanide (FeCN-PAM)
and obtained their current density—voltage (J-V) curves using a
custom-built experimental apparatus (Figure S5, Supporting In-
formation). As a result, the QTC with the CCTs carbonized at
850 °C exhibited the highest short-circuit current density (J.) and
maximum power density (P,,,,) (Figure S6, Supporting Informa-
tion). It should be noted that the J-V curves were measured us-
ing a voltage sweep method and therefore the current and power
density values are initial values.I>*®>’] The J,. and P,,, increased
with increasing carbonization temperature to 850 °C, and then
decreased presumably due to the reduction of the hydrophilicity
of the CCT,*®>] suggesting that 850 °C is the optimal carboniza-
tion temperature. After carbonization at 850 °C, the total area and
volume of the CCTs decreased by ~50% and 37%, respectively
(Figure 1b). This reduction indicates the thermal degradation of
the original cellulose functional groups, resulting in conductive
CCTs. Despite this thermally induced chemical and structural
transformation, the formed CCT maintained its o value (96.8%)
after 5000 bending cycles (Figure S7, Supporting Information).
These results strongly suggest the complete transformation of
the cotton textile into a highly conductive and flexible substrate
with a fibril structure and sufficient ¢ of the CCTs carbonized at
850 °C for Ni electrodeposition.

We also investigated the hydrophilicity of the CCTs using field-
emission scanning electron microscopy (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDS). Unlike commercial carbon
cloths, which are composed solely of carbon (C) atoms (Figure S8,
Supporting Information), the CCTs have a significant amount of
oxygen (O) atoms derived from the original cellulose (Figure 1c).
These results are consistent with the Raman 2D bands, indicat-
ing the presence of heteroatoms (Figure 1a). The presence of O
atoms endows the CCT with high hydrophilicity, as confirmed
by its complete wetting with a water droplet (pH 5.8), in con-
trast to the water contact angle of ~84° for commercial carbon
cloth (Figure 1c). The hydrophilicity of CCTs greatly facilitates
the electrodeposition of metal layers.[®”) In the preparation of the
Ni-CCTs, a Ni layer was electrodeposited on CCTs for 20 min
with varying current densities. Specifically, as the electrodeposi-
tion current density was increased from 250 to 650 mA cm~2, the
o of the Ni-CCTs increased from 6.9 X 102 S cm™! to ~3.8 x 10°
S cm™! (including the total thickness of the Ni-CCTs), while the
sheet resistance decreased from 1.7 x 1072 to 3.1 x 107 Q sq™*
(Figure 1d). To find an optimal electrodeposition current density,
we obtained the J-V curves of the QTCs using the Ni-CCTs and
FeCN-PAM electrolytes (Figure S9, Supporting Information). As
a result, the QTC with the Ni-CCT electrodeposited at 550 mA
cm~? exhibited the highest | _and P, values, indicating that 550
mA cm~ is the optimal electrodeposition current density. The Ni-
CCTs electrodeposited at 650 mA cm~2 showed significantly re-
duced flexibility, likely because of excessive Ni deposition (Figure

www.advenergymat.de

S10, Supporting Information). Consequently, the Ni-CCTs elec-
trodeposited at 550 mA cm~2 (thickness ~ 850 um) were selected
for further use because of their high ¢ value and good flexibility,
unless otherwise specified.

After 5000 bending cycles at a bending radius of 0.2 cm, the
Ni-CCT retained 94.2% of its initial electrical conductivity (o)
(Figure 1e), demonstrating high electrical and mechanical stabil-
ity owing to the strong interfacial interactions between the CCT
and Ni layer. Furthermore, the Ni layer was uniformly deposited
on the entire CCT surface from the interior to the exterior without
notable Ni aggregation, and all Ni-electrodeposited fibrils exhibit
a nanoprotuberant surface (Figure 1f; Figure S11, Supporting In-
formation). In contrast, Ni electrodeposition on a hydrophobic
commercial carbon cloth (Ni-electrodeposited carbon cloth) re-
sulted in an inhomogeneous Ni coating concentrated on the out-
ermost surface (Figure S12, Supporting Information) and a high
water-contact angle of 75° (Figure S13, Supporting Information).

Another notable feature of the Ni-CCTs is their significantly
enhanced ion-adsorption capability owing to the nanostructured
Ni layer. We conducted cyclic voltammetry (CV) on four differ-
ent electrodes, namely CCT, Ni-CCT, commercial carbon cloth,
and Ni-electrodeposited carbon cloth, using a PAM-based hydro-
gel with aqueous electrolytes (1 M KNO,) to investigate the effec-
tive surface areas for ion adsorption. Among these, the Ni-CCT
has the largest CV curve area, ascribed to its hydrophilic sur-
face and nanoprotuberant/macroporous fibril morphology that
offers numerous adsorption sites (Figure 1g; Figure S14, Sup-
porting Information).[162] The QTC with Ni-CCT electrodes has
the highest short-circuit current density and maximum power
density (P,..) (Figure 1h), corresponding to the CV results
(Figure 1g). These findings demonstrate that the hydrophilic
carbonization-driven electrodeposition approach is highly effec-
tive for producing highly conductive and hydrophilic textile-
based QTC electrodes.

2.2. Optimization of Oxidized Ni-CCT Electrodes by Controlling
the Defect Ratio

As Ni oxides, such as NiO, Ni(OH),, and NiOOH, can greatly af-
fect the electrical and electrochemical activity in aqueous elec-
trolyte media, precise control over the oxide composition of elec-
trodeposited Ni is crucial. The electrodeposited Ni layer of the
Ni-CCTs was treated with an alkaline solution (1 m KOH) for var-
ious soaking times of 0-3 h, designated as n-Ni-CCT (where n is
the oxidation time in hours), to achieve the control of the oxide
composition of electrodeposited Ni.

The composition and chemical state of the n-Ni-CCT elec-
trodes were analyzed using Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS). The Raman spectrum of the Ni-CCT
reveals two oxide states of NiO and p-Ni(OH), originating from
the native oxide layers (Figure 2a).[%-%] After oxidation for 0.5 h,
distinct NiO peaks at 800-1200 cm~! broadened, and a new O—
H bending peak appears at 1635 cm™!, suggesting the formation

morphology. g) CV curves of CCT, Ni-CCT, and pristine and Ni-electrodeposited commercial carbon cloth (scan rate: 50 mV s~1). h) Output current
and power densities versus input voltage of all-flexible QTCs at AT = 10 K using various electrodes: CCT, Ni-CCT, and pristine and Ni-electrodeposited

commercial carbon cloth.
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Figure 2. Optimization of oxidation time for n-Ni-CCT electrodes. a) Raman and (b) Ni 2p3; XPS spectra of the Ni-CCT and 0.5-Ni-CCT. c) O 1s XPS
spectra of the Ni-CCT and 0.5-Ni-CCT. d) Proportions of O,, O—-H, and Ni—O with the oxidation time of n-Ni-CCTs. e) Plots of 6 ¢ and P,/ (AT)? versus
the oxidation time for all-flexible QTCs using n-Ni-CCTs. The oo and P,,,,/(AT)? values are average values of the measured values at different AT of 5,
10, and 15 K. f) Plots of R, and ESA over the oxidation time for all-flexible QTCs using n-Ni-CCTs.
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of y-NiOOH.[%>%6] Furthermore, we observed the compositional
change from the Ni 2p; , XPS spectra of the pristine Ni-CCT and
0.5-Ni-CCT (Figure 2b). The Ni 2p; , XPS spectra of both Ni-CCT
samples exhibit three distinct peaks at 852.5 eV (Ni°), 853.6 eV
(NiO), and 856 eV (f-Ni(OH),). Meanwhile, the spectrum of the
0.5-Ni-CCT has an additional peak corresponding to y-NiOOH at
856.6 eV.17%8] Therefore, the Raman and XPS spectra confirmed
that the immersion of the Ni-CCTs in a KOH solution led to the
formation of y-NiOOH in n-Ni-CCTs.

We compared the relative changes in the composition ratios
of Ni’, NiO, g-Ni(OH), and y-NiOOH depending on the oxida-
tion time, as derived from the peak areas of the deconvoluted Ni
2p,,, XPS spectra (Figure S15, Supporting Information). With
increasing oxidation time, the intensity ratio of the g-Ni(OH),
peak decreases, whereas that of the y-NiOOH peak gradually in-
creases. After oxidation for 0.5 h, the ratio among the three oxides
(i.e., NiO, f-Ni(OH), and y-NiOOH) was the most balanced, sug-
gesting the ample defect sites provided by the heterostructures
on the surface of the electrodeposited Ni layer.l®7% These defect
sites modulate the electronic states of the surface Ni layer, im-
proving the catalytic activity.l”!72] The defect sites in n-Ni-CCTs
were quantified by analyzing the O 1s XPS spectra (Figure 2c;
Figure S16, Supporting Information). The O 1s peaks were de-
convoluted into three component peaks corresponding to Ni-O,
O vacancy (O,), and O-H.I”>7°] The area associated with O, sig-
nificantly increases after oxidation for 0.5 h; however, it decreases
with further oxidation (Figure 2d).’%77) Generally, O vacancies
in metal oxides can act as n-type dopants, introducing electronic
states near the conduction band minimum, endowing semicon-
ductive properties to insulating oxides.[>74-80] In other words, O
vacancy generation results in two electrons per missing O atom,
which enhances both the electrochemical activity and electrical
conductivity of metal oxides.[278-8] These findings suggest that
0.5-Ni-CCTs is the optimal condition, with the maximum num-
ber of O, and the most balanced oxide ratio.

We fabricated all-flexible QTCs composed of n-Ni-CCTs and
FeCN-PAM electrolytes and evaluated their output performance.
Similar S values are obtained for all n-Ni-CCT-based QTCs
with negligible variations across different temperature gradients
(Figure S17, Supporting Information), aligning with previously
reported values (~1.4 mV K!) of typical TGCs using FeCN as
a redox couple.[>1*] We then measured the J-V curves of the
all-flexible QTCs at AT of 5, 10, and 15 K to determine the aver-
age values of effective electrical conductivity (¢.4) and P, /(AT)?
(Figure 2e; Figure S18, Supporting Information). o.4 was calcu-
lated by multiplying the slope of each J-V curve by the distance
between the top and bottom electrodes. This parameter is cru-
cial for comparing the QTC performance as it accounts for key
factors, such as the electrical conductivities of the electrodes, the
ionic conductivity of the electrolyte, and charge-transfer reactions
at the electrodes.l'1] Among the all-flexible QTCs, that with the
0.5-Ni-CCT electrodes exhibit the highest o4 value 0of 13.9 S m~!
and P, /(AT)? value of 2.98 mW m—2K~2 at AT =10 K.

The effects of the defects on the electrode surface on the
QTC performance were further elucidated by electrochemical
impedance spectroscopy (EIS) and CV (Figures S19 and S20, Sup-
porting Information). The charge-transfer resistance (R,), an es-
sential indicator of the catalytic activity of the electrode, could
be derived from the diameter of the semicircle in the Nyquist
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plot obtained by EIS.[8182] Additionally, the electroactive surface
area (ESA) was derived from the peak current density in the CV
curve using the Randles—Sevcik equation (Note S1, Supporting
Information).[''83] As shown in Figure 2d.f, the areal proportion
of O, and electrochemical factors (i.e., ESA and R_) are highly
correlated. In particular, as the O, proportion increases, ESA in-
creases but R, decreases, suggesting the increased redox reac-
tions on the electrode surface with a higher density of defect
sites.l”17276-8%] Consequently, the 0.5-Ni-CCT electrodes, which
have a larger number of O, defects, provide more effective re-
action sites and exhibit higher catalytic activity with FeCN re-
dox couples. In contrast, the excessively oxidized electrodes with
fewer O, defects have less and weaker reactions with the redox
couples and low ¢ ¢.768481 The FE-SEM images of the n-Ni-CCTs
reveal the decreased roughness of the electrode surface with in-
creasing oxidation time, reducing the surface areas (Figure S21,
Supporting Information). These results demonstrate that the
structural and electrochemical electrode design is crucial for en-
hancing the 65 and P, /(AT)? of all-flexible QTCs.

2.3. Structure-Breaking Salts for Enhancing Diffusion of FeCN
Redox Couple

The power output of the all-flexible QTCs was further im-
proved by controlling and optimizing the polymeric electrolyte
to enhance the diffusion of redox couples and their redox
reactions. Previous studies have demonstrated that structure-
breaking ions can facilitate ion diffusion by disrupting the
H bonding among water molecules.[***! Marcus introduced a
structural factor, A Gy, which quantifies the ability of added ions
to break H-bonded structures among water molecules in aque-
ous solutions.[®¢%”] AG,,; effectively determines the effect of spe-
cific ions on the H bonding among water molecules. Specifically,
ions with a negative AGy, value act as structure breakers for H-
bonded networks, whereas those with a positive AGy,, value act
as structure makers, promoting H bonding.

We first investigated the AG,;; values of various additive an-
ions. Figure 3a shows the AGy,; values of commonly used addi-
tive anions, namely NO,;~, SO,?~, and OAc~, for electrochemi-
cal devices.8*#] Among these anions, NO,;~ has the most neg-
ative AGy; value, indicating strong structure-breaking proper-
ties. OAc™ has a positive AG;, value, suggesting its structure-
making properties, whereas SO,%~ has a relatively moderate neg-
ative AGy, value. Cs*, a well-known structure-breaking cation
that enhances the catalytic activity of FeCN redox couples, was se-
lected for the cationic counterpart.[328>%1 Cs* effectively breaks
H bonds and disrupts the formation of H-bonded networks
among water molecules in the hydration shell of FeCN redox
couples compared to other alkali metal cations owing to its large
ion size and low charge density.”!l Therefore, three different Cs-
based salts, namely CsNO,, Cs,SO,, and CsOAc, were used to
investigate their effects on the water structure in hydrogel elec-
trolytes and QTC performance. Incorporating these three salts
into the FeCN-PAM electrolytes slightly increased S from 1.40 to
1.44 mV K71, regardless of the salt types (Figure S22, Support-
ing Information). This minimal change is ascribed to the sim-
ilar interactions between the alkali metal cations (Cs*) and two
FeCN anions.['?) However, o increases considerably with the
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Figure 3. Structure-breaking salts for high-performance all-flexible QTC. a) AGyg values for OAc™, SO,2~, and NO; ™ anions. b) 6.5 and P,,,,,/(AT)? and
(c) R and D of all-flexible QTCs using the 0.5-Ni-CCT electrodes and FeCN-PAM hydrogel electrolytes with and without additives. The og and P,/ (AT)?
values are average values of the measured values at different AT of 5, 10, and 15 K. d) Raman O-H stretching spectrum and its deconvoluted spectra
for aqueous potassium ferrocyanide solution (0.01 m) with CsNO; salt (0.8 m). The inset shows the five types of H-bonded water structures (Figure
S29, Supporting Information). e) DA/DDAA ratios of the FeCN-PAM hydrogel electrolytes with and without additives. The inset illustrates the breakage
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addition of these salts (Figure 3b; Figure S23, Supporting Infor-
mation), which is correlated with the AGy; values of the anions
(Figure 3a), suggesting that the water structure can affect the out-
put performance of all-flexible QTCs. The optimal salt concentra-
tion was set as 0.1 M, according to the QTC measurements with
different CsNO, concentrations (Figure S24, Supporting Infor-
mation).

The relationship between the water structure and reaction—
diffusion kinetics was further explored by EIS measurements on
the QTCs using FeCN-PAM electrolytes before and after adding
the salts (Figure S25, Supporting Information). We extracted two
key electrochemical factors from the Nyquist plots, namely R,
and diffusion coeflicient (D). The D values were extracted from
the low-frequency region (detailed fitting information is provided
in Figure S26, Supporting Information and explained in Note S2,
Supporting Information).>%] R, decreased after the salt addi-
tion (Figure 3c), which can be ascribed to the structure-breaking
properties of the Cs* cations, which facilitate the charge transfer
of redox couples by disrupting the FeCN hydration shell. Mean-
while, the D values of FeCN vary depending on the type of ad-
ditive salts used. The CsNO,-added FeCN-PAM electrolyte has
the highest D value 0of 7.01 x 107! cm? s7!, whereas the CsOAc-
added FeCN-PAM electrolyte has the lowest D value of 5.78 x
107! cm? s71. The effectiveness of CsNO;, salts for FeCN-PAM
electrolytes was confirmed with n-Ni-CCT electrodes with various
oxidation times (Figure S27, Supporting Information).

The effect of the ionic salts on the water structure in each
electrolyte was investigated by comparing the Raman spectra
of the aqueous electrolytes containing FeCN with and without
additive salts (Figure 3d; Figure S28, Supporting Information).
The Raman spectra exhibit water molecules’ O-H vibrational
peaks corresponding to the H-bonded structures.*%! The ad-
dition of structure-breaking ions alters these O-H vibrational
peaks, reflecting the changes in the H-bonded water structures.
After normalizing the spectra of each sample to their maximum
value, we deconvoluted the O-H peak area. We identified distinct
sub-bands representing the five types of H-bonded water struc-
tures (Figure S29, Supporting Information).**%! The effect of
the salts on the H-bonded water structure was investigated by
comparing the intensity ratios of two dominant water structures,
namely single donor—single acceptor (DA) and double donor—
double acceptor (DDAA). The DA structure, corresponding to a
chain-like arrangement of water molecules, has fewer H bonds
than the tetrahedral DDAA structure. Therefore, the DA/DDAA
ratio can quantitatively indicate the extent of disruption in the
hydrogen-bonded structures.®>! The CsNO;-added electrolyte
has the highest DA/DDAA ratio. In contrast, the CsOAc-added
electrolytes have the lowest DA/DDAA ratio (Figure 3e; Figure
S30, Supporting Information). As the NO,~ anions are the most
effective in disrupting the H-bonded structure, it is expected
to facilitate the diffusion of FeCN redox couples and enhance
the o4 of the QTCs. Additionally, the C=N stretching bands in
the Raman spectra positively shifted with salt addition (Figure
S31, Supporting Information). Such positive shifts of similar
magnitude indicate that the Cs* cations effectively disrupt the

www.advenergymat.de

hydration shell of the redox couples (Figure S32, Supporting
Information).® The UV-vis spectra of FeCN solutions with and
without CsNOj, salt were also obtained (Figure S33, Supporting
Information), revealing that the absorption peaks of FeCN also
positively shifted with salt addition due to the disruption of the
hydration shell of the redox couples.[**”]

We demonstrated the effectiveness of the strategies for im-
proving the output power of all-flexible QTCs by optimizing
the electrode and electrolyte. These qualitatively and quantita-
tively enhanced the electrochemical reactions between the re-
dox couple and electrode. Specifically, the all-flexible QTC with
the 0.5-Ni-CCT electrodes and CsNO;-added FeCN-PAM elec-
trolyte achieved exceptional performance with an o4 of 17.3
S m™ and P, /(AT)* of 405 mW m= K2, which are over
300% higher than those of the QTC using CCT electrodes and
electrolyte without added salts (Figure 3f; Table S2, Support-
ing Information). Our proposed approach achieved record-high
6.5 and P /(AT)? values for the QTCs not using noble-metal
electrodes.[121419.24-27.29] Iy particular, the o 4 value of 17.3 Sm™!
surpasses that of all reported QTCs.!”123% Therefore, our ap-
proach offers a highly effective solution for enhancing the out-
put performance of all-flexible QTCs without relying on precious-
metal electrodes.*®]

2.4. Body-Heat Energy Harvesting Using All-Flexible QTC

Finally, we demonstrated the feasibility of our QTCs as an energy-
harvesting device that harnesses energy from human body heat.
Notably, we highlighted the suitability of our all-flexible QTCs for
wearable TE devices owing to the high flexibility of the electrodes
and hydrogel electrolyte (Figure 1e; Figures S7 and S34, Support-
ing Information). The addition of redox couples and salts to PAM
hydrogels resulted in reduced stretchability, similarly with previ-
ous reports.”1®] However, CsNO;-added FeCN-PAM electrolytes
maintained sufficient mechanical properties for use as flexible
and leak-free QTCs. Before using QTC for a wearable device,
we first evaluated the sustainability of its output performance
over a range of AT values and hundreds of bending cycles. The
all-flexible QTC was fabricated using the CsNO,-added FeCN-
PAM electrolyte and 0.5-Ni-CCT electrodes. Figure 4a shows the
J-V curves of the QTC measured with varying AT values of
2.5-10.0 K, while the cold-side temperature was maintained at
15 °C. As expected, the output voltage linearly increased with
AT, whereas the output power increased quadratically.[*”! The
open-circuit voltage (V,.) increased from 3.7 to 14.4 mV, depict-
ing a linear relationship with AT, whereas P, . increases from
24.6 to 405.0 mW m~2, demonstrating a quadratic dependence
on AT. These consistent trends with minimal deviations across
the AT range (2.5-10.0 K) indicate the good performance of our
all-flexible QTCs in diverse thermal environments. We measured
the P, of the all-flexible QTC before and after repeated bend-
ing cycles with a bending angle of 90° at AT ~ 2.2 K (Figure 4b;
S35, Supporting Information). After up to 200 bending cycles,
the QTC retained its initial P, value (P, ,) with slight fluc-

tuations. Therefore, the optimized all-flexible QTC can endure

of hydrogen bonds of water in the presence of NO; ™ anion (enlarged image can be seen in Figure S30, Supporting Information). f) P,,./(AT)? versus
o .q for the proposed all-flexible QTCs compared with other QTCs that did not use noble-metal electrodes (Table S2, Supporting Information).
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Figure 4. Body-heat harvesting using the high-performance all-flexible QTC. a) Output current and power densities versus input voltage of all-flexible
QTCs at AT = 2.5, 5.0, 7.5, and 10.0 K. b) Relative maximum power density (Pp,x/Pmax0) throughout the bending cycles (bending angle ~ 90°).
c) Time-dependent V.. and AT profiles of all-flexible QTC attached on the forearm of the subject. d) Output current and power versus input volt-
age of the QTC on the forearm (AT ~ 2 K) and calculated data based on the result in (a) for AT = 2 K. e) Comparison of normalized power of our
all-flexible QTC with other reported QTCs and QTC modules operated using body heat or self-made platforms (Table S3, Supporting Information). f)
Photographs of powering LED and hygro-thermometer via voltage amplifier using our all-flexible QTC from body heat.
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variable AT conditions and harsh mechanical stresses, making it
suitable for wearable applications. When the QTC was connected
to an external resistance and measured over time, the output volt-
age and current decreased until saturation, similarly to previously
reported QTCs.!'22] These measurements could be repeated for
several cycles and the output energy densities harvested in each
cycle are shown in Figure S36 (Supporting Information).[1%]

We evaluated the output performance of the all-flexible QTC
by attaching it to the forearm (Figure 4c,d). In general, extremely
small ATin the range of 0.5-8.0 K is applied across TE material in
wearable devices on the human body with variations depending
on the environments.!'"! Therefore, the TE devices need to form
conformal contact with the human body to maximize AT and pro-
duce high power even at such a small AT.[12103] Our all-flexible
QTC with textile electrodes and hydrogel electrolyte is well-suited
for this purpose, conforming well to the curved surface of the
forearm. We monitored the generated AT and V,_ values across
the all-flexible QTC in real time, observing stable values of ~#2 K
and 2.6 mV, respectively (Figure 4c). The short-circuit current and
maximum power measured on the forearm were similar to those
obtained from a custom-built experimental apparatus at the same
AT (Figure 4d; Figure S5, Supporting Information). The normal-
ized power derived from human body heat is significantly higher
than those of previously reported QTCs (Figure 4e; Table S3,
Supporting Information).[1#1627:104-106] Thege previously reported
QTCs employed partially flexible carbon or noble-metal elec-
trodes, such as graphite papers and platinum sheets, which can
restrict QTC applications. Furthermore, the QTC placed on a hu-
man forearm was connected to an LED or a hygro-thermometer
via a commercial voltage amplifier to demonstrate its practical
application, 211071081 syccessfully powering these devices solely
using human body heat (Figure 4f; Figure S37, Supporting In-
formation). We also tested the device response to temperature
changes by placing and removing a finger from the QTC, causing
the LED to turn off and on, respectively (Movie S1, Supporting
Information). These results highlight the exceptional potential
of the all-flexible QTCs based on textile electrodes and structure-
breaking ions for powering electronics from various low-grade
heat sources, including the human body.

3. Conclusion

In summary, we demonstrated that our QTCs could exhibit high
o5 and P, /(AT)? values by using highly flexible Ni-CCT elec-
trodes with a large amount of O, and extremely large active sur-
face areas and incorporating Cs-based structure-breaking salts
into hydrogel electrolytes. To this end, these Ni-CCT electrodes
were prepared by carbonizing cotton textiles followed by Ni elec-
trodeposition and oxidation, which effectively increased the num-
ber of redox-active sites and O, defects. CsNO; salts were added
to PAM-based hydrogels containing FeCN redox couples for the
QTC electrolyte. The structure-breaking anions (NO,~) effec-
tively enhanced the diffusion of the redox couples by disrupt-
ing the H bonds among water molecules, demonstrating CsNO,
to have the best diffusion enhancement among the tested Cs-
based salts. Consequently, the QTC with the 0.5-Ni-CCT textile
electrodes and CsNO;-added FeCN-PAM electrolytes achieved a
remarkable P, /(AT)? of 4.05 mW m~2K~? and unprecedented
6.4 0f17.3 S m~!. Furthermore, the all-flexible QTC operated ef-
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fectively on the human body under a small AT value, demon-
strating highly stable power generation on a forearm, sufficient
for LED and hygro-thermometer operation. Therefore, this study
can provide a basis for overcoming the performance limitations
of QTCs and expanding their potential applications in harvesting
low-grade thermal energy from curved heat sources, even with
low AT values. We believe that the proposed approach is effec-
tive not only for enhancing the QTC performance but also for de-
veloping high-performance electrodes and electrolytes for other
electrochemical energy harvesting and storage devices.

4. Experimental Section

Materials:  Potassium ferricyanide (K;Fe(CN)g, >99.0%) was
purchased from Alfa Aesar. Potassium ferrocyanide trihydrate
(K,Fe(CN)4-3H,0, 98.5-102.0%), CsNO; (99.99%), Cs,SO, (99%),
CsOAc (99.9%), KNO; (>99.0%), acrylamide (>99%), poly(ethylene
glycol) diacrylate (PEGDA, M, =~ 700), ammonium persulfate (APS,
>98%), N,N,N”,N”-tetramethylethylenediamine (TEMED, >99.0%),
NiSO, (98%), NiCl,, (99%), H3BO; (99.5%), and KOH (99.98%) were
purchased from Sigma—Aldrich. Guanidinium chloride (99.0%) was
purchased from Merck Millipore. All chemicals were used as received
without further purification. The cotton textiles were purchased from
KohasiD.

Preparation of CCTs:  The cotton textiles were first washed with deion-
ized water and then dried in a convection oven at 100 °C for 1 h to remove
any residual moisture. Subsequently, the cleaned cotton textiles were car-
bonized to prepare CCTs by heating to 850 °C at a rate of 3 °C min~" for
4.5 h in a furnace under N, gas flow. The CCTs were then naturally cooled
to room temperature.

Preparation of n-Ni-CCTs:  The as-prepared CCTs were immersed in a
Watt bath (240 g L' NiSO,, 45 g L~ NiCl, and 30 g L~ H3BO3).l"I Ni
layers were electrodeposited onto the CCTs (Ni-CCTs) at a current density
of 550 mA cm™2 for 20 min using a power supply (Ni loading: 70.3 mg
cm™1). In this setup, the CCT served as a cathode, and a high-purity Ni
plate was used as an anode. The Ni-CCTs were then washed three times
with deionized water and dried in a convection oven at 70 °C for 3 h. Sub-
sequently, the cleaned Ni-CCTs were immersed in a 1 m KOH solution
contained within a sealed vial under ambient conditions without stirring
for 0.25-3 h, followed by washing with deionized water and drying in a
convection oven at 70 °C for 3 h.

Preparation of FeCN-PAM and Cs-Based Salt-Added FeCN-PAM Elec-
trolytes:  First, acrylamide (2.5 m) as the monomer, PEGDA (0.3 wt.%
relative to the monomer) as the crosslinker, APS (0.5 wt.% relative to
the monomer) as the initiator, and TEMED (0.25 wt.% relative to the
monomer) as the accelerator were completely dissolved in deionized wa-
ter (15 mL). The mixed solution was then degassed for 10 min, sonicated
for 30 min, and cured under UV light (254 nm, 8 W) for 1 h using a UV
crosslinker (XL-1000; Spectro-UV). Next, the prepared PAM hydrogel was
dehydrated on a hot plate at 60 °C overnight. The fully dehydrated PAM
hydrogel was then soaked in a potassium ferro-/ferricyanide aqueous so-
lution (0.4 m) with or without Cs-based salts (0.1 M CsNO;, 0.1 m CsOAc,
and 0.05 m Cs,SO,) for 3 days to fabricate either pristine FeCN-PAM or
Cs-based salt-added FeCN-PAM electrolytes, respectively. The concentra-
tion of Cs* ions same for each set of experiments was made, and there-
fore Cs,SO, was used in half the amounts to the other salts because Cs*
cations mainly disrupt the hydration shell of the redox couples.!323°] Each
hydrogel electrolyte sample was 10 mm wide, 20 mm long, and 2.2 mm
high.

Material Characterizations: Raman spectroscopy of the textile elec-
trodes was performed using a Raman spectrometer (LabRam ARAMIS IR2,
HORIBA Jobin Yvon), while the electrolytes were analyzed using a micro-
Raman spectrometer (DXR3xi, Thermo Fisher Scientific) equipped with
a green laser (532 nm, 10 mW). To obtain high-resolution Raman spec-
tra, the concentration of ferrocyanide was reduced to 0.01 M, whereas the
concentrations of Cs-based salts were increased to 0.8 m (for CsNO; and

© 2024 Wiley-VCH GmbH
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CsOAc) and 0.4 m (for Cs,SO,).[8] XRD patterns were collected using a
high-resolution X-ray diffractometer (SmartLab, Rigaku) with monochrom-
atized Cu Ka radiation (4 = 1.54 A). The morphology and elemental map-
ping of the textile electrodes were obtained using a field-emission scan-
ning electron microscope (Verios G4UC, Thermo Fisher Scientific). Water
contact angles were measured by the sessile-drop method using a con-
tact angle analyzer (Phoenix-300, Surface Electro Optics) equipped with a
video capture camera. Sheet resistances were measured by the four-point
probe method using a resistivity meter (Loresta GP MCP-T610, Mitsubishi
Chemical Analytech). The thicknesses of the textile electrodes were mea-
sured using a caliper (547-4071A Digimatic Thickness Gauge, Mitutoyo).
Electrical conductivities of the textile electrodes were calculated using the
data obtained for sheet resistances and thicknesses. Bending tests for
the electrodes were conducted using a custom-built bending machine op-
erated by a motion control unit (MR220A, NOVA Electronics), whereas
QTCs were analyzed manually. XPS measurements were carried out us-
ing an X-ray photoelectron spectrometer (K-Alpha™, Thermo Fisher Scien-
tific) with a monochromatic Al Ka X-ray source (1486.6 eV, operating volt-
age/current: 12 keV/6 mA). XPS data was deconvoluted using the Avan-
tage software (Thermo Fisher Scientific). UV-vis spectra were recorded us-
ing a spectrophotometer (V670, JASCO). To obtain high-resolution UV-vis
spectra, the FeCN and CsNOj solutions were diluted ~4000 times com-
pared with the concentrations for QTC measurements.[>10]

Thermogalvanic and Electrochemical Characterizations: ~ All thermogal-
vanic and electrochemical characterizations of the QTCs were performed
using a potentiostat (Autolab PGSTAT302N, Metrohm). A QTC was
mounted on a custom-built apparatus to generate a AT along the verti-
cal (through-plane) direction (Figure S5, Supporting Information). A PAM
hydrogel electrolyte was sandwiched between two textile electrodes and
sealed with VHB tapes (3 M) to prevent water evaporation during the mea-
surements. The temperature of each electrode was controlled using two
Peltier devices connected to a power supply (Keithley 2200-30-5). Electrode
temperatures were monitored with a Keithley DAQ6510 through thermo-
couples, while the cold side temperature was maintained at 15 °C. All J—
V curves were measured using a voltage sweep method (except that for
Figure 4c) and therefore the current and power density values are initial
values. The power density in the J-V curves was obtained by multiplying
each output voltage and measured output current density. For the wear-
able measurements on a forearm in Figure 4c, the voltage was measured
over time at open circuit condition for 800 s. A voltage amplifier (AD620)
was used when powering the LED and hygro-thermometer with the QTC
on a human forearm. EIS measurements were performed using textile
electrodes with FeCN-PAM or Cs-based salt-added FeCN-PAM electrolytes
over a frequency range of 100 kHz to 5 Hz with an amplitude of 10 mV at
an open-circuit voltage. CV measurements were performed using either
a PAM hydrogel with aqueous electrolytes (1 m KNO3) at scan rates of
10-50 mV s~ (for Figure 1g) or FeCN-PAM electrolytes with a scan rate
of 10 mV s~ (for comparison of ESA in Figure 2f and for checking side
reactions in Figure ST, Supporting Information). Platinum sheets served
as the counter and reference electrodes, whereas test electrodes including
textiles were used as the working electrodes for both EIS and CV measure-
ments.

Supporting Information

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