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Bonding Optimization Strategies for Flexibly Preparing

Multi-Component Piezoelectric Crystals

Yuan Bai, Gang Tang, Lei Xie, He Lian, Shihao Wang, Chaopeng Liu, Qiao Yu, Jianying Ji,
Kailiang Ren, Xiaodan Cao, Cong Li, Lili Zhou, Yizhu Shan, Hongyu Meng,* and Zhou Li*

Flexible films with optimal piezoelectric performance and water-triggered
dissolution behavior are fabricated using the co-dissolution—evaporation
method by mixing trimethylchloromethyl ammonium chloride (TMCM-CI),
CdCl,, and polyethylene oxide (PEO, a water-soluble polymer). The resultant
TMCM trichlorocadmium (TMCM-CdCI,) crystal/PEO film exhibited the
highest piezoelectric coefficient (d;;) compared to the films employing other
polymers because PEO lacks electrophilic or nucleophilic side-chain groups
and therefore exhibits relatively weaker and fewer bonding interactions with
the crystal components. Furthermore, upon slightly increasing the amount of
one precursor of TMCM-CdCI; during co-dissolution, this component gained
an advantage in the competition against PEO for bonding with the other
precursor. This in turn improved the co-crystallization yield of TMCM-CdCl,
and further enhanced d,; to ~71 pC/N, exceeding that of polyvinylidene
fluoride (a commercial flexible piezoelectric) and most other molecular
ferroelectric crystal-based flexible films. This study presents an important
innovation and progress in the methodology and theory for maintaining a

piezoelectric materials offer extensive
application prospects in self-powered
sensing, therapy, and energy harvest-
ing devices.’” Their performance and
application critically depend on their flex-
ibility, piezoelectric performance, and
degradation behavior. Piezoelectric ma-
terials, as the core of these devices, are
primarily classified into either rigid ceram-
ics and crystals, or flexible piezoelectric
polymers.#9  Although some ceramics
exhibit high piezoelectric coefficients,
they are prepared using energy- and time-
consuming methods and do not degrade
easily.®] On the other hand, piezoelectric
polymers are flexible, but their piezoelectric
coefficients remain low, especially for poly-
mers with transient responsiveness such
as water solubility or degradability.1®!!]
In recent years, some organic-inorganic

high piezoelectric performance during the preparation of flexible

multi-component piezoelectric crystal films.

1. Introduction

Transient electronic devices can be easily destroyed or degraded
under environmental stimuli (e.g., water, heat, and light),[] hold-
ing significant potential applications in biomedicine,?! informa-
tion security,’] and degradable consumer electronics.*! Flexi-
ble transient piezoelectric devices based on degradable flexible

two-component molecular ferroelectric
crystals have demonstrated notable piezo-
electric coefficients.'>1 For instance,
the longitudinal piezoelectric strain co-
efficients (d;;) of TMCM-MnCl, and
TMCM-CdCl, (TMCM = trimethylchloromethyl ammonium)
are 185 and 220 pC/N, respectively, reaching the level of com-
mercial ceramic barium titanate (d;; = 203 pC/N).1] These
molecular ferroelectric crystals offer additional advantages
such as straightforward fabrication and water solubility.[16-18]
Combining the water-soluble multi-component molecular
ferroelectric crystals with water-soluble polymers using the
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co-dissolution—evaporation method can fabricate high piezoelec-
tric flexible materials with water-triggered dissolution behavior
straightforwardly.

In a  previous study, a  flexible  TMCM-
CdCl, /polydimethylsiloxane (PDMS) piezoelectric film demon-
strating remarkable d,;, and output power density was prepared
by mixing TMCM-CdCl; powders of a uniform (micrometer)
size with PDMS precursor in a complicated manner."”! How-
ever, there is little research on fabricating multi-component
crystals-based flexible transient piezoelectric films using co-
dissolution-evaporation method,?*?!l and there are no known
strategies or related mechanisms for improving the piezoelectric
performance. We believe that the co-crystallization yield of multi-
component crystal after co-dissolution-evaporation is a key factor
affecting the piezoelectric performance of the multi-component
crystal/polymer composite film.[2224] This aspect deserves a
detailed investigation.

In this study, we attempted to improve the co-crystallization
yield of TMCM-CdACl,; using two strategies. 1) We optimized
the water-soluble polymers and found that the electrophilic or
nucleophilic side-chain groups of different polymers tended to
form more numerous and stronger bonding interactions (such as
ionic, hydrogen, halogen, coordination, and other bonds).[2>-%"]
with the groups or ions from the two components of TMCM-
CdCl; (TMCM* and [CdCL]7) in the solution. Such enhanced
bonding has a significant inhibitory effect on the crystallization
of TMCM-CdC], in the composite film. In comparison, polyethy-
lene oxide (PEO), which does not contain electrophilic or nucle-
ophilic side-chain groups, has a relatively smaller negative im-
pact on crystallization.?%) As a result, the composite film pre-
pared from PEO and TMCM-CdCl, (or its two precursors, namely
TMCM-Cl and CdCl,) displayed the highest d,; values. 2) We also
optimized the molar ratio between the two precursors of TMCM-
CdCl,. By slightly increasing the amount of either component
during co-dissolution, this component gains an advantage in the
competition against PEO for bonding with the other compo-
nent. Such a change enhances the crystallization yield of TMCM-
CdCl, in the composite film and further improves the d,; value
to #71 pC/N, exceeding that of polyvinylidene fluoride (PVDF,
a commercial flexible piezoelectric) and most other molecular
ferroelectric crystal-based flexible films reported previously. This
study highlights the influences of soluble polymers with differ-
ent groups and ratios between crystal components on the piezo-
electric performance of composite films, as well as the underly-
ing mechanism. Our additional experiments also demonstrated
that piezoelectric sensors based on the TMCM-CdCl,/PEO film
were sufficiently sensitive to recognize diverse movements of hu-
man fingers, and the TMCM-CdCl, /PEO film could be dissolved
rapidly in water, and then recycled with feasible approach.

2. Results and Discussion

2.1. Performance of Different TMCM-CdCI, /Polymer Films

To prepare high piezoelectric TMCM-CdCl, /polymer films with
water-triggered degradation behavior through co-dissolution—
evaporation, and to investigate the various effects of polymer pos-
sessing different groups on co-crystallization and piezoelectric
performance, a total of six different water-soluble polymers with
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linear structures were tested: PEO, polyvinyl alcohol (PVA), poly-
acrylamide (PAM), gelatin, pullulan, and poly(acrylic acid) (PAA)
(Figure 1a,b).3!l The six polymers exhibit distinct structural at-
tributes (Figure 1a): PEO consists of [-CH,-CH,-O-] repeating
units and no side-chain groups. PVA has an alkane main chain
consisting of [-CH,-CH(OH)-] repeating units and numerous hy-
droxyl (-OH) side groups. PAM has an alkane main chain con-
sisting of [-CH,-CH(CONH,)-] repeating units, and each repeat-
ing unit carries an amide (-CONH,) side group. Gelatin is a pro-
tein consisting of glycine-proline-X (X = another amino acid) and
glycine-X-hydroxyproline segments in a specific ratio, along with
some amino acid-derived side-chain groups including amine, car-
boxyl, amide, hydroxyl, and other groups. As a polysaccharide,
pullulan comprises repeating maltotriose units, with glycosidic
bonds (ether bonds) linking the sugar units in the main chain
and abundant hydroxyl groups as its side groups. PAA has an
alkane main chain structure consisting of [-CH,-CH(COOH)-] re-
peating units, and each unit contains a carboxylic acid (-COOH)
side group.

In TMCM-CI, one of the two precursors of TMCM-CdACl,, ionic
bonds are formed between Cl- and TMCM™. In the other pre-
cursor (CdCl,), the two CI~ form ionic bonds with Cd**. Af-
ter dissolving both precursors in water, the ions undergo re-
coordination to form TMCM?" and [CACL,]". When their mo-
lar ratio is 1:1, TMCM™* and [CdCl;]” are connected through
C—Cl--CI—Cd interactions, and the inorganic anion layer of
[CdCL;]” and organic cation layer of TMCM* are alternately
stacked. Upon the complete evaporation of water, TMCM-CdCl,
molecular ferroelectric crystals with high piezoelectric proper-
ties are formed.l>*2] When a water-soluble polymer is present
during the crystallization, chemical groups of the polymer can
form ionic, hydrogen, or halogen bonds with the ions or atoms
in [CdCl;]” or TMCM™, exerting various inhibitory effects on the
crystallization or recrystallization yield of TMCM-CdCl, in the
composite films. A greater inhibitory effect is expected to lead
to a lower d,; value of the TMCM-CdCl, /polymer film.

According to our experimental results, TMCM-CdCl,/PEO
films exhibit the highest average d,; compared with other com-
posite films (Figures 1c and S1, Supporting Information), pre-
pared with the mass ratio of TMCM-CdCl; to water-soluble
polymer as 2:3. It is inferred that because PEO lacks elec-
trophilic or nucleophilic side-chain groups, it mainly interacts
with the components of TMCM-CdCl, by forming halogen bonds
(C—Cl---0O—C bonds) through its main-chain ether group,*! as
well as coordination bonds with Cd?*.3**] Consequently, com-
pared with the other polymers carrying various side groups,
PEO forms fewer and weaker bonding interactions with -Cl, Cl-,
and Cd**, thus exerting a lesser inhibitory effect on the crys-
tallization yield of TMCM-CdACl,; and resulting in the highest
d;; for the TMCM-CdCl;/PEO film. In comparison, PAA, which
contains numerous side-chain carboxylate and carboxylic acid
groups when dissolved in water, had the most negative impact on
TMCM-CdCl, crystallization. The carboxylate groups can form
strong ionic bonds with both TMCM* and Cd?*,[2>3¢] and the car-
boxylic acid side groups of PAA also form C=0---Cl and H—0---Cl
halogen bonds,?738 O—H--Cl hydrogen bonds,*! and Cd?**-
based coordinate bonds with the TMCM-CdCl; components.[*!
Thus, PAA strongly interferes with the halogen---halogen in-
teractions (C—Cl--Cl—Cd) between the two components of

© 2024 Wiley-VCH GmbH

85U80 |7 SUOWIWOD 8A1I81D 3|cedldde aup Aq peusenob ae sspplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUR-SLLIBY 0D A8 1M A1 18U UO//:SANY) SUORIPUOD pUe SWie | 8 885 *[202/2T/20] uo ArigiTauliuo 811 ‘JO uonnisu| Buileg-sed Aq 68STTH202 BWPe/Z00T OT/I0pAW0D A8 |Im AIq 1 puluo//Sdny Wwoy peapeojumod ‘0 ‘S601TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a lonic bonds Halogen bonds
COO--N* C=0---Cl
COO-Cd*  H-0--Cl

Coordination Hydrogen bonds
(COOH)---Cd?* O-H ---Cl

o] OH
n
PAA
Non-crystalline
/ - I
= Cl
N— A
v+ |Ccd
cl Cl

Pullulan

OH OH OH
o 0. o
n
HO on © o1 © on o
HO HO Ho

Halogen bonds

H-O---Cl H-O---Cd?*
C-O---Cl C-O---Cd?*
Hydrogen bonds

O-H ---Cl

Coordination

Halogen bonds Coordination

H-O:---Cl H-O---Cd?*
C=0---Cl (CONH)---Cd?*
Hydrogen bonds

O-H ---Cl

N-H ---Cl o

PAM

o, NH,
L
Halogen bonds Coordination
C=0---Cl (CONH,)---Cd?*
H-N---Cl

Hydrogen bonds
N-H---Cl

www.advmat.de

Halogen bonds
H-O---Cl
Hydrogen bonds
O-H---Cl
Coordination
H-O---Cd?*

OH

PVA

/
~
I <N_ . Ccd"
\
- cl

PEO Crystalline
AL
n

Halogen bonds
C-O---Cl
Coordination
C-O---Cd?*

Polymer

20
TMCM-CdCl;/polymer
%‘40 16 -
D
)—"‘/ 12 4
z
e
< 8 4 T
= I
4 4
0 4

Heating at 40 °C

| Components of TMCM-CdClI,

(o] \sd S & RN A\ v
L & & & o\\o\a Qv? g
<

Figure 1. Preparation and characterization of TMCM-CdCl; /polymer composite films. a) Schematic comparison of the inhibitory effects of six polymers
on the crystallization of TMCM-CdCl; and the corresponding bonding interactions. b) Schematic of the co-dissolution—evaporation method. c) d;3 values
of different TMCM-CdCl; /polymer composite films. (n = 10 independent spot d3; measurements on a film. Data are presented as mean + standard

deviation).

TMCM-CACL,22*) thus reducing the binding efficiency of
TMCM* and [CdCl,]". All these effects severely inhibit the forma-
tion and growth of TMCM-CdCI, crystals in the composite film,
reducing the crystallization yield and leading to the smallest d;;
value of the TMCM-CdCl,;/PAA film (below 5 pC/N). Compos-
ite films based on the other four water-soluble polymers (PVA,
gelatin, PAM, and pullulan) showed intermediate d,; values of
5-10 pC/N (Figure 1c). On the one hand, the side-chain groups
of these four polymers (such as hydroxyl and amide groups) form
various hydrogen, halogen, and/or coordination bonding interac-
tions with chemical groups or ions in the TMCM-CdCl; compo-
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nents, though these interactions are still weaker than the ionic
bonding interaction between the carboxylate groups of PAA and
TMCM* or Cd**.[*!] On the other hand, compared to PEO, all
these four polymers exhibit denser interactions with the TMCM-
CdCl; components. Specifically, the side-chain hydroxyl groups
of PVA and pullulan form not only H—O---Cl halogen bonds?*”’
and Cd?*-based coordinate bonds!?8] similar to the case of PEO,
but also O—H---Cl hydrogen bonds with Cl atoms and ions of
TMCM™ and [CdCl,]~.1*) Similarly, the side-chain amide groups
in PAM tend to form C = O---Cl halogen bonds, H—N---Cl halo-
gen bonds, coordination bonds, and N-H---Cl hydrogen bonds
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with the two components.’”*3] The few residual carboxylate
groups in PAM can also form ionic bonds with TMCM* and
Cd?*. The diverse chemical groups contained in gelatin are in-
volved in different types of bonding interactions, including halo-
gen, hydrogen, ionic, and coordination bonding, with the com-
ponents of TMCM-CdCl,.

Because the TMCM-CdCl; crystals and their two precur-
sors are also soluble in the organic solvent dimethylfor-
mamide (DMF), we also prepared TMCM-CdCl, /PU and TMCM-
CdCl,/PCL films in DMF (PCL = polycaprolactone, PU =
polyurethane) using the DMF-soluble PU and PCL. However,
their d;; values were lower compared to those of the compos-
ite films based on the most water-soluble polymers. We infer
that the main-chain carbamate bonds or ester bonds of PU or
PCL, together with DMF molecules, tend to form different in-
teractions with the ions and groups of TMCM™ and [CdCl,]~,[*!
severely affecting the crystallization yield and resulting in a
lower d;; of the TMCM-CdCl,/PU and TMCM-CdCl, /PCL films
(Figure 1c). The d,; value of different TMCM-CdCl,/polymer
films generally showed a positive correlation with the intensity
of the characteristic peaks of TMCM-CdCI, crystal in correspond-
ing TMCM-CdCl, /polymer film through X-ray diffraction (XRD)
analysis (Figure S2, Supporting Information, Figure 1c). Mean-
ingfully, during flexibly preparing other water-soluble piezoelec-
tric crystals, such as tetramethylammonium tetrachloroferrate
([(CH,),N][FeCl,]),[*’l PEO also exhibits sufficient advantages in
terms of the piezoelectric coefficient (Figures S3, S4, Supporting
Information).

To explain how the bonding interactions vary depending on
the type of polymer, we conducted quantitative comparison of
adhesion energies between different polymer and TMCM-CdCl,
components using atomic force microscopy (Figure S5, Support-
ing Information),l*#! and by Density functional theory (DFT)
calculations of the integrated crystal orbital Hamilton popula-
tion (ICOHP) values of halogen and hydrogen bonds formed be-
tween polymers and TMCM-CdCl,.5%3 The comparison results
of adhesion energies (Figures S6-S8, Supporting Information),
and calculated [ICOHP| values (Figure S9, Table S1, Support-
ing Information) are consistent with the comparison of bond-
ing interactions described above. Furthermore, we demonstrated
the existence of the bonding interaction between polymers and
Cl element of TMCM-CACl; by comparing the infrared spec-
tra of TMCM-CdCl,/polymer films and TMCM-CdCl; crystals
(Figure S10, Supporting Information). We also found evidence
of incomplete co-crystallization of TMCM-Cl and CdCl, from
SEM images and energy dispersive spectroscopy (EDS) maps of
TMCM-CdCl, /polymer (Figures S11-S15, Supporting Informa-
tion), which is the phenomenon caused by of the bonding inter-
action of the polymer on TMCM-CdCl; components.

2.2. Performance of TMCM-CdCI, /PEO Films

Among the water-soluble TMCM-CdCL, /polymer films, the one
based on PEO exhibited the highest d,; value. This d,; could be
further enhanced by adjusting the mass ratio of TMCM-CdCl, to
PEO. Upon gradually increasing the mass ratio of TMCM-CdCl,
(defined as the total mass of TMCM-CI and CdCl,) to PEO from
1:3 to 3:2, the average d;; steadily increased to reach ~32 pC/N
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(Figure 2a), which is close to the value of commercial PVDF (x~27
pC/N). The [(CH;),N][FeCl,]/PEO composite films showed the
same trend as the TMCM-CdCl;/PEO composite films: as the
mass ratio of [(CH,),N][FeCL,]:PEO increased, the maximum d,,
reached 4.8 pC/N (Figure S16, Supporting Information). XRD
analysis revealed that upon increasing the mass ratio of TMCM-
CdCl,:PEO in the solution, characteristic peaks of the TMCM-
CdCl, crystals (corresponding to the (110), (020), (200), (130), and
(220) planes) in the composite film became gradually more in-
tense (Figures 2b and S17, Supporting Information). This indi-
cates that a higher ratio of TMCM-CdCl; components in the so-
lution resulted in more TMCM-CACI, crystals, thereby increas-
ing the d,; value of the composite film. Scanning electron mi-
croscopy (SEM) analysis of the top surface of TMCM-CdCl,/PEO
films revealed that the orderly arranged and rod-shaped TMCM-
CdCl, crystals gradually became larger in size at higher mass
ratios of the two TMCM-CdCl; components (Figure 2c). A suf-
ficiently large crystal size also helps improve the piezoelectric
properties.’ However, upon further increasing the mass ra-
tio of TMCM-CdCl;:PEO to 2:1 during dissolution, the integrity
and morphology of the composite film after drying were signif-
icantly impaired (Figure S18, Supporting Information). A likely
reason is that the excess TMCM-CdCl; components bond with
and disperse in PEO, thereby deteriorating the film-forming per-
formance and mechanical properties of the film.

Our cross-sectional SEM and EDS analyses (Figure 2d) re-
vealed a sandwich structure in the TMCM-CdCL,/PEO com-
posite film with three clearly defined layers. The middle layer
(~41.63 pm in thickness) primarily consisted of TMCM-CdCl,
crystals and their components, because the Cd and Cl elements
were mainly concentrated in this layer. The top and bottom lay-
ers (~2.83 and ~4.36 um in thickness, respectively) contained
abundant oxygen (O) atoms, which only existed in PEO, along
with trace amounts of Cd, N, and Cl, which are characteristic
of CdCl, and TMCM-CL The bonding between the PEO and
TMCM-CdCl; components in solution prevented a portion of
CdCl, and TMCM-CI from forming TMCM-CdCl, crystals (i.e., it
resulted in a lowered crystallization yield of TMCM-CdCl,), lead-
ing to their dispersion in PEO instead. This is one reason why
the d;; value of the composite film was still significantly smaller
than that of pure TMCM-CdCl, crystal (=32 vs 220 pC/N).

When TMCM-Cl and CdCl, are combined in a 1:1 molar ratio,
they meet the stoichiometric requirement to form TMCM-CdCl,
crystals, and the increase of only either TMCM-CI or CdCl, pre-
cursor during crystal preparation cannot change the molar ra-
tio of the two components in the TMCM-CdCl, crystal.’®! Dur-
ing preparing TMCM-CdCl,/PEO film, the main-chain ether
bonds of PEO can form C—Cl---O—C halogen bonds with the CI
atoms of TMCM* 133 and these halogen bonds interfere with the
C—Cl---Cl—Cd interactions in TMCM—CdCl,, affecting the for-
mation and growth of TMCM-CdCl, crystals in the composite
film. Surprisingly, when either TMCM-Cl or CdCl, is in slight ex-
cess compared to the other, this component gains an advantage in
competing with PEO for bonding with the other precursor, which
improves the crystallization yield of TMCM-CdCl, in the compos-
ite film and leads to a further improvement in d,; to reach ~71
pC/N (Figure S19, Supporting Information). Based on the high
piezoelectric TMCM-CAC, /PEO film (d,; = ~32 pC/N) prepared
at the mass ratio of TMCM-CdCl,:PEO = 3:2, we increased the
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Figure 2. Characterization of TMCM-CdCl; /PEO composite films. a) The d3; values (n = 10 independent spot d3; measurements on a film. Data are
presented as mean + standard deviation.), b) XRD patterns, and c) top-surface SEM images of films prepared at different TMCM-CdCl;:PEO mass ratios.
d) Cross-sectional SEM image and EDS maps of a sandwich-structured film prepared with a TMCM-CdCl;:PEO mass ratio of 3:2.

amount of either TMCM-CI or CdCl, within a certain range dur-
ing co-dissolution; consequently, the d,; values were improved
obviously. Specifically, when the molar ratio of TMCM-CI: CdCl,
was slightly changed from 1:1 to 1.2:1 or 1:1.2, the highest av-
erage d,; values were achieved, which were ~60 or ~44 pC/N,
respectively. However, upon further increasing the molar ratio
to 1.5:1, 1.7:1, and 2:1 by adding the amount of TMCM-CI, d;,
decreased to 46, 33, and 31 pC/N, respectively. A similar trend
was observed when this ratio was further reduced to 1:1.5, 1:1.7,
and 1:2 by increasing the amount of CdCl,, with progressively
lower ds; values of 34, 27, and 25 pC/N, respectively (Figure 3b).
The d,; values of different TMCM-CdCl,/PEO films generally
showed a positive correlation with the intensity of the charac-
teristic peaks of TMCM-CdCl, crystal in corresponding TMCM-
CdCl,/PEO film through XRD analysis (Figure S20, Supporting
Information; Figure 3b). The excess amount of one component
(either TMCM-CI or CdCl,) enhanced the crystallization yield of
the other component, while the further excess component tended
to disperse in the PEO matrix or among TMCM-CdCl, crystals,
inhibiting the growth and arrangement of the TMCM-CdCl, crys-
tals. Therefore, the piezoelectric performance prepared with fur-
ther excess of one component was poorer than for the cases when
one component was only in slight excess. Notably, further ex-
cess TMCM-Cl is more likely to damage the morphology of the
composite film (Figure S21, Supporting Information), because
as an organic molecule, it more readily disperses in the PEO ma-
trix and bonds with PEO, thereby deteriorating the mechanical

Adv. Mater. 2024, 2411589 2411589

properties and film-forming performance. In brief, by interfer-
ing in the bonding interaction with PEO, slightly increasing the
amount of one component can improve the coordination and co-
crystallization yield of the two components in the composite film
and enhance the d,; value (=71 pC/N) of the TMCM-CdCl, /PEO
film to exceed that of the commercial piezoelectric PVDF and
most other previously reported flexible films based on molecular
ferroelectric crystals (Figure 3a,c).[192%2255-67] This phenomenon
and its mechanism also apply to the [(CH,),N][FeCl,]/PEO com-
posite film (Figure S22, Supporting Information).

Although TMCM-CdCl, crystals are important for piezoelec-
tric performance, their inherent rigidity poses a challenge for
flexible systems, whereas the pliable PEO enhances the flexibility
and mechanical stability of the composite films. The stress—
strain curves of composite films with different component ratios
indicated favorable tensile properties up to a strain of 0.2%
(Figure 4a). The elastic moduli of all four TMCM-CdCl,/PEO
composite films were below 1 GPa (Figure 4b), with a maximum
value of 0.81 GPa (for the film prepared with a TMCM-CdCl,:PEO
mass ratio of 1:3) and a minimum value of 0.28 GPa (for the
film prepared with a TMCM-CdCl,:PEO mass ratio of 3:2 and
a TMCM-CIL:CdCl, molar ratio of 1.2:1), indicating their excel-
lent flexibility. Interestingly, the elastic modulus also showed a
decreasing trend as the increase of the size of rod-shaped TMCM-
CdCl, crystals (Figure 2c), because larger crystals embedded
in the PEO matrix tend to disrupt the compactness of the film
more severely, leading to a further decrease in modulus. We also

(50f 11) © 2024 Wiley-VCH GmbH
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Figure 3. Competition mechanism in the TMCM-CdCl;/PEO composite films. a) Schematic depicting improvement in the crystallization yield of TMCM-
CdCl; by slightly increasing the amount of one crystal component to compete against PEO for bonding with the other component. b) d;; values of
TMCM-CdCl; /PEO films with one crystal component in excess: the molar ratio of TMCM-Cl:CdCl, ranged from 2:1 to 1:2. (n = 10 independent spot d33
measurements on a film. Data are presented as mean + standard deviation.) c) Comparison of ds3 values in this work with those of other previously
reported molecular ferroelectric crystal-based flexible composite films.[19:20.22,56-68]

investigated the dynamic mechanical response of the films at
various strain frequencies and amplitudes. When the strain
was constant at 0.1% while the frequency was increased from
0.1 to 80 Hz, the elastic modulus of the composite films only
showed a slight and gradual increase (Figure 4c). When the
strain frequency was fixed at 1 Hz while the strain amplitude
increased from 0.005% to 0.2%, the elastic modulus showed a
slight and gradual decrease (Figure 4d). Fracture response was
not observed in any film. Notably, the TMCM-CdCl;/PEO film
with slight excess TMCM-CI (molar ratio of TMCM-ClL:CdCl,
= 1.2:1) achieved a lower elastic modulus and better flexibility
(Figure 4b) as well as better mechanical stability (Figure 4c,d)
owing to the excess TMCM-CL.

2.3. Piezoelectric Sensors Based on TMCM-CdCl, /PEO
Piezoelectric Films

We constructed flexible piezoelectric sensors based on the
TMCM-CdCl,/PEO piezoelectric composite films (Figure 5a).
The fabrication process is detailed in Section 4 “Experimental
Section.” The flexible piezoelectric sensors consisted of three

Adv. Mater. 2024, 2411589

2411589 (6 of 11)

main components: a TMCM-CdCl, /PEO piezoelectric film, iron
electrodes, and polylactic acid (PLA) encapsulation layers. All the
components were tightly interconnected and exhibited excellent
flexibility. The operating principle of these sensors is illustrated
in Figure 5b.1% Initially, the dipoles in the TMCM-CdCl,/PEO
film are in equilibrium. Under externally applied pressure, the
electric dipoles become polarized, causing an asymmetric distri-
bution of positive and negative charges at the two surfaces of the
film. Electrons induced on the electrodes flow through the ex-
ternal circuit to produce an electric current. When the pressure
is removed, the device recovers from deformation and generates
the opposite current. The output of the piezoelectric sensors was
measured (Figure 5c—e). The open-circuit voltage, short-circuit
current, and transferred charge all increased with increasing the
TMCM-CdCl;:PEO mass ratio, with maximum values of 5.9V,
139.8 nA, and 3.0 nC, respectively, achieved from the film pre-
pared with a TMCM-CdCl,:PEO mass ratio of 3:2 and a TMCM-
CL:CdCl, molar ratio of 1.2:1.

We also investigated the sensor output at frequencies ranging
from 1 to 3 Hz (Figure 5f). This frequency range matches the
requirements for the sensing and energy harvesting of human
motion.l”] The results showed an increase in the voltage from

© 2024 Wiley-VCH GmbH

B5UB017 SUOLULLOD SAIIEDID 3(ded! ddke 8U) Aq pauRAOB 88 SO 1L YO B8N JO S3IMNI J0J AeIq 1T 3UIIUO A1 L0 (SUOIPUOD-PUR-SLUIBIWI0D A8 | 1M Ale1q 1B UO//:SaNY) SUONIPUOD PUe WS L 3Y) 89S * [7202/2T/L0] uo ARiqiauliuo As|im 4o uonmnsu| Buileg-sed Aq 68STTYZ0Z BWPe/Z00T OT/I0P/LIOY A8 |1 Akeiq 1 pul|uo//SANY Woi) papeo|umod ‘0 ‘S60vTeST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

A6 b1.5
1:3 W 13
2:3 W 23
o 11
1.2 W 32
104 W 3:2(+)
g 5
=08 o
o )
8 w
? 0.5 4 [
0.4 *
0
0 0.05 0.10 0.15 0.20 ° 1:3 2:3 111 3:2 3:2(+)
Strain (%) Mass Ratio of TMCM-CdClI, to PEO
Cie dig
®1:3 ®1:3
®2:3 ®2:3
@ 1:1 @11
1.2 4 ::zz() 12 4 0’ :2:1()
12 (+ 22 (+)
) o000 0 04 * ’
o @ eo0o® L 4 ’.’
0.0’0.
T s TS
%o.s- 0........... PP %o.a- ‘03 00’0.‘
. * ':00000000.‘0‘
e0000000000 000 ’,’0 oo
<& "00’
0.4 1 0.4 * TN “’00
KX
$88838888888¢82323 40000900
¢ $900000000000003833282
° 0 20 40 60 8 3 0.05 0.10 0.15 0.20

Frequence (Hz)

Strain (%)

Figure 4. Mechanical performance of TMCM-CdCl;/PEO films. a) Stress—strain curves. b) Elastic moduli calculated from the stress—strain curves in a).
¢) Dynamic mechanical analysis in the frequency sweep mode from 0.1 to 80 Hz at a constant strain of 0.1%. d) Dynamic mechanical analysis in the
strain sweep mode from 0.005% to 0.2% strain at a constant frequency of 1 Hz. The films were prepared with mass ratios of TMCM-CdCl;:PEO ranging
from 1:3 to 3:2. The TMCM-CdCl;/PEO film (denoted as “3:2 (+)”) was prepared with a TMCM-CdCl;:PEO mass ratio of 3:2 and a TMCM-Cl:CdCl,

molar ratio of 1.2:1.

5.7 to 10.4 V with increasing frequency. Long-term operational
stability is crucial for the application of wearable sensors. The
device exhibited excellent stability, maintaining over 90% of its
output performance even after continuous operation for 10 000
s. We performed two experiments for sensing the motions of the
human hand (Figure 5h). In the first experiment, a piezoelectric
sensor was attached to the index finger joint (Figure 5i). Bend-
ing the finger at 30, 60, and 90° generated signal outputs of 0.3,
0.6, and 0.8 V, respectively. In the second experiment, an array of
five small sensors was placed on the back of the hand (Figure 5j).
When one of the fingers taps on a table, the sensor closest to
this finger is expected to produce a stronger signal. Different sig-
nal combinations are generated when the volunteer taps different
fingers, allowing distinction of the specific finger. In summary,
the developed piezoelectric sensor is capable of not only detect-
ing the bending angle of a single finger when placed directly over
the joint but also capturing complex finger movements when de-
ployed as a sensor array on the back of the hand.

2.4. Dissolution and Recycling of Film Components

Because both PEO and TMCM-CdCI, crystals are water-soluble,
their composite film dissolves almost instantaneously in water.

Adv. Mater. 2024, 2411589
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When a piece of the TMCM-CdCl,/PEO composite film (1 cm
X 1 cm) was soaked in water under gentle stirring, it shrank
rapidly, broke into small pieces, and then dissolved within sec-
onds (Figure 6a). Thus, this film has good application potential
in water-triggered flexible transient electronics. However, the
toxic Cd from TMCM-CdCl; should be removed and recovered
to avoid pollution risks. Therefore, we developed a recycling
strategy for the film based on separation and dialysis (Figure 6b).
After dissolving the composite film, the PLA encapsulation
layers and Fe electrode could be easily separated, which can be
further recycled or processed as biodegradable materials. The
mixed solution was then subjected to dialysis to separate the
TMCM-CdCl; components from PEO. TMCM-CACl; crystals
could be regenerated by evaporating the dialysate with a re-
covery rate of up to 97.96% (Figures 6b and S23, Supporting
Information). The regenerated TMCM-CACl; powder exhib-
ited XRD peaks similar to those of the pure TMCM-CdCl,
crystal, without the (110) and (112) diffraction peaks associ-
ated with PEO, demonstrating the successful separation and
recycling of TMCM-CdACl; crystals (Figure 6¢c). Meanwhile,
PEO could be precipitated and recycled by evaporating the
solution remaining in the dialysis bag. Thus, we successfully
separated and recycled most components of the piezoelectric
Sensor.

© 2024 Wiley-VCH GmbH
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Figure 5. Performance of the flexible piezoelectric sensor based on TMCM-CdCl;/PEO films. a) Schematic diagram and photographs of the sensor.
b) Working principle of the sensor. c—e) Electric outputs of the sensors: c) voltage, d) current, and (e) charge under a pulsed 5 N force. f) Variation in
the voltage with frequency. g) Durability test. h) Schematic of the sensor placements on the hand. i) Signals from the sensor attached to the index finger
joint when bending the finger at different angles. j) Signals from an array of sensors placed on the back of the hand when different fingers tap on the
table.
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3. Conclusion

We prepared a two-component crystal-based flexible compos-
ite film (TMCM-CdCl;/PEO) with optimal piezoelectric per-
formance by co-dissolution—evaporation method. Water-soluble
polymers with different functional groups tended to form bond-
ing interactions with the two components of TMCM-CdCl, in
solution, exhibiting varying inhibitory effects on the crystalliza-
tion of TMCM-CdCl, in the composite films and diminishing the
piezoelectric performance of the films. The TMCM-CdCl;/PEO
film exhibited the highest d;; value because PEO lacks elec-
trophilic or nucleophilic side-chain groups and therefore exhibits
relatively weaker and fewer bonding interactions with the crystal
components. Furthermore, slightly increasing the amount of one

Adv. Mater. 2024, 2411589 2411589

crystal component (TMCM-Cl or CdCl,) gave it an advantage in
competing against PEO for bonding with the other crystal compo-
nent, thereby improving the coordination and co-crystallization
yield of the two crystal components and further enhancing d,;,
to ~71 pC/N, which exceeded that of the commercial piezoelec-
tric PVDF and most other molecular ferroelectric crystal-based
flexible films. The related mechanisms can be applied to the
preparation of multi-component piezoelectric crystals-based flex-
ible films in general. Owing to its rapid dissolution in water, the
TMCM-CdCl,/PEO film has immense potential in flexible piezo-
electric sensors that display water-triggered degradation. Thus,
this study revealed two novel ways and theories about using bond-
ing optimization strategies to prepare multi-component crystal-
based flexible films with high piezoelectric performance.

(9 of 11) © 2024 Wiley-VCH GmbH
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4. Experimental Section

Materials:  PEO (Mv ~1 000 000), PVA (alcoholysis degree 97.5-99
mol%), gelatin (glue strength ~250 g Bloom), PAM (Mv ~2 000 00014
000 000), pullulan, PAA (Mv 2450 000), cadmium chloride (CdCl,, 99.0%),
hydrochloric acid (HCl, 37 wt.%), and trimethylamine (N(CHs)3, 30 wt.%
solution in water) were purchased from Aladdin. PLA was purchased
from Lake Shore Biomaterials. PCL (Mv ~80 000) and dichloromethane
(CH,Cl,, AR, 99.5%) were purchased from Innochem. Polyurethane (PU),
acetonitrile (CH3CN, AR, 99.0%), DMF (AR, 99%), iron chloride hex-
ahydrate (FeCl;-6H,0, AR, 99%), and tetramethylammonium chloride
((CH3)4NCl, AR) were purchased from Macklin.

Preparation of TMCM-Cl and TMCM-CdCl;: Equimolar amounts of
N(CH3); in solution and CH,Cl, were mixed in CH;CN and reacted at
ambient temperature for 48 h. The reaction mixture was then subjected to
vacuum rotary evaporation to obtain trimethylchloromethyl ammonium
chloride (TMCM-CI) as a white solid. Single crystals of TMCM-CdCl; were
prepared by co-dissolving TMCM-Cl and CdCl, in water ata 1:1 molar ratio,
followed by evaporation, until forming TMCM-CdCl; single crystals.[1°]

Preparation of Piezoelectric Crystal /Polymer Composite Films: TMCM-CI
and CdCl, were dissolved in a 1:1 molar ratio in deionized water to obtain
an aqueous solution containing the crystal precursors. (This aqueous so-
lution can also be obtained by directly dissolving TMCM-CdCl; crystals in
deionized water.) Separately, a certain amount of PEO or another water-
soluble polymer was dissolved in deionized water. These two aqueous so-
lutions were then evenly mixed and poured into polytetrafluoroethylene
(PTFE) Petri dishes (diameter of 66 mm) (Figure S24, Supporting Infor-
mation). After drying the mixed solution in an air oven at 40 °C for 48 h,
the TMCM-CdCl; /PEO composite films were obtained.

TMCM-CdCl3/PEO composite films were prepared with different mass
ratios of TMCM-CdCl;:PEO from 1:3 to 2:1 by varying the amounts of
TMCM-CdCl; in the solution.

While fixing the mass ratio of TMCM-CdCl;:PEO at 3:2, TMCM-
CdCl;/PEO films were prepared with an excess of one crystal component
by increasing the amount of either TMCM-Cl or CdCl, in the solution. The
mass ratios of TMCM-Cl to CdCl, ranged from 2:1 to 1:2.

The [(CH5)4N][FeCl,]/polymer composite films were prepared similarly
as described above. The difference was that a small amount of hydrochlo-
ric acid was added to avoid hydrolysis.[*’]

Fabrication of Piezoelectric Sensors:  Iron was deposited on both sides
of the prepared TMCM-CdCl; /PEO piezoelectric films by magnetron sput-
tering (Discovery 635, Denton Vacuum, USA). The sputtered films were cut
into rectangular pieces measuring 1cm X 1.5 cm. Two copper wires were
connected to the iron electrode. The piezoelectric films with deposited iron
were packaged using heat-sealing technology with PLA films.[7]

Dissolution and Recycling of Sensor Components: The TMCM-
CdCl;/PEO piezoelectric film in the sensor was mechanically separated
from the PLA encapsulation layers. The separated film was soaked in
water for a few minutes until it completely dissolved, and trace amounts
of insoluble Fe were removed from the solution. Thereafter, the solution
was poured into a dialysis bag (cellulose membrane with a weight
cut-off of 500 D), which was placed in a beaker containing hundreds of
milliliters of deionized water, and stirred gently for several hours. The
dialysis process was repeated by replacing the deionized water in the
beaker. The TMCM-CdCl; crystals were recrystallized from the dialysate
by evaporating the water. PEO was precipitated and recycled from the
solution in the dialysis bag by evaporation.

Characterization and Measurement: The morphology and elemental
composition of the TMCM-CdCl; /PEO piezoelectric films were examined
using SEM (SU8020, HITACHI, Japan) and EDS, respectively.’>73] The
crystalline structures were analyzed via XRD (X'Pert Powder, Netherlands)
with Cu Ka radiation. The piezoelectric coefficient d33 was determined us-
ing a quasi-static ds;; piezometer (ZJ-4AN, IACAS, China). The mechanical
properties of the films were characterized using DMA (Q800, TA, USA). A
linear motor (LinMot, E1100) was used to apply a periodic force to devices
based on the TMCM-CdCl; /PEO piezoelectric films, and the electrical out-
put data were collected using a digital oscilloscope (HDO6104, Teledyne
LeCroy) and an electrometer (6517B, Keithley).
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