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Microwave-assisted ZnO-decorated carbon
urchin resembling ‘shish-kebab’ morphology with
self-healing and enhanced electromagnetic
shielding properties+t
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Herein, inspired by Acacia auriculiformis fruit, the shish-kebab-like growth of ZnO on carbon urchin
(ZnO@CU) was designed using microwave radiation, thus leading to a hierarchal 3D structure that can
promote multiple internal reflections through polarization centers. This hierarchal structure was then dis-
persed in a designer polyetherimide (PEl) matrix containing dynamic covalent bonds that can undergo
metathesis, triggered by temperature, to harness self-healing properties in the composite. Such key attri-
butes are required for their potential use in EMI shielding applications where frequent repairs are indispens-
able. Morphological investigation revealed that the ZnO flower was periodically nucleated like ‘shish-kebab’
structures on CU surfaces. CU was designed from short carbon fibers using a facile modified method. The
EMI shielding performance of the resulting composites was investigated in the X-band, illustrating a shield-
ing effectiveness of —40.6 dB for 2 wt% of ZnO@CU loading, and the composite can be preserved after the
self-healing procedure. The ZnO ‘kebabs’ on ‘CU shish’ facilitated multiple scattering and numerous polariz-
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ation centers to improve the EMI shielding performances at extremely low filler contents. In addition, the
mechanical and thermal properties of the composite showed improved structural integrity and superior re-
sistance to extreme temperatures, respectively. Overall, the proposed ZnO@CU/PElI composite has great
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1. Introduction

Owing to the surprising rapid growth in the electronic and tel-
ecommunication industries, the demand for lightweight and
thermally stable electromagnetic interference (EMI) shields
has massively increased.'"® However, the high density of min-
iaturized devices in these sectors is generating serious electro-
magnetic (EM) radiation and deteriorating the smooth func-
tioning of devices."'"™ These harmful radiations have
become challenging for human health. Consequently, there is
a pressing requirement for effective electromagnetic inter-
ference (EMI) shielding materials that are capable of interact-
ing with undesired radiation and converting them into heat
energy. This capability ensures the protection of both devices
and humans from harmful radiation."*™*®

Department of Materials Engineering, Indian Institute of Science, Bangalore 560012,
India. E-mail: sandks86@gmail.com, shose@iisc.ac.in

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr05758e

{Authors contributed equally.

3510 | Nanoscale, 2024, 16, 3510-3524

potential to fulfill the increasing demands for lightweight EMI shielding materials in many fields.

Carbon allotropes, such as carbon nanotubes (CNTs), gra-
phene, and carbon fibers (CFs), are considered representative
EMI shielding materials owing to their low density, high con-
ductivity, and good thermal stability."'”*° Among these,
degradable and abundantly sourced fibrous carbon materials,
i.e. CFs with large specific surface area and lightweight nature,
have gained much attention in recent times."*°* Interestingly,
the bonding states/arrangements of carbon atoms in CF
materials control their overall crystallinity. This characteristic
is of utmost importance as it significantly affects the electrical,
thermal, and mechanical properties of CFs as well as their
electromagnetic interference (EMI) shielding performances.
Consequently, CFs have emerged as a preferred material in
various applications, including aerospace, automotive, and
electronics.*%10:14716:18:21.23 R instance, Lu et al. observed
that 40 wt% of CFs as a filler in a composite illustrated —31 dB
of shielding effectiveness (SE7).>* Mohan and his fellow co-
workers achieved —30 dB of SET with 8 wt% of CFs in compo-
sites.'® However, these composites require high CF loadings to
achieve significant EMI shielding values, which partly affect
the overall structural properties of the composites."*"®
Consequently, research has shifted to modifying prevailing

This journal is © The Royal Society of Chemistry 2024
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materials and finding new 3D hierarchical structures/
assemblies for strong shielding applications.>® In our previous
research endeavor, we manufactured a 3D carbon urchin (CU)
structure utilizing short carbon fibers (CFs)." Furthermore, we
implemented a cutting-edge technique involving micro-
wave-assisted growth to synthesize carbon nanofibers (CNFs)
over a CU framework. The synthesized CNF@CU with 1.7 wt
contents in the PEDOT:PSS aerogel showed remarkable
shielding effectiveness. Although the CNF@CU 3D construct
showed excellent EMI shielding performance, the controlled
growth of CNF on CU was very difficult because the precise
size of the nickel catalyst on the CU surface was the most
crucial criterion to ensure nanofiber synthesis. Therefore, a
simple one-step synthesis method is required to fabricate
a CU-based hierarchal 3D construct for EMI shielding
performance.

However, the growth of metallic oxides offers great control
in terms of their size, shape, and morphological properties.
Zinc oxide (ZnO), with a high dielectric constant, can be a
potential EMI shielding material, especially at GHz
frequencies.>'*?°?% Additionally, its large-scale synthesis and
facile preparation processes are extremely advantageous owing
to their industrial utility. Currently, ZnO-based hybrid
materials have gained huge attention. For instance, Singh
et al. in their recent study presented a ZnO/graphene hybrid
3D composite, which resulted in —38 dB of shielding
efficiency.” Shayesteh et al. achieved a shielding effectiveness
of —27.3 dB using 7.5 wt% of ZnO/CNT hierarchal nanohy-
brid.>® However, a recent exploration reveals that further struc-
tural modifications have led to a significant improvement in
existing EMI performance.®® For example, Han and colleagues
discovered a notable enhancement in EMI shielding values by
utilizing modified ZnO/C structures in paraffin composites.**
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This enhancement is attributed to the coarse/porous structure
of ZnO, which introduces multiple polarization and scattering
centers for microwaves. Amidst a surge of new structural modi-
fications, nature-inspired structures are capturing immense
allure. Hong et al. achieved high EMI shielding properties
through the utilization of epiphyte-inspired multifunctional
composites.*® Therefore, the 3D construct utilizing the nature-
inspired structures of ZnO in the polymer matrix can be
expected to uplift the overall conductivity and dielectric losses
of the composite, hence enhancing the EMI shielding
performance.

In addition, the inherent high melting point and thermal
conductivity of ZnO can provide additional benefits to these
composites.'>**> This is extremely crucial in applications
where shielding materials encounter a rapid rise in tempera-
tures, ie. in electronic enclosures or power electronic devices.
Hence, the thermal stability of the composites ensures their
reliability and longevity, making them suitable for a wide
range of demanding applications.**”*

In addition to their excellent EMI shielding and thermal
properties, the robust structural integrity of composites is
another substantial feature owing to their practical appli-
cations, such as in the aerospace and automotive
industries.'*?> Carbon fiber-based polymer composites have
already gained widespread attention owing to their high
strength through excellent polymer-fiber interaction, thereby
enhancing the overall mechanical performance of the
composite.'"'® Moreover, ZnO offers additional sites for inter-
action with the polymer, providing additional mechanical
integrity.'"*® Hence, composites with ZnO-based carbon fillers
are suitable for applications where mechanical robustness is
required. Moreover, in recent years, there has been a rising
trend of integrating stimuli response materials (e.g., tempera-
ture and wind) into EMI shielding composites to address mis-
cellaneous environmental needs.*”*® One vital function is self-
healing capability, allowing concurrent transformation
between time and material structure, largely in aerospace
applications.®® Over time, EMI protecting composites often
encounter structural defects, resulting in deterioration in their
properties. To prolong their lifecycle and durability, polymer
composites  containing  self-healing  properties  were
introduced.**™** Recently, Das et al. in their pioneer work fab-
ricated self-healable and recyclable multi-layered polymers
reinforced with graphene that exhibited high shielding per-
formance (—34.2 dB).*® Despite being an encouraging strategy,
investigations of sustainable and lightweight EMI shielding
composites with self-healing functions have not received much
attention, offering many opportunities for the improvement of
such multifunctional composites.

Based on our understanding, herein, we design an Acacia
auriculiformis fruit inspired ‘shish kebab’ type of morphology
with ZnO as ‘kebab’ on CU ‘shish’ by microwave synthesis
route. The as-fabricated ZnO@CU 3D construct displays a
homogeneous and periodic growth of ZnO ‘kebabs’ over CU.
The ZnO@CU is then used as a conductive filler and dynamic
polyetherimide (PEI) containing di-sulfide bonds as a polymer
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matrix to design a self-healing and lightweight EMI shielding
composite. Importantly, the ZnO@CU hierarchical structure
offers numerous sites for polymer-CU interaction. Hence,
improvements in both mechanical and thermal properties are
also highly anticipated in composites. These nature-inspired
ZnO ‘kebabs’ can also provide numerous polarization centers
and help attenuate the incoming EM radiation through multiple
scattering. The EMI shielding effectiveness of the ZnO@CU/PEI
composite is investigated thoroughly in the X-band, i.e. 8.2-12.4
GHz. The composite with 2 wt% of ZnO@CU loading yielded a
—40.6 dB SE. Moreover, the composite exhibited no change in
EMI shielding effectiveness after the healing procedure.

2. Experimental
2.1. Materials

Chopped carbon fibres (CFs) of length 6 mm and diameter of
7 pm were provided by SGL Carbon Company-I. 1-Methyl-2-pyr-
rolidinone (NMP), hexamethylenetetraamine (HMTA, 99%),
4,4'-(4,4'-isopropylidenediphenoxy)bis(phthalic anhydride)
(BPADA, 97%), 4,4-oxydianiline (ODA, 97%) and 4-aminophe-
nyldisulfide (APD) were obtained from Sigma Aldrich. Zinc
acetate dihydrate Zn (CH3;COO),-2H,0, 98.5%, sodium hydrox-
ide pellets (NaOH, 98%), and zinc nitrate hexahydrate Zn
(NO3),-6H,0, 98%, ethanol and acetone were received from
SDFCL-India. Hydrazine hydrate (H,N,-H,0; 99%), silver nitrate,
and all the chemicals were used without further purification.

2.2. Synthesis of self-healable polyetherimide (PEI)

Equimolar dianhydride (BPADA) and diamine (ODA and APD)
monomers were used for polymerization. APD containing a

BPADA
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dynamic disulfide bond was added to impart self-healing pro-
perties in the PEL In the first step, diamines (ODA and AFD)
were added to a round bottom flask containing NMP. After the
complete dissolution of the diamines, BPADA was added to
the solution. The mixture was stirred for 48 h under an N,
atmosphere. The step-growth reaction proceeds with the for-
mation of a prepolymer referred to as polyamic acid (PAA). PAA
is converted into polyetherimide through an imidization reac-
tion by step-wise heating. The NMP was dried at 80 °C for
8 hours, 120 °C for 4 hours and 150 °C for 2 hours to ensure
slow evaporation and avoid blisters in the PAA film. The imidi-
zation of polyamic acid was performed at 250 °C for 15 min to
obtain PEIL. The rearrangements of bonds and condensation
reactions lead to the formation of polyetherimide. The reaction
scheme for PEI synthesis is depicted in Fig. 1.

2.3. Synthesis of C-U and ZnO-deposited C-U (ZnO@C-U)

CUs were synthesized using a facile solution-based stirring
method. 80-100 mg of as-received chopped CF were added in
ethanol/acetone (1 : 1 v/v) solution at 50 °C under constant stir-
ring for 1 hour to obtain macro porous 3-p-shaped urchin. After
drying for 1 h, CUs were kept at 400 °C in a muffle furnace to
burn off the epoxy sizing on the fibers to perform modifications
on the bare surface of CF. The CUs were modified by H,O,
(30% v/v solution) to increase oxygen containing functional
groups onto the CF surface, providing active sites for ZnO.

The seed solution for ZnO coating was prepared in a two-
part system with 0.025 M Zn (CH;COO),-2H,0 and 0.04 M
NaOH in ethanol until a homogeneous solution was formed.
The two solutions were mixed, and the CUs were transferred to
the seed solution. CUs were kept in the seed solution for the
next 24 hours to ensure a maximum amount of seed absorp-

NH,
APD =

24 hrs @ RT

Ol

HOLSD.0F0-07 000004

Sequential heating
8 -14hrs and 80°C- 150°C

Imidization at 250 °C, 15 mins

RO ST Ce-O~090 SOL0-O—0

Fig. 1 Reaction scheme and chemical structure of disulfide based polyetherimide.
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Fig. 2 Process to grow ZnO sheesh-kebab structure on CU.

tion. After seeding, CUs were dried, followed by annealing at
150 °C for 20 min to ensure the fusion of ZnO seeds into the
CF surface. The ZnO-seeded CUs are transferred to the growth
solution containing a mixture of 0.05 M HMTA and 0.05 M Zn
(NO3),-6H,0 solution. The growth solution with CUs was irra-
diated in the microwave at 300 W for 120 seconds, followed by
ethanol washing and drying to obtain ZnO@C-U. The repre-
sentative process is depicted in Fig. 2.

The proposed chemistry for the seeding and growth of ZnO
is shown below.*”"*®

ZnO seed layer formation:

Zn(CH;COO0), - 2H,0 + 2NaOH — Zn(OH),
+2CH;COO Na' + 2H,0
n (OH), + 2H,0 « [Zn(OH),]*”

[Zn (OH),]*” < Zn0,>” +2H,0 « ZnO +20H"

ZnO growth layer formation:*®*°

C¢Hy,N, + 6H,0 — 6HCHO + 4NH;
NH; + H,O0 < NH*" +OH~
20H™ +Zn*' < Zn (OH),

Zn (OH), < ZnO + H,0

2.4. Synthesis of ZnO@CU/PEI composite

The self-healing matrix was initially dissolved in NMP solvent
for 10 minutes. Subsequently, the as-synthesized fillers were
introduced into the solution, with filler loadings ranging from

This journal is © The Royal Society of Chemistry 2024
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0 to 2.0 wt%, resulting in samples designated as PEI, 0.5
ZCUP, 1.0 ZCUP, and 2.0 ZCUP. The solution containing the
filler was then transferred into a mold and placed in an oven
at 150 °C for 1 hour. Following this, the mold containing the
sample was compressed at 20 bar for 1 h while maintaining a
temperature of approximately 320 °C.

3. Characterization

X-ray diffraction (XRD) is investigated using XPERT Pro from
PANalytical in the 260 range of 5-80° using CuKo radiation
source (A = 1.5406 A, 40 kV & 30 mA). The structural infor-
mation of as-synthesised CU and ZnO-coated CU is taken
using a scanning electron microscope (SEM, model-ULTRA 55,
bought from Carl Zeiss). Further, elemental analysis of
ZnO@CU is completed using energy dispersive X-ray spec-
troscopy (EDX) that is integrated with FE-SEM. The AC conduc-
tivity of ZnO@CU/PEI and PEI composites was studied using
an Alpha-A analyzer (Novocontrol, Germany) at room tempera-
ture. Thermogravimetric analysis (TGA) of ZnO@CU/PEI and
PEI composites is recorded using TA Q500 from TA
Instruments by maintaining a heating rate at 10 °C min™*
under dynamic nitrogen conditions. The thermal conductivity
trends of the composite were studied using a Thermal
Conductivity Analyzer: Hotdisk 500S. The study of the mechan-
ical properties of ZnO@C-U/PEI composite was performed
using a Dynamic Mechanical Analyzer (Q800, TA instruments,
USA) in a single cantilever fixture at an amplitude and fre-
quency of 15 pm and 1 Hz, respectively, from 40 °C to 255 °C
at a rate of 3 °C min~". To study the healing characteristics of
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the ZCUP composite, scratches were made using a sharp
blade. The ZCUP composite was kept in a hot air oven at 150 °C
for 20 min to monitor the healing phenomena. The progress of
healing was captured after the duration of 10 min, followed by
another duration of 10 min to achieve complete healing.

Finally, the EMI shielding performances are reviewed for
ZnO®@CU/PEI and PEI composites using keysight (model-field
fox microwave analyser N9918A) vector network analyser (VNA)
in the X-band (8.2 to 12.4 GHz) at room temperature. The total
shielding effectiveness (SE;), shielding effectiveness from
absorption (SE,) and reflection (SE;) are calculated using
S-parameters retrieved during VNA measurement of
composites.

The EM radiation that originates from an external device is
always eager to perturb the proper functioning of nearby elec-
tronic systems. The term EMI shielding effectiveness (SE) is a
logarithmic ratio of the input power to the power output, i.e.
transmitted and typically expressed in decibels (dB). The math-
ematical expression of SE' is

PIn

P Out

SEr = —10log (1)
where P;, and P, are the input and output powers, respect-
ively. Further, when EM wave impinges on the shieling sur-
faces, they are accompanied by the three mechanisms called
absorption (SE,), reflection (SEz) and interior multiple reflec-
tion (SE,,) presented as follows: %8

The SE, is associated with the dielectric losses of EM waves,
SE, arises owing to impedance mismatch at the air-materials
interface and SE,, is a consequence of EM wave multiple reflec-
tion within the shielding materials. The third term in eqn (2)
is generally neglected when the SE; exceeds the —10 dB value.
Therefore, SE; in such a situation depends only on reflection
and absorption:'”

SE; = SE, + SEg (3)

(a)

(002)

Intensity (a. u.)

T T T T T T

15 25 35 45 55 65 75
Angle (26)

Fig. 3 XRD patterns of (a) as-synthesized CU and (b) ZnO@CU.
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Besides, SE;, SEg and SE, can be written as follows:">°

SEr = 10log,, ;2 =10log,, — (4)
|S12] |S21]
SEg = 10log;, ;z (5)
(1—[Sul*)
SE, = 10log,, ﬂ = SEp — SEg (6)
|S21]

where S;1, Si2, S»1, and S,, are the scattering parameters.
These scattering parameters are further used to calculate the
coefficient of absorption (4), reflection (R) and transmission
(T) as follows:"

R=|Su|/, T=18Syu>andA=1—-R—T (7)

4. Results and discussion
4.1. ‘Shish-kebab’ structures of ZnO@CU

XRD patterns were studied to investigate the presence of ZnO
‘kebabs’ on CU ‘shish’ and the crystalline structure of ZnO.
The XRD patterns of CU and ZnO@CU are shown in Fig. 3a
and b. A strong peak around 26° in Fig. 3a and b clearly
reflects the (002) reflection from the graphitic carbon (JCPDS
file no. 41-1487)."°' As depicted in Fig. 3b, peaks corres-
ponding to ZnO can be observed, representing the successful
growth of ZnO over CU. In addition, the peak observed at a 20
value of 18.5° is attributed to the Zn(OH), phase, which is
manifested in a limited quantity during the synthesis process.
Further, as illustrated in Fig. 3b, the indexed XRD reflection
peaks of ZnO@CU indicate a hexagonal wurtzite structure with
3.259 A of lattice constant and b = 5.216 A (JCPDS file no. 36-
1451).%¢

The SEM images of as-synthesized CU and ZnO@CU are
presented in Fig. 4a—e, which are captured at different magnifi-
cations. Fig. 4a shows the SEM image of the as-synthesised CU
without ZnO. As observed in Fig. 4a and the inset of Fig. 4a,

(b)

¢+ ZnO
o A CU

Intensity (a. u.)

15 25 35 45 55 65 75
Angle (260)
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Fig. 4 SEM image of (a) CU and (b)-(e) ZnO@CU at different magnifications. Inset of (a) represents a high magnified view of CU.

the CU represents a 3D hierarchical structure with spikes and
pores, resembling a natural sea urchin structure. Fig. 4b-e
shows the growth of ZnO over the entire CU spikes. As illus-
trated in Fig. 4b and c, the ZnO ‘kebabs’ can be seen attached
uniformly, and their growth was periodic along the axis of CU
‘shish’. Further, Fig. 4d and e revealed that the ZnO ‘kebabs’
have an average thickness of ca.105 nm. This provides numer-
ous pores and sites for multiple scattering, thereby attenuating
incoming EM radiation.

The EDX patterns of ZnO@CU are recorded to analyze the
elemental composition in the 3D construct, which is presented
in Fig. 5. As depicted in Fig. 5, carbon, zinc and oxygen
elements were present, confirming the presence of ZnO on CU
surfaces. The weight percentage of ZnO in the ZnO@CU

This journal is © The Royal Society of Chemistry 2024

hybrid 3D construct was 56%, indicating its dense distribution
over CU.

4.2. Healing properties of the ZCUP composite

The healing process of the scratched 2.0 ZCUP composite
involved subjecting it to a temperature of 150 °C for a duration
of 20 minutes. As illustrated in Fig. 6a-c, we can observe the
evolution of scratch healing in the ZCUP composite over time.
This remarkable healing capability is attributed to the pres-
ence of a di-sulfide dynamic covalent adaptive network within
the polyetherimide (PEI) material. Earlier investigations have
extensively reported that disulfide bonds, a key component of
this network, exhibit a unique behavior under high-tempera-
ture conditions. They undergo cleavage when exposed to elev-

Nanoscale, 2024, 16, 3510-3524 | 3515
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Fig. 5 EDX pattern of ZnO@CU showing 55.91 weight percent of ZnO at a particular location in the hybrid construct.

Healing *
st 5 —

s/.s_'r

{ S mm |

MRV R~ W

Fig. 6 Digital images of (a) scratched composite and healed compo-
sites after (b) 10 min and (c) 20 min.

ated temperatures and then reorganize themselves as the
material cools down. This rearrangement of the network’s
topology during the cooling phase plays a pivotal role in the
remarkable ability of the ZCUP composite to heal scratches,
demonstrating the effectiveness of di-sulfide bonds in facilitat-
ing the material’s self-healing properties.**™**

4.3. Charge transport in the composites

The electrical conductivity of the composite is vital and typi-
cally depends on the filler’s intrinsic conductivity, junction re-
sistance, amount, dispersion and distribution in the
composites.®? In this case, the ZnO@CU was dispersed in the
PEI solution. In addition, the additional composite with only

3516 | Nanoscale, 2024, 16, 3510-3524

the PEI matrix is tested to highlight the substantial differ-
ences, which are presented in Fig. 7. The PEI matrix exhibits
distinctive insulating properties, with discernible variations in
conductivity and high-frequency ranges.
Specifically, the 6xc of PEI is registered at 7.2 x 10™"' S em ™" at
0.01 Hz. Notably, the introduction of designed fillers signifi-
cantly enhances matrix oac. The increase in conductivity is par-
ticularly evident with the inclusion of ZnO@CU (0-2 wt%) in
the PEI matrix. Conductivity levels are observed to vary with
the quantity of these additives. The mechanism governing con-
ductivity in polymer nanocomposites is commonly attributed
to either tunnelling or hopping. In the tunnelling mechanism,
electrons traverse tunnels between non-contact particles, limit-
ing their mobility and resulting in insulating behavior, such as
that observed in PEI and electrons bound to move at high fre-
quencies. In addition, in the low-frequency regime, the 0.1
ZCUP exhibits frequency independence, while in the high-fre-
quency zone, it displays frequency-dependent behavior. In the

across low-

104] .l.:,‘
10 4
107 -

\AAALAAAAAAA LA LA ANA

10 4 Neat PEI

10_101 v— 0.5 2ZCUP
1.0 ZCUP

101" - = 2.0 ZCUP

10712 o

10-13 Ml il il o il " il

AQ \0° 1\0\ \07' 1\03 \0" \0"' 1\06 1\01
Frequency (Hz)

Fig. 7 AC electrical conductivity of the PEI and composites.
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low-frequency regime, where fewer charges are present, elec-
trons respond slowly to external electric fields. In contrast, in
the high-frequency regime, electrons are compelled to align
with the electric field direction, thereby enhancing conduc-
tivity. An alternative mode of electron transport occurs when
fillers come into contact and form well-dispersed conductive
pathways. The observed increase in conductivity values in
ZnO@CU composites indicates the formation of a conductive
network within the composite structure. Significantly, the 2.0
ZCUP composite achieves a conductivity of 4.5 x 107 S em™
at 0.01 Hz, a level of conductivity comparable to that of pre-
viously reported composites, which requires relatively higher
filler loadings to reach this conductivity level.*>**">* These
earlier reported composites, once they achieved this level of
conductivity, demonstrated significant effectiveness in EMI
shielding. Importantly, similar levels of AC conductivity are
observed in ZnO@CU-filled PEI matrices, underscoring the
influential role of CU in determining conductivity owing to the
relatively low deposition of ZnO on CU. Overall, the conductive
structure, comprising strategically designed large filler dimen-
sions in close contact with one another, is expected to provide
effective EMI shielding.

4.4. Mechanical robustness and thermal stability

The effect of ZnO@CU on the reinforcement of PEI composite
is studied using DMA. Fig. 8a and b shows the DMA results of
neat PEI and the composites. The storage modulus of the com-
posite scales with an increasing amount of ZnO@C-U
(Fig. 8a). At 2 wt% loading of ZnO@CU, a significant increase
of 64% in the storage modulus was observed, followed by 44%
for 1 wt% and 24% for 0.5 wt% of ZnO@C-U respectively.
Additionally, a decrease in the tan § peak values was observed
with increasing wt% of ZnO@C-U (Fig. 8b). The storage
modulus and tan § values are summarized in Table 1.

The restrictions in the chain mobility of PEI due to the
interaction between ZnO@CU and PEI lead to an increase in
the storage modulus.’>® The ‘shish-kebab’ structure of ZnO
leads to increased roughness and mechanical interlocking
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between PEI and individual ZnO®@CU fibers, thereby increas-
ing polymer-filler interaction. Additionally, the peroxide treat-
ment, which led to -OH functionality in the carbon fiber prior
to CU synthesis, facilitates polar interaction between ZnO@CU
and PEL The same mechanism holds true for the decrease in
tan é values. The tan é values represent a viscous component
of the viscoelastic material. The decrease in tan § can be attrib-
uted to the increasing magnitude of the elastic component
owing to the presence of ZnO@CU filler as reinforcement.

The thermal stability of the neat PEI and 2.0 ZCUP compo-
sites was measured using TGA (Fig. 9). TGA plots clearly show

Table 1 Storage modulus and tané values of ZnO@C-U/PEI

composites
Sample Storage modulus (MPa)@40 °C tan §
PEI 1759 2.09
0.5 ZCUP 2194 1.90
1ZCUP 2534 1.56
2 ZCUP 2901 1.11
100
80 -|
-
£ o Neat PEI
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Fig. 9 TGA plots of neat PEl and 2.0 ZCUP.
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Fig. 8 DMA curves of ZnO@C-U/PEI composites (a): storage modulus vs. temperature; (b): tan § vs. temperature.
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a higher thermal stability of 2.0 ZCUP than neat PEIL The Tsq,
(the temperature at 5% degradation) of neat PEI and 2.0 ZCUP
is 446 °C and 500 °C, respectively, clearly showing the effect of
incorporation of ZnO@C-U in improving the thermal stability
of PEL.>’

o
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Fig. 10 Thermal conductivity of 2.0 ZCUP and PEI nanocomposites.
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4.5. Thermal conductivity performance

The homogeneous dispersion and abundant interfaces of
ZnO@CU within the PEI polymer matrix play a crucial role in
establishing a highly thermally conductive network.’® The
SEM micrograph (Fig. 4) reveals that ZnO@CU exhibits numer-
ous spikes, surfaces, and porosity, providing ample opportu-
nities for PEI polymer molecules to generate additional inter-
facial forces. Consequently, ZnO@CU easily forms a continu-
ous network within the PEI matrix, significantly contributing
to the enhancement of thermal conductivity in this 3D con-
struct. Comparatively, the thermal conductivity of the 2.0
ZCUP nanocomposites exhibited a notable increase when com-
pared to the neat PEI composite. Specifically, the thermal con-
ductivity of the 2.0 ZCUP reached 2.47 W (m K)™', a substantial
improvement over the neat PEI sample, which demonstrates a
thermal conductivity value of 0.33 W (m K)™" (Fig. 10).

4.6. EMI shielding performance

The EMI shielding performance of ZCUP composites is
studied in the X-band, and their outcomes are depicted in
Fig. 11a-c. As illustrated in Fig. 11a, it is obvious that the SE;
depends on the amount of ZnO@CU in the PEI composite.
The highest SE; value of —40.6 dB is obtained with the 2.0
ZCUP. This is attributed to the fact that composites with
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Fig. 11 (a) SE7; (b) average SER—SE4; and (c) A, R, and T of nanocomposites.
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higher filler loading offer improved electrical interconnection
within the PEI polymer matrix. Additionally, the micro-spikes,
porous nature and the ‘kebab’-like structures of ZnO@CU offer
numerous interfaces between ZnO and CU, which collectively
contribute to significantly enhanced EMI shielding
performance.”'®*>°! The EMI shielding properties in terms of
average absorption (SE,) and reflection (SEz) are shown in
Fig. 10b. Observations reveal that SE, has a greater contri-
bution to total SE. Furthermore, to emphasize the effect of
ZnO decoration on CU, we investigated the EMI shielding per-
formance of a composite consisting of uncoated CU (2 wt%) in
the PEI matrix (ESIT). Interestingly, the CU-filled composite
exhibited a SE; value of —33.8 dB (ESI, Fig. S1t). The SEr of 2.0
ZCUP with similar loading conditions exhibited —40.6 dB.
Thus, uncoated CU illustrates lower values compared to CU
with ZnO coating. This significant difference in SE; values can
be attributed to the presence of ZnO with a flower structure
creating multiple interfaces within the composite, which is
complemented by the porous nature of the CU. These inter-
faces collectively contribute to a higher SE; value of 2.0 ZCUP
compared to the sample containing CU (2 wt%) in PEL In
addition, owing to the high dielectric constant of ZnO, it facili-
tates abundant polarization centres at CU surfaces and the for-

Transmitted wave

Fig. 12 Schematic of the EMI shielding mechanism in composites.
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mation of a capacitor between CU-ZnO-CU, CU-PEI-CU and
ZnO-PEI-ZnO that combined to enhance EMI shielding
significantly.

Further, to gain an inclusive understanding of how these
composites deliver EMI shielding, we calculate the relation-
ship between three key parameters: the transmission coeffi-
cient (T), absorption coefficient (4), and reflection coefficient
(R). It is important to note that these power coefficients are
commonly used to evaluate power distribution when EM waves
interact with composites.”"**°>! They provide a comprehen-
sive assessment of the material’s ability to transmit, absorb,
and reflect EM waves. As shown in Fig. 11c, it is evident that
the R values are significantly higher than the A values, indicat-
ing that shielding is primarily dominated by reflection. This is
primarily owing to the relatively high conductivity of these
samples, which leads to an impedance mismatch at the inter-
face between the composite and air."*" Consequently, there is
a strong reflection of EM waves. The T values for these compo-
sites are considerably lower compared to the pristine PEI com-
posite, approaching near-zero levels. This demonstrates the
potential of these protectors to effectively block almost all
incoming EM waves.

Further, the possible EMI shielding mechanism of the com-
posite is proposed here. Fig. 12 depicts a cartoon of the shield-
ing mechanism within the ZCUP composite. Owing to the
high conductivity (CU dominating) of ZCUP, it leads to an
impedance mismatch at the air-composite interface. Hence,
the incoming EM waves are largely reflected at ZCUP compo-
site surfaces upon contact, resulting in a reflection dominant
mechanism. In addition, part of the incident wave managed to
enter inside (4 values in Fig. 11c). As the penetrating EM waves
encounter the interior distribution of the composite, then the
open-connected pores of ZnO@CU guide the EM waves to
travel deep inside the composite. Hence, the wave that entered
was attenuated within the ZnO@CU network and opened the
pores of CU. Finally, the abundant open pores of CU signifi-
cantly assist in effectively reducing EM wave strength. Hence,
these waves are either absorbed or transformed into heat
energy. In addition, the ‘shish-kebab’-like morphology of ZnO

Table 2 Comparison of EMI shielding performance of the as-prepared composite with previously reported material systems

Filler Thickness Max. SE,

Filler Matrix Filler synthesis method (Wt%) (mm) (dB) Ref.
CNT PDMS Solvothermal 2.2 2.5 47 59
CNT/CTAB WPU Freeze-drying 4.3 2 24.9 60
CNT/SiO, PI Freeze casted, thermal imidization 45.0 9 110 61
Graphene PANI Hydrothermal, microwave, freeze- 1.0 4.0 38.3 62
sheets dried

CNF-SCF/r1GO PI CVD and freeze-drying 33.5 0.25 45.0 63
m-CNT Aramid nanofiber Wet spinning, freeze drying 60.0 0.9 30.0 64

aerogel

MWCNT PCL/PS blends Melt blending 5.0 2.0 40.0 65
CNT Starch Mechanical blending 4.8 1.6 33.1 66
Cu Epoxy Acid refluxing 23 1.0 52.0 50
CNF + Fe;04, NP PVDF + PMMA Spray coating 80.0 0.5 60.0 67
ZnO@CU PEI Microwaves 2.0 2.0 40.6 This

This journal is © The Royal Society of Chemistry 2024
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supported multiple scattering, resulting in extra attenuation.
The interfacial polarization created at the boundaries between
ZnO-CU also contributed to attenuating the EM waves signifi-
cantly. In addition, with the addition of ZnO@CU to the PEI
matrix, many capacitors were formed in the composite, such
as ZnO-PEI-ZnO, CU-ZnO-CU and CU-PEI-CU. The enhanced
number of capacitor formations is anticipated to improve the
material’s EMI shielding capability. Overall, it can be proposed
that the shielding property of ZCUP improved owing to the high
conductivity, shish kebab-type structure of ZnO, interfacial polar-
ization and abundant open porous network structure of CU.
Further, Fig. 11a clearly shows that the SE; relies strongly
on the amount of filler material used. In addition, it is well
recognised that the EMI shielding performance of composites
typically depends on two key factors: the thickness of the
material and the ratio of filler content. Therefore, we also
aimed to create lightweight and thin composites that excel at
blocking EMI while still maintaining high shielding perform-
ance. To justify the significance of our developed material, a
comprehensive comparison is conducted between our devel-
oped composite and recently reported works in the field, as
depicted in Table 2. The results clearly demonstrate the super-

50
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iority of our composite across various aspects. First, when eval-
uating EMI shielding effectiveness, our composite outper-
formed the others with an impressive —40.6 dB SE value. This
exceptional performance was achieved with just 2 wt% of
ZnO®@CU filler content in the PEI matrix at a thickness of
2.0 mm. Moreover, our work showcased significant advantages
in terms of synthesis efficiency and cost effectiveness. We
employed a novel and cost-effective microwave synthesis
process to develop the filler material, which not only reduced
expenses but also accelerated production rates, making it an
attractive choice for large-scale manufacturing.! Additionally,
the ZCUP composite exhibited 100% retention of EMI SE after
the self-healing process. In conclusion, our developed compo-
site stands as a remarkable alternative for EMI shielding appli-
cations. Its ability to deliver high performance with a thinner
and lighter composition, coupled with the benefits of cost-
effectiveness, efficient fabrication and self-healing, sets it
apart from other recent works in the field.?**'2¢495°
Self-healing is another substantial feature that extends the
service life of the EMI shielding material.>”***° Hence, to
explore the qualitative assessment of self-healing, the vari-
ations in EMI shielding performance were recorded before and
after the healing process (Fig. 13). As shown in Fig. 13, the
EMI SE; of the 2.0 ZCUP exhibits excellent stability during the
healing cycles. When the composite was partially damaged, a
noticeable 20% decrease in EMI SE was observed. However,
after a heat treatment of 2.0 ZCUP, the EMI SE approached its
original values, indicating 100.0% retention. During the self-
healing process, the polymer molecular chains intricately
reconnected, while at the interface, the ZnO@CU network
underwent rejuvenation. This molecular rearrangement is
responsible for the remarkable, consistent recovery of the EMI
shielding performance in the 2.0 ZCUP composite, even after
undergoing several instances of damage at the same location.
To understand its practical utility, we utilized a Bluetooth
module (HC-05) to analyze real-time shielding performance.
The module was connected to a mobile phone using an Android
application, as illustrated in Fig. 14. Initially, the paired connec-

. e
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m 40-
&
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L
g Healed +
=5 40 X3

+ S mm
04
Original sample Self-healing sample /W\
Fig. 13 The effect of self-healing on SE+ values.
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Send Clean
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Fig. 14 Two states of Bluetooth module and mobile phone: (a) connected and (b) disconnected.
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Fig. 15 Temperature variation in the 2.0 ZCUP composite as a function of heating and cooling.

tion between the phone and Bluetooth module exhibited a
robust signal in the mobile Android application (Fig. 14a).
However, when we placed the proposed composite on the
module, we observed a complete loss of the signal, indicating
disconnection of the module (Fig. 14b). These findings highlight
the capability of the designed materials to shield effectively
against undesired electromagnetic (EM) radiation. Consequently,
the developed nanocomposite has immense potential to safe-
guard the real world from EMI pollutants that arise from the
competitive market of telecommunication industries.

4.7. Heat dissipation study

Heat dissipation is essential for EMI shielding materials in prac-
tical use.""*® Hence, a qualitative assessment is conducted to
examine the heat dissipation capability of our newly developed
composite. For this, a 2 mm thick 2.0 ZCUP sample was heated
with a laser for 60 s, and temperature changes were recorded at
10 s intervals. The sample was then allowed to cool for the next
60 s after turning off the laser, and temperature variation was
further noted, as illustrated in Fig. 15. The 2.0 ZCUP composite
reached 105 °C in 60 seconds and rapidly returned to its initial
temperature after turning off the laser, indicating its potential
to rapidly handle real-world heat situations.

5. Conclusions

In summary, the facile microwave synthesis method success-
fully produced ZnO-decorated CU 3D constructs within just
120 seconds using a power level of 300 W. SEM analysis
unveiled a flower-like ZnO morphology arranged periodically
across CU surfaces, resembling a shish kebab structure.
Incorporating 2 wt% of ZnO@CU into a PEI composite led to a
remarkable —40.6 dB shielding efficiency at a 2 mm thickness
in the X-band. Notably, this EMI shielding efficiency endured

This journal is © The Royal Society of Chemistry 2024

even after self-healing procedures. The dominant EMI shield-
ing behaviour was attributed to reflection, primarily resulting
from the altered conductivity owing to ZnO@CU integration.
The ZnO flowers on CU facilitated multiple scattering and
polarization, enhancing EMI shielding performance even with
lower filler contents. Additionally, the composites exhibited
substantial enhancements in mechanical and thermal pro-
perties compared to the pure PEI composite.
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