¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Sublimation of MXene/camphor device: a study

".) Check for updates‘
on self — destructive dry transiencyf

Cite this: Mater. Adv., 2022,

3,1272
Naveen Bokka,

Vivek Adepu and Parikshit Sahatiya (= *

Recently, transient electronics have come into the limelight on account of their programmable
destruction for various exciting biomedical and secure hardware electronics applications, which are
impossible to achieve with conventional electronics. Most of the degradation or the destruction process
of transient electronic devices relies on wet chemistry, ie., their dissolution in aqueous and non-
aqueous solutions. The triggering of the wet chemistry depends on the availability of the solutions,
which is a severe limitation for devices that need to be operated where water/solution availability is
scarce. These limitations motivate the exploration a new type of transience materials, where they
naturally degrade into the environment without the need for wet chemistry. For the first time, this work
demonstrates the fabrication of MXene (TizC,T,) on a camphor-based device where the camphor
(sublimable material) acts as a supporting substrate. The fabricated MXene/camphor device under
ambient conditions results in the mechanical fragmentation of the supporting substrate and causes the
disintegration of the active material, which leads to the degradation of the device within 15 days. The
fabricated device was utilized as a human proximity sensor and as a proof of concept deployed on a
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tree to demonstrate the disintegration of devices in 15 days. The sensor may find potential applications
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Introduction

The field of transient electronics has emerged with the goal of
discarding or destroying the device after its operation."™ Since
the inception of this exciting technology, most studies on
transient electronics have relied on the degradation of the
device using aqueous and nonaqueous solutions.*™® These
biodegradable electronic devices can be programmed to disin-
tegrate or dissolve in various biofluids, which is impossible to
achieve using conventional electronics.’*** To overcome this, a
non-contact mode of triggering has been utilized to destroy the
devices, including humidity and moisture triggering."**® For
such triggering to be controlled, there is a dependency on
solutions. However, there might be situations wherein the
devices developed need to be deployed in places with limited
water/solution availability."”” Furthermore, the toxicity of the
water/solution after the destruction of such devices still
remains unstudied, meaning that it might still be of concern
in terms of water pollution, causing further health hazards.
One of the possible solutions to the above issue is to use
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in defence and strategic missions, among others.

materials that can degrade over time by themselves without
the need for any aqueous and non-aqueous solutions.

In particular, most of the functional nanomaterials being
incompatible with transient technology, that restricts the per-
formance of the fabricated devices.*'® Most of the materials
utilized for transient electronics are biomaterials that do not
possess excellent electronic properties. It is a well-known fact
that 2D materials are an ideal choice for developing next-
generation sensors."”*° MXenes are transition metal carbides
or nitrides and represent the fastest growing materials among
other 2D materials in recent years.>" Their excellent thermal
stability, wide interlayer spacing, hydrophilic nature, and easily
tunable structure make them valuable 2D materials, which are
not observed for other inorganic 2D materials.> MXenes
strongly respond to external stimuli, making them very suitable
for various sensing applications.*” The outstanding properties
of MXenes including their versatile surface chemistry, excellent
electroconductivity, high aspect ratio, and environmentally-
friendly nature make them an attractive choice for various
applications, ranging from optoelectronics, biomedical, energy
storage, gas, and humidity sensing applications.”?>** Also,
functional groups (oxygen, chlorine, hydroxyl, and fluorine)
on the surface of MXenes have an impact on their performance
in sensing applications.”* It would thus be fascinating to couple
MXenes with transient technology to develop next-generation
smart and sustainable electronic devices and sensors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This work demonstrates the development of a proximity
sensor that environmentally degrades based on a sublimable
material (camphor) as a supporting substrate and an emerging
2D MXene (Ti;C,T,) as a functional material and demonstrates
its real time application in human tracking. The fabrication
process includes the preparation of camphor pellets using a
manual pressure gauge (hydraulic press) followed by the drop
casting of Ti;C,T, solution. The device undergoes timed self-
degradation of the sublimation of the supporting substrate, i.e.,
camphor breaks down and is released in the air due to chemical
reaction with the ambient atmosphere. Camphor sublimation
leads to the disintegration of the entire system, resulting in
non-functioning of the device due to a lack of mechanical
support from the supporting substrate. The reasons for choos-
ing the camphor are due to its low cost, environmentally-
friendly nature, and vapor pressure (0.65 mm Hg) at room
temperature (25 °C). Finally, as a proof of concept, the fabri-
cated device was attached to a tree to demonstrate its tran-
siency in the natural environment and the device was observed
to be completely degraded within 15 days. The device was
successfully able to sense human proximity for 5 days and then
started to degrade, and after 14 days there was no trace of the
device whatsoever. Such systems may find potential applica-
tions in defence, security and strategic missions, among others.

The capabilities of such dry transience complement those of
commonly studied wet transience. Compared to wet transience,
dry transience has advantages because it eliminates the need
for aqueous and nonaqueous reactant sources, whose accessi-
bility may be constrained by the natural environment.
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Fig. 1 Schematic of the synthesis of the MXene via the MILD method.

© 2022 The Author(s). Published by the Royal Society of Chemistry

.

Magnetic stirring 700 rpm
for 36 hours at 35 °C

View Article Online

Materials Advances

Similarly, it avoids the use of uncontrolled flows of dissolving
liquids that lead to variation in dissolution/reaction rates.

Materials and characterization

MAX (Ti;AlC,) powder was procured from Intelligent materials
Pvt. Ltd. Hydrochloric acid (HCl, 36-38%) and lithium fluoride
(LiF, SRL, 98.5%) were used as obtained without any additional
refinement. Commercially available camphor was purchased
from local retail stores. MXene/camphor morphology was ana-
lyzed using field-emission scanning electron microscopy
(FESEM, FEI Apreo Lovac). The electrical characteristics of the
fabricated MXene/camphor device were measured using a
Keithley 2450 source meter. X-Ray diffraction (XRD) patterns
of the prepared MXene and MXene/camphor were obtained
using an X-ray diffractometer (Rigaku, Ultima-IV, X-ray source
CuKa). The chemical composition of the active material was
analysed using a Thermo Scientific K-alpha X-ray photoelectron
spectroscopy (XPS) system. A Jasco Fourier-transform infrared
(FTIR) spectrometer was employed to analyse the transmission
spectra of the prepared MXene/camphor device.

Synthesis of TizC,T,

The minimally intensive layer delamination (MILD) method
was used to etch Al from TizAlC,. Initially, 0.8 g of LiF was
mixed in 10 mL of a HCl (6 M) solution and stirred continu-
ously for 5 min. Then, 0.5 g of Ti;AlC, was added to the above
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prepared solution, which was vigorously stirred for 36 h at
35 °C. Later, the resultant solution was cleaned with deionized
water multiple times by centrifugal filtration at 7000 rpm for up
to 30 min for each cycle to achieve a solution pH value of >6-7.
Furthermore, the prepared solution was subjected to ice bath
sonication for 1 h. Finally, the resultant Tiz;C,T, colloidal
solution was kept in the dark to prevent its oxidation.>® The
complete MXene synthesis procedure is shown in Fig. 1.

Fabrication of the MXene/camphor
device

The MXene/camphor device fabrication is outlined below.
Initially, the camphor pellets were prepared with the help of a
manual pressure gauge (hydraulic press). Although camphor
pellets are commercially available in general retail stores, the
main issue is they are very thick, and also due to the smooth
surface of these camphor pellets, the functional material can-
not adhere appropriately during the solution casting to the
surface of the camphor. To overcome these obstacles, camphor
pellets were fabricated with controlled thickness and a rough
texture using a hydraulic press. Potassium bromide (KBr) was
added to the camphor to form pellets and choosing different
ratios is useful for tuning the degradation time of the prepared
MXene/camphor devices. During the camphor pellet prepara-
tion process, it was noticed that when the KBr concentration
was less than 0.5 g in 1 g of camphor, there was less binding,
meaning that pellet formation did not happen. Camphor pel-
lets were prepared with different ratios of KBr by maintaining
the same concentration of camphor, ie., 0.5:1, 1:1, 1.5:1
ratios were used for the preparation of camphor pellets. The
average force applied to prepare the pellets was 30 £ 2.5 kN.
The prepared pellets were carefully placed in a closed

Grinding of KBr and
Camphor

Hydraulic press for
making camphor pellets
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environment to avoid evaporation to the surroundings. The
prepared pellets were functionalized by Ti;C,T, using a simple
drop casting method. Ti;C,T, solution (50 uL) was taken up and
drop cast on each pellet and dried for 2 h in an open environ-
ment to adhere the MXene to the camphor. The average
thickness of the prepared MXene/camphor device was 1.73 +
0.2 mm. A schematic diagram showing the preparation of the
pellets and their functionalization is shown in Fig. 2.

Results and discussion

Extensive characterization was carried out on the structure and
morphology of bare MXene and the MXene/camphor device
using SEM. Fig. 3a and b show SEM images, wherein the bare
MXene has an obviously layered structure.”® Similarly, to clarify
the MXene/camphor morphology, its FESEM image is shown in
Fig. 3c. It is obvious from the image that the MXene/camphor
material has a uniform and spherical morphology, with an
average particle size distribution in the range of 50-70 nm. The
SEM image of MXene/camphor/KBr is shown in Fig. 3d, which
shows the homogeneous distribution of the grains of KBr over
the entire surface of the MXene and camphor. Fig. 3e shows the
XRD patterns of TizAlC, and Ti;C,T,. Where the diffraction
peaks at 9.52°, 19.15°, 34.0°, 38.82°, 39.04°, 41.82° and 48.55°
correspond to TizAIC, (JCPDS 52-0875).>° After etching Ti;AlC,,
the removal of Al layers was confirmed, with a change in the
peak position from 9.52° to 6.40°, and similarly, the disappear-
ance of a peak at 39.04°. These XRD results confirm the
formation of 2D Ti;C,Ty.”” The MXene/camphor/KBr peaks
are shown in Fig. 3f, with the MXene and camphor peak
observed at around 6-20°, and the remaining peaks at 23.83°,
27.12°, 38.62°, 45.7°, 47.82°, 55.71°, 63.24° belonging to
KBr.”®3° Furthermore, to verify the functional groups of

Prepared camphor
pellets

Conductivity of Prepared
MXene/camphor device

Fig. 2 Fabrication of the MXene/camphor device.
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Fig. 3 Characterization of the prepared MXene and MXene/camphor device. (a and b) Morphology of multilayer MXene. (c and d) Morphology of the
fabricated MXene/camphor and MXene/camphor KBr. (e) XRD patterns of the original powder (TizAlC,) and fully exfoliated MXene (TizC,T,). (f) XRD
pattern of the prepared MXene/camphor/KBr device. (g) FTIR spectrum of MXene in the range of 400-4000 cm™%.

MXene, FTIR analysis was performed, with the results shown in
Fig. 3g. The stretching vibrations of the Ti-O, C-F, O-H, C=O0,
and -OH bonds at peak positions of 662, 1100, 1390, 1630, and
3430 cm™" are in good agreement with those given in previous
reports.**> Furthermore, the ultraviolet (UV)-visible (UV-vis)
spectrum of the pristine MXene, measured utilizing a UV-vis
spectrophotometer, is shown in Fig. S1 in the ESL¥

Fig. 4a shows the XPS survey spectrum of pristine TizC, Ty,
with binding energies (BEs) in the range of 0-800 eV.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The deconvolution of the XPS spectra for the individual ele-
ments (i.e., Ti 2p, C 1s, F 1s, and O 1s) was done using the
Shirley algorithm. Fig. 4b depicts the high-resolution deconvo-
luted and fitted spectra for Ti 2p, wherein the pair of 2p;,, and
2p,/, peaks present at a BE of 454.58 and 461.32 eV can be
attributed to Ti-C (sp?), at 456.88 and 462.55 eV can be ascribed
to Ti**(sp') oxide and also at 459.28 and 464.46 €V can be
attributed to Ti-O(sp') oxide.** Also, peaks for Ti**(sp?) (2ps/2)
and Ti-O-F(sp') (2ps) are observed at BEs of 455.55 and

Mater. Adv., 2022, 3,1272-1279 | 1275
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Fig. 4 (a) XPS survey spectrum of the prepared MXene. (b—d) and (e) XPS deconvoluted and fitted spectra of Ti 2p, C 1s, F 1s, and O 1s, respectively.

34,35

465.65 eV, respectively. The high-resolution deconvoluted
XPS spectrum of C 1s is displayed in Fig. 4c, in which the two
main peaks ascribed to C-Ti-T, and graphitic C-C can be
observed at BEs of 281.86 and 284.96 eV, respectively, with a
new peak at 287.99 eV attributed to CH,/C-0.%® Fig. 4d shows
the deconvoluted and fitted high-resolution XPS spectra for F
1s, wherein the most prominent peak attained at a BE 685.04 eV
can be ascribed to C-Ti-T,.>” In addition, the peak at 689.21 eV
can be ascribed to CF,.,, owing to the arrangement of poly-
meric chains with CF, of CF; groups®® and the peak at
686.75 €V can be assigned to an anonymous fluorinated sub-
ordinate phase or F atoms directly bonded to Ti;C,T, carbon
atoms exposed owing to the suspension of some Ti atoms.>*
The high-resolution deconvoluted XPS spectrum for O 1s is
shown in Fig. 4e, wherein the contributions ascribed to C-Ti-
O,, C-Ti-(OH), and Ti-O were attained at 530.62, 532.65, and
529.70 eV, respectively.*>*° In particular, minimal oxidation
occurred due to the entire synthesis of the nano-layered Ti;C,T,
using the MILD method being performed under normal atmo-
spheric conditions.

Degradation mechanism of the MXene/camphor device

The degradation of the MXene/camphor device is as follows.
Initially, prepared devices were attached to an acrylic sheet with
the help of double-sided tape and placed in an open environ-
ment at temperature between 25 and 38 °C. Fig. 5a shows the
FTIR transmission spectra and a digital image of the prepared
devices (1:1) on the first day. Overlapped regions of the
fabricated MXene/camphor device are clearly visible in the
transmission spectra, where the camphor peaks are dominant
in comparison to those of the MXene peaks in account of their
methyl stretching (CHj), methyl bending (CHj3), and ketone
(C=0) functional group peaks at 2964, 1445, and 1728 cm ™",
shown in red colour.*! The transmission spectra show that the

1276 | Mater. Adv, 2022, 3,1272-1279

functional groups CHj; (stretching), CH; (bending), and C—=0
absorb 97%, 78%, and 99% IR light, respectively. Similarly,
73% was absorbed by the OH functional group of MXene. It is
well known that more polar bonds exhibit stronger absorption
than less polar bonds. Digital images are shown on the right
side of the transmission spectra, of their front and side views,
showing the prepared MXene/camphor devices on an acrylic
sheet with no degradation. Fig. 5b depicts the transmission
spectra of the device after five days, and it was noticed that the
prepared device starts degrading owing to a decrease in the
absorbance of the camphor functional groups, wherein CH;
(stretching), CH; (bending), and C=0 absorb 26%, 15%, and
36%, respectively. The digital images show the sublimation of
the MXene/camphor device after five days. A similar trend was
observed for the tenth and fifteenth days, as shown in Fig. 5¢
and d, where the lowest absorbance of the camphor functional
groups was 3%, 2%, and 3%, respectively, leaving KBr and
MXene residues. In all of the cases, the OH group of MXene
absorbance was between 75% and 85%. The sublimation of the
device can be ascribed to the solids turning to liquid upon
applying heat, with further heating of the liquid to turn it to
gas. In contrast, substances or materials can directly become
gaseous when heated without turning into liquids, known as
sublimation. Camphor is a sublimable material that can be
converted into a gas without passing through an intermediate
liquid phase. Camphor turns into a gas due to its weak forces
between the camphor molecules as even an environmental
temperature is enough for camphor molecules to escape to
the surrounding environment. The fabricated MXene/camphor
under ambient condition slowly loses its mechanical strength,
and the disintegration of the active functional material leads
the ceasing of the functioning of the device. The sublimation of
different ratios of KBr in MXene/camphor devices with respect
to degradation time (in days) is shown in Fig. S2 in the ESL.¥

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The degradation mechanism of the fabricated MXene/camphor device. (a) FTIR spectra of the MXene/camphor device on the first day and digital
images of the front and side views of the device. (b) FTIR spectra of the degraded device on the fifth day. (c) Degradation of the device on the tenth day.

(d) Complete degradation of the MXene/camphor device on the 15th day.

To understand the effect of the environmental conditions on
the sublimation rate of camphor, it is essential to predict the
behaviour of the camphor under varying temperature and
humidity conditions. The rate of sublimation of camphor
increases with an increase in temperature due to its low
molecular weight (152.23 g mol ) and high vapour pressure
(0.65 mmHg at 25 °C), as previously reported in ref. 42.
Furthermore, it is anticipated that the sublimation rate
decreases with increasing relative humidity percentage. The
temperature and humidity can be adjusted for controlled

© 2022 The Author(s). Published by the Royal Society of Chemistry

transiency which can further allow for the destruction of the
device at a set time.

The prepared MXene/camphor device shows resistor char-
acteristics, as depicted in Fig. 6a. The device was entirely
degraded due to loss of the mechanical strength of camphor,
which leads to increased device resistance. The initial resis-
tance of the prepared device was 10.26 kQ and increased
approximately to 320 MQ after the fifteenth day. As a proof of
concept, the fabricated devices (1:1) were attached to a tree, as
shown in Fig. 6b. It can be seen that the devices were

Mater. Adv,, 2022, 3,1272-1279 | 1277
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Fig. 6 Application of MXene/camphor devices. (a) Resistance characteristics of the fabricated MXene/camphor device. (b) MXene/camphor devices
attached to a tree. (c) Photodetection characteristics of the fabricated MXene/camphor device.

completely disintegrated in 15 days due to sublimation of
camphor to the surrounding environment. Fig. 6¢ shows the
photodetection characteristics of the fabricated device when
the human body (finger) IR is close to the device. When the
finger was at a distance of 0.5 cm, the photocurrent response
was increased compared to the distances of 1 and 2 cm. Tests
were carried out for the proof of concept of three devices, with
the results found to be highly repeatable. The reason for the
increase in the device current when bought in close proximity
to the human body is that the human body irradiates IR
wavelengths. This IR light (although the signal is weak) gen-
erates an electron-hole pair in the MXene. Under an external
bias of 1 V, the photogenerated electron-hole pairs are sepa-
rated and are collected at the metal electrode. As the human
body is brought closer to the sensor, the intensity of the IR
radiation increases and hence more photocurrent was
observed. The calculated sensitivity of the proximity sensor
with respect to distance and the corresponding photocurrent
change was found to be 0.104 pA cm ™. It was confirmed that a
fabricated device could identify human body IR radiation,
which has tremendous implications in IR imaging and human
motion monitoring applications, among others. Responses
were obtained by applying an external bias voltage of 1 V.

Conclusion

In summary, a non-contact transient device was fabricated with
a strong stimuli response utilizing MXene as a functional
material on camphor as a supporting substrate. The transiency
of the prepared MXene/camphor devices do not rely on wet
chemistry and sublimates under dry and ambient conditions,
i.e., camphor breaks down and is released into the air due to its

1278 | Mater. Adv.,, 2022, 3,1272-1279

chemical reaction under an ambient atmosphere. The sublima-
tion of the MXene/camphor devices was experimentally proven
by FTIR spectroscopy, wherein the device was completely dis-
integrated within 15 days. Finally, the MXene/camphor device
was shown to exhibit resistor characteristics, which were then
demonstrated for the NIR sensing of human motion detection.
Finally, the device was integrated onto a tree to demonstrate its
transiency in a natural environment, and, as predicted, the
device completely disintegrated in 15 days. The successful
device fabrication and its transiency open up new avenues of
research in non-contact transient electronics.
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