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ABSTRACT: MXenes are emerging materials renowned for their
exceptional conductivity, abundant functional groups, and excellent
solution processability, making them highly promising as
conductive-additive-free inks for flexible electronic devices.
However, current preparation methods are hampered by low
yields of MXene flakes so that substantial waste MXene sediments
(MS) are generated. Here, we demonstrate a type of conductive
ink with appropriate rheological properties, namely MG inks
formulated using MS and graphene oxide (GO), for screen-
printing frequency selective surface (FSS). GO facilitates interlayer
interactions by covalently cross-linking with MXene flakes,
resulting in a denser structure and significantly enhancing the
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conductivity of the best-performing MG-based ink to 849 S cm™'. Additionally, GO serves as a binder to considerably improve the
rheological properties of MS, thus enabling high-quality printing on various substrates. The close stacking of MS and GO not only
improves the oxidation resistance but also maintains conductivity above 97% even after 60 days. Furthermore, the MG-based FSS
produced via straightforward screen printing demonstrates excellent performance and retains its functionality after 90 days of
operation. This MS-based ink formulation represents a strategy of “turning trash into treasure” and highlights the potential of MS for

the next generation of electronic devices.
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B INTRODUCTION

With the rapid development of flexible printed electronics,
there has been an increasing interest in functional conductive
inks."”* Flexible devices such as antennas, sensors, and
supercapacitors can be printed by designing inks with various
functionalities.” ™ These devices require inks that are light-
weight, corrosion-resistant, and cost-effective to meet practical
application demands. Although traditional metallic materials
have been widely used in conductive inks, they fall short owing
to their high density, complicated processing, and susceptibility
to corrosion, which do not fully meet the needs of flexible
electronic devices.”” Therefore, there is an urgent need to find
new conductive inks that meet these requirements. Two-
dimensional materials such as graphene and transition metal
carbides/nitrides (MXenes) have been extensively explored
due to their unique physical and chemical properties.*”"
Among these, MXenes, a type of emerging material, exhibit
significant advantages in forming stable aqueous conductive
inks due to their excellent conductivity, solution processability,
and abundant surface functional groups.'"'” For example,
high-performance wireless antennas and large-area fine logic
circuits have been printed using MXene-based inks, demon-
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strating their promising potential as high-performance
conductive inks for flexible electronic printing."*~"*
Researchers primarily focus on preparing single-layer or
multilayer MXenes to produce high-performance MXene
inks.'® Despite the increasing yields of single-layer MXenes
in recent years,w’18 some MXene sediments (MS) that are
difficult to delaminate always remain at the bottom of the
centrifuge tube.'” These sediments, composed of unetched
MAX, multilayer MXenes (m-MXenes), and small amounts of
residual layered MXenes, are usually discarded as waste.”””!
This practice not only increases the manufacturing cost of
MXene inks but also results in a significant waste of materials,
highlighting the necessity of recycling this “waste”. It has been
established that, like MXenes, the surface of MS is rich in
hydrophilic functional groups including —OH, =O, and —F.
Besides, MS possesses relatively high conductivity, indicating
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Figure 1. Characterization of the MG inks. (a) Schematic illustration for the manufacturing process of the MG inks. (b) SEM image of the MG
flakes. Comparisons of (c) Raman spectroscopy spectra and (d) FT-IR spectra of MG-10, GO, and MS. (e) C 1s XPS spectra of MG-10 and MS

nanosheets. (f) Mechanism of the Ti—O—C bonds.

its potential for ink applications.”” Currently, some researchers
have attemfted to use MS-based inks to fabricate super-
capacitors,” electromagnetlc shleldmg films,” and photo-
thermal conversion hydrogels.”® However, the presence of
unexfoliated multilayer MXenes and a small amount of MAX
particles in MS severely hinder charge transfer and impact the
ink’s rheological properties, making it challenging to form
highly conductive inks suitable for fine printing.”> Additionally,
similar to layered MXenes, MS has poor oxidation resistance,
complicating the maintenance of stable performance in printed
products over time.””** Consequently, effectively recycling MS
to transform it from waste into valuable materials is significant
and remains a highly challenging task.

Herein, we fabricate a new type of MS-based ink featuring
remarkable oxidation resistance and high conductivity. These
inks exhibit enhanced rheological properties due to covalent
cross-linking via Ti—O—C bonds between graphene oxide
(GO) nanosheets and MS, leading to substantial improve-
ments in MS/GO (MG) inks. The flexible MG printing
pattern displays uniform boundaries and a complete surface,
outperforming MS in terms of adhesion to various substrates.
This superior adhesion facilitates the inks™ ability to conform
easily to different substrates. Moreover, the cross-linking
between GO and MS effectively prevents the permeation of
water and oxygen, thereby significantly enhancing the
oxidation stability of the resulting inks. Remarkably, the
conductivity of the printed patterns remains at approximately
97% after 60 days of exposure to ambient temperature and
pressure. The conductivity of MG-based flexible electronic

devices also shows a notable increase, reaching 849 S cm™,

which is 1.63 times higher than that of MS (521 S cm™),
probably due to interlayer interactions. Additionally, the
denser structure of the MG ink reduced the printing thickness
of the frequency selective surface (FSS) from 3.9 to 2.1 um,
while maintaining excellent performance. This FSS exhibits an
effective bandwidth of 9.7 GHz within the 8—18 GHz range
and only a 14% decrease in performance after 90 days.
Combined with the simple and scalable preparation method,
the high-performance, oxidation-resistant MG inks demon-
strate significant potential for application in flexible printed
electronic devices.

B RESULTS AND DISCUSSION

Figure la schematically illustrates the preparation process for
the MG inks. Initially, the sediment (MS) is obtained from the
bottom after collecting the supernatant containing single-layer/
few-layer MXene nanosheets via the minimally intensive layer
delamination (MILD) method." Scanning electron micro-
scope (SEM) images reveal that the obtained MS comprises an
unetched MAX phase and single-layer/multilayer MXene
(Figure S1). To enhance the weak interaction and rheological
properties of MS, large-sized GO (approximately 31 ym in
size, Figure S2) is added as an effective binder to construct a
stable ink (Figure la). This addition is crucial because the
abundant surface functional groups on MXene nanosheets
react with GO sheets, forming covalently cross-linked MXene-
GO sheets (Figure 1b). The formation of Ti—O—C covalent
bonds at the MXene/GO heterointerface is generally believed
to occur through affinity substitution and dehydration
reactions.”” ™" Specifically, GO platelets contain abundant
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Figure 2. Properties and characterization of MG-10 and MS inks. (a) Ink viscosity versus shear rate. G’ and G” values of inks as functions of (b)
shear stress and (c) frequency. (d) Thixotropy property of inks. (e) Schematic diagram of the screen-printing process. (f) Digital image of the MG-
10 printed pattern on a glossy photo paper. Optical photographs and SEM images of printed patterns using (g, h) MS and (j, j) MG-10.

oxygen-containing functional groups (—COOH and —OH),
which are initially protonated to form —C=OH" and —C—
OH," species in H'-containing solution. As the reaction
proceeds, the Ti—O~ bonds on MXene surfaces act as
nucleophiles, attacking the —-C=OH" and —C—OH," groups.
This nucleophilic attack results in the elimination of H,O
molecules from GO platelets. Ultimately, this interfacial
interaction leads to the formation of robust Ti—O—C covalent
bonds between the MXene and GO components. Various
analytical techniques have been utilized to confirm the
formation of these Ti—O—C covalent bonds. The introduction
of GO nanosheets results in a shift of the MS (002) peak from
5.78° to 6.11° and a decrease in interlayer spacing (Figure S3),
which is attributed to the insertion of GO nanosheets into MS.
Raman and FT-IR spectroscopy are employed to verify the
existence of this covalent cross-linking. Raman spectroscopy
(Figure 1c) reveals that the Ip/I; intensity ratio of MG
increases to 1.30 compared to 1.03 for the original GO, which
is attributed to the reaction with MXene nanosheets.
Additionally, the G band in MG (1585 cm™) exhibits a shift
compared to that in GO (1592 cm™'), indicating charge
transfer between GO and MXene sheets, leading to the
formation of Ti—O—-C bonding."’1 Furthermore, as shown in
Figures 1d and S4, a new peak at ~801 cm™' for MG-10
(feeding mass ratio (GO/MXene) = 10:90) indicates the
formation of Ti—O—C bonds.”® To further investigate the
elemental composition and chemical states of MG and MS,
XPS spectra were analyzed (Figure SS). Compared to MS, MG
displays a new Ti—O—C peak at 286.2 eV in its high-resolution
C 1s spectrum (Figure le), which is consistent with the Ti—
O—C peak (531.2 eV) in the O Is spectrum (Figure $6).”>

These results collectively demonstrate that incorporation of
GO nanosheets into MS promotes the formation of Ti—O—C
bonds. Interestingly, the formed GO protective nanolayer not
only shields against the effects of water and oxygen but also
serves as a pathway for electron transfer, reducing spatial
resistance and enhancing the conductivity of the MG ink,
which is beneficial for its application in printed electronics
(Figure 1f).

On the other hand, the addition of GO sheets has
significantly enhanced the rheological properties of the MS
ink. As depicted in Figure 2a, both MS and MG-10 inks exhibit
typical shear-thinning non-Newtonian fluid behavior, where
the viscosity decreases with an increase in shear rate. This
property is crucial for facilitating the extrusion of the ink
through the screen mesh during the printing process. Notably,
at a shear rate of 10 s}, the MG-10 ink demonstrates a
substantially higher viscosity of 5312 Pa-s compared to 1974
Pa-s for the MS ink, thereby enabling the printing of finer
patterns.”* Figure 2b illustrates the variations in storage
modulus (G’) and loss modulus (G”) of MS and MG-10 inks
as a function of shear stress. For both inks, G’ significantly
exceeds G” at low shear stresses, indicating that a dominance
of elastic behavior. Compared to MS, MG-10 exhibits a
considerably higher G’ value (1746 Pa) and yield stress (172
Pa), which ensures its suitability for high-precision printing
applications.”> Additionally, Figure 2¢ shows that, unlike the
MS ink, which exhibits high-frequency instability, the G" of
MG-10 consistently exceeds G” across the entire frequency
range, indicating its superior stability under varying frequen-
cies. Furthermore, MG-10 manifests faster response and
recovery rates at different shear rates compared to MS (Figure
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Figure 3. (a) XRD patterns of MG with different GO contents. (b) Printing thickness and conductivity of MG films with different GO contents.
(c) Comparison of conductivity and thickness of printed products with reported 2D material inks. (d) Conductivity retention rates of MG-10 and
MS as a function of exposure time in air. (e, f) Ti 2p XPS spectra of MG-10 and MS films on (e) day 0 and (f) day 60.

2d). Altogether, the MG-10 ink exhibits higher viscosity,
higher elasticity, and broader applicability, making it more
suitable for high-precision and rapid printing than the MS ink.

Based on the superior rheological properties of MG-10, we
further demonstrate its applicability and advantages in screen
printing technology. The fabrication process of the FSS via
screen printing is illustrated in Figure 2e. Owing to its
improved rheological properties over MS, the MG-10 ink can
achieve high-precision printing on various flexible substrates
such as polyimide (PI), cardboard, paper, copper foil, and
glossy photo paper (Figures 2f and S7). Furthermore, the
printed patterns maintain strong adhesion to the substrate even
under bending conditions, exhibiting no structural degradation
or delamination (Figure 2f). In contrast, MS struggles to pass
uniformly through the mesh, resulting in edge blurring or
uneven line widths when printing fine patterns such as stripes
(Figures S8 and S9). Figure 2g—j shows the edge optical
photographs and SEM image of the printed pattern using MS
and MG-10, respectively. The MG-10 ink produces patterns
with superior resolution and print quality, while MS leads to
numerous surface defects, low resolution, and uneven edges.
SEM images reveal that MS-based patterns have a rough
surface due to the presence of numerous particles, including
unetched MAX and m-MXene. In contrast, the surface of MG-
10-based patterns is relatively smooth because the incorpo-
rated GO sheets effectively encapsulate most of the particles
through chemical cross-linking. This is consistent with the
conclusions drawn from optical profilometry (Figure S10).
Therefore, MG-10 holds excellent potential for high-precision
printing of various flexible electronic devices across a wide
range of applications.

Subsequently, further characterization analyses have been
conducted to investigate the impact of GO content on the
printed products of the MG inks. As observed from the XRD
pattern (Figures 3a and S11), the interlayer spacing decreases
from 1.527 to 1.294 nm as the GO content is enhanced. This

reduction in spacing correlates with a decrease in printing
thickness to reaching a minimum value of 2.1 um (Figure
S12), which is attributed to enhanced interlayer interactions
after GO addition to provide a denser structure. These
interactions facilitate electron transport, thereby achieving high
conductivity in printed devices. The conductivity increased
with the GO content and a maximum value of 849 S cm™ is
achieved at 10% GO content, which makes a 163%
improvement over MS (521 S cm™'). As demonstrated, a
circuit drawn with MG-10 can easily illuminate bulbs (Figure
S13). Notably, as illustrated in Figure 3c and Table S1, the
electrical conductivity of MG-10 surpasses that of existing MS-
based printed inks”**°** and even outperforms representative
inks prepared using d-Ti;C,T,.””~* Moreover, GO flakes not
only enhance the electrical conductivity of MG-10 through
chemical cross-linking but also improve its oxidation resistance
by acting as a barrier layer against oxygen and water
molecules.***> This protective effect is evident in the MG-10
film, which maintained up to 97% of its initial conductivity
after 60 days of air exposure. Conversely, the conductivity of
the MS film decreased to only 46% of its initial value over the
same period (Figure 3d). The superior performance of the
MG-10 film is attributed to its dense structure and the effective
inhibition of oxygen and water penetration with the
incorporation of GO. To further investigate the oxidation
resistance of the films prepared with MG and MS inks, XPS
measurements were conducted. For the Ti 2p spectrum of
MG-10, peaks at 459.3 and 465 eV correspond to the Ti—O
bonds in the Ti 2p;/, and Ti 2p,,, orbitals, respectively. After
60 days, the peaks associated with Ti—O in the MG-10 ink
showed only minor change to 459.0 and 464.6 eV, respectively.
In contrast, the proportion of Ti—O bonds in the MS film
increased significantly after 60 days, indicating the onset of
transformation into TiO,. These findings underscore the
enhanced oxidation resistance provided by GO in the MG-10
film.
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Figure 4. (a) Schematic illustration of the measurement environment and function of the FSS. (b) Surface current distributions of the FSS unit
cells. (c) Simulated and measured S parameters of the MG-10-based FSS. (d—f) Comparison of MG-10- and MS-based FSS at different times: (d)
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The MG-10 ink, characterized by its excellent rheological
properties, high conductivity, and good stability, demonstrates
significant potential for scalable printing in flexible electronic
devices. Leveraging these advantages, we designed an MG-10-
based FSS and compared its performance with an FSS
fabricated using the MS ink. The FSS model and specific
parameters are detailed in Figure S14. We printed the FSS on a
PI substrate, as illustrated in Figure 4a, and conducted
measurements using a vector network analyzer in an anechoic
chamber. When electromagnetic waves transmitted by a horn
antenna encounter the FSS, an induced current is generated on
the surface of the FSS unit cells. This induced current flows
diagonally along the FSS unit cells, forming a resonant circuit
(Figure 4b). At the resonant frequency, the standing wave
states in these current paths lead to strong reflection of the
electromagnetic waves for both vertical and horizontal
polarizations. Through this mechanism, the FSS effectively
achieves reflection shielding of electromagnetic waves at
specific resonant frequencies, functioning as a bandstop filter.
Moreover, by altering the parameters or materials of the FSS
elements, the resonant frequency can be adjusted to meet the
requirements of different applications across various frequen-
cies.*>*” The electrical conductivity and rheological properties
of the ink are pivotal in determining FSS performance. Higher
electrical conductivity minimizes ohmic losses, thereby
enhancing the FSS’s operational stability. Conversely, lower
electrical conductivity can lead to a drift in resonant frequency
due to increased resistive dissipation. Additionally, enhanced
rheological properties facilitate better substrate integration,
which is critical for avoiding common fabrication defects such
as pattern delamination, microcrack formation, and loss of
edge definition. These improvements are vital for maintaining
the precision of the FSS’s periodic architecture.

The simulated and measured S parameters of the MG-based
FSS are depicted in Figure 4c. Within the frequency range of
8—18 GHz, the return loss (S;;) approaches 0 dB, while the
insertion loss (S,;) consistently remains below —10 dB across
the entire frequency band, indicating a bandwidth of 9.8 GHz.
This performance signifies that the FSS achieves a reflection
shielding efficiency of over 90% within the 8—18 GHz range
and reaches up to 99% shielding efficiency (below —20 dB) in
the 9.7—14 GHz range, meeting commercial application
requirements. The resonant frequency of this FSS is observed
at 12.5 GHz, where the minimum S,; value of —34.9 dB is
achieved, corresponding to a reflection loss (RL) of 99.97%.
Overall, the MG-10-based FSS outperforms the MS-based FSS
and is even comparable to the FSS prepared using d-MXene, as
shown in Figure S15. To evaluate the stability of the device, we
exposed the FSS to air for 90 days. After this period, the S,
parameter of the MG-10-based FSS in the 8—18 GHz range
showed only slight changes, manifesting minimal performance
degradation (Figures 4d and S16). In contrast, the S,
parameter of the MS-based FSS was above —10 dB, indicating
that its shielding performance almost disappeared. Further
comparisons were made on the bandwidth and minimum S,;
(S51 min) Versus time. As shown in Figure 4e, the bandwidth of
the MG-10-based FSS at 30, 60, and 90 days was 98.4, 94.7,
and 86% of the initial value, respectively. Conversely, the
performance of the MS-based FSS declined rapidly, with the
bandwidth at 60 days reduced to only 75.3% of the initial value
and nearly disappearing by 90 days. Correspondingly, the
S1 min of the MS-based FSS sharply declined starting from the
60th day, dropping to only 31.8% of its original value by the
90th day (Figure 4f). In contrast, the MG-10-based FSS
maintained its S,; ., at over 85% throughout the same period.
These results demonstrate that flexible electronic devices
printed with the MG-10 ink exhibit excellent performance and
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stability, making it suitable not only for FSS but also showing
potential in other application fields.

B CONCLUSIONS

In summary, we have developed a highly conductive and stable
MG ink suitable for screen printing flexible FSS. By
incorporating GO nanosheets into MS, we significantly
enhanced the inks’ conductivity and protected the MXene
sheets from water and oxygen by strengthening interlayer
interactions. This improvement in the MG inks demonstrates
excellent rheological properties, allowing for precise printing
on various substrates with strong adhesion. Adjusting the GO
content enables the production of printed products with
varying thicknesses and conductivities, maintaining above 90%
of conductivity over 90 days. Notably, the FSS prepared with
the MG-10 ink exhibits an effective bandwidth of up to 9.8
GHz within the 8—18 GHz range and retains 86% of this
bandwidth even after 90 days of storage. Compared to the MS-
based FSS, the MG-10-based FSS shows significantly enhanced
comprehensive performance. Utilizing “MXene waste” as a raw
material for preparing MS-based conductive inks offers
advantages such as zero waste, scalability, and low cost.
Owing to their high conductivity, stability, and broad
applicability, the MG-10 ink holds great potential for the
printing of flexible electronic devices.

B METHODS

Materials. LiF was purchased from Aladdin (China). HCI
was purchased from Sinopharm Chemical Reagent Co., Ltd.
Ti;AIC, MAX powder was obtained from Jilin 11 Technology
Co., Ltd. GO (4 wt %, sheet diameter of ~30 um) was
purchased from Wuhan Hanene Technology Co., Ltd.

Preparation of Ti;C,T, MXene Sediments. Ti,C,T,
MXene was prepared by etching Ti;AlC, powder (400
mesh) with a LiF/HCI solution, following a previously
reported method.*® Specifically, LiF (16 g) was dissolved in
9 M HCI (200 mL) within a Teflon vessel and stirred for 20
min. Subsequently, Ti;AlC, powder (10 g) was slowly added
to the reaction vessel, and the suspension was stirred at 50 °C
for 36 h. The resulting dispersion was then repeatedly rinsed
with fresh deionized water through centrifugation at 3000 rpm
for 5 min until the supernatant transitioned from black
(indicating self-delamination) to transparent. Finally, the
precipitate collected at the bottom of the centrifuge tube,
typically discarded, was obtained as the required MS.

Preparation of the MS/GO (MG) Inks. To formulate the
MG, MS was mixed with GO at various mass ratios using a
planetary mixer (2000 rpm, 1S min) to form uniform inks.
Among them, the concentrations of MS and GO dispersions
were 80 and 40 mg/mL, respectively. According to the
different mass fractions of GO, they are named MG-2, MG-4,
MG-6, MG-8, MG-10, MG-12, and MG-14, respectively.

Preparation of Screen-Printed FSS. A screen printer
(SY-S00P) equipped with a custom-made 60-mesh poly-
ethylene terephthalate (PET) mask was employed for the
printing process. During printing, a specific quantity of an MG
ink was applied onto the screen mesh, followed by swift pattern
scraping with a squeegee to transfer the ink onto diverse
substrates such as PI, paper, copper foil, and cardboard. After a
natural drying period of 10 min, finely printed patterns were
obtained on the substrates.

Characterization. The morphology and microstructures
were examined using a ZEISS Crossbeam 350 scanning
electron microscope and Olympus IX73 optical microscope.
XRD patterns were recorded using Cu Ko radiation from a
Rigaku Miniflex 600 apparatus. XPS measurements were
performed with an Escalab 250Xi Spectrophotometer. The
rheological behaviors of the inks were characterized at 25 °C
using a Malvern Kinexus rheometer. FT-IR spectra were
collected on a Bruker Invenio-S spectrometer. Raman spectra
were recorded at room temperature using a DXR Raman
Microscope (American Thermo Electron) with 532 nm-
wavelength laser excitation. Electrical conductivities were
measured using an RTS-9 four-probe resistivity meter
(China). The electromagnetic interference shielding perform-
ances of the FSS were measured on a Ceyear 3672C vector
network analyzer within the 8—18 GHz range based on a
waveguide method.
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