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ABSTRACT

Facile preparation of additive-free inks with both high viscosity and high conductivity is critical for scalable screen printing of
wireless electronics, yet very challenging. MXene materials exhibit excellent conductivity and hydrophilicity, showing great
potential in the field of additive-free inks for screen printing. Here, we demonstrate the synthesis of additive-free two-dimensional
(2D) titanium carbide MXene inks, and realize screen-printed MXene wireless electronics for the first time. The viscosity of
MXene ink is solely regulated by tuning the size of MXene nanosheet without any additives, hence rendering the printed MXene
film extremely high conductivity of 1.67 x 10° S/m and fine printing resolution down to 0.05 mm on various flexible substrates.
Moreover, radio frequency identification (RFID) tags fabricated using the additive-free MXene ink via screen printing exhibit
stable antenna reading performance and superb flexibility. This article, thus offers a new route for the efficient, low-cost and

pollution-free manufacture of printable electronics based on additive-free MXene inks.
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1 Introduction

The flourishing of various communication terminals and Internet
of Things (IoTs) has greatly stimulated the demand for wireless
electronics [1-3]. However, the scalable manufacturing of wireless
electronics with high efficiency, low cost and environmental
benignancy remains challenging [4-6]. Extensive efforts have been
devoted to incorporate novel patterning techniques such as spray-
masking and laser-scribing into conventional manufacturing of
wireless electronics, however, still facing the problems of
sophisticated procedures and harmful chemicals involved in metal
etching [7-9].

Screen printing, on the other hand, offers a promising strategy
for efficient, versatile and environmental-friendly manufacture of
wireless electronics [10, 11]. To ensure the printing resolution and
radiation performance of the printed antennas, the development
of printing inks synchronizing high viscosity and high electrical
conductivity is of crucial importance [12, 13]. Substantial progress
has been made in screen-printing electronics based on
silver/copper nanoparticle inks, conductive polymers inks and
carbon-based inks (graphene, carbon nanotubes and carbon
black) [14-19]. Nonetheless, only limited achievements have been
reported in screen-printed wireless electronics due to insufficient
conductivity of the existing inks (< 10° S/m) in which additives
(such as surfactants or binders) are typically utilized to improve
uniformity and viscosity [20]. The removal of additives and extra

annealing steps also complicate the manufacturing process [21].
Therefore, additive-free inks with both high viscosity and high
conductivity are of great significance for scalable, low-cost,
pollution-free, yet efficient screen printing of wireless electronics.
MXenes are a family of two-dimensional (2D) materials with
ultrahigh electrical conductivity and superior hydrophilicity [22,
23]. Hence, the MXene materials serve as a powerful candidate as
additive-free inks for screen-printing wireless electronics.
However, to date, most reports on MXene inks for screen printing
involve the usage of additives to increase the viscosity, which
inevitably decreases the conductivity [24-28]. The only reported
additive-free MXene ink suffers from sediments of unetched
precursors and multilayered MXene, resulting in relatively low
conductivity (6 x 10* S/m), which cannot afford the application of
wireless electronics [29]. The main challenge of realizing MXene-
based screen-printed wireless electronics thus lies in achieving
high viscosity and high conductivity simultaneously [30, 31].
Herein, we developed an additive-free MXene ink and realized
screen-printed wireless electronics using MXene ink for the first
time. By synthesizing MXene inks composing of different sizes of
nanosheets, we discovered that the large-size MXene nanosheets
yield the MXene inks with higher viscosity and conductivity
compared to the small-size MXene nanosheets in the absence of
additives. High-resolution screen printing (0.05 mm) has been
demonstrated on various substrates and an ultrahigh conductivity
of 1.67 x 10° S/m has been achieved for the printed films, which is
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the highest reported value of MXene-based 2D materials. Further,
we fabricated radio frequency identification (RFID) tag antennas
using the additive-free MXene inks via screen printing with
excellent antenna reading distance and flexibility. Our findings of
the size-dependent viscosity and conductivity of MXene inks offer
a direction of preparing highly conductive and additive-free
MXene inks suitable for screen printing of electronic devices such
as wireless electronics, current collectors and energy storage
devices.

2 Results and discussion

2.1 Characterization of MXene ink

Scanning electron microscopy (SEM) images shown in Figs.
1(a)-1(c) revealed different size distributions for the three types of
MXene inks. The L-MXene ink exhibited the largest flake size of
10.7 um among the three samples (Fig. 1(a) and Fig. S1(a) in the
Electronics Supplementary Materials (ESM)). The other two
samples (denoted as S2-MXene ink and S1-MXene ink) exhibited
average flake sizes of 1.22 and 0.28 um, respectively (Figs. 1(b) and
1(c), and Figs. S1(b) and S1(c) in the ESM). By inverting the tubes
holding MXene inks, we can clearly see the difference in viscosity
of the three samples: the L-MXene ink with the largest lateral size
showed the highest viscosity while the S-MXene inks with smaller
sizes showed higher flowability (Figs. 1(d)-1(f)). The size-
dependent viscosity of MXene inks can be attributed to the
transition from isotropic phase to nematic phase with increasing
size of MXene nanosheets [32]. According to Onsager theory, an
isotropic phase with randomly oriented nanoflakes can transform
into nematic phase beyond critical transition concentration (C)
[33]. For MXene solution, the C; value increases with decreasing
lateral dimension of MXene nanosheets [32]. Thus, the S-MXene
inks tend to form an isotropic phase, exhibiting a liquid-like
behavior with low viscosity, while the L-MXene ink forms a

L-MXene

Nano Res.

nematic phase, exhibiting gel-like behavior with higher viscosity
[34]. To further confirm this size-dependent viscosity variation,
rheological properties of L-MXene, S2-MXene and S1-MXene
inks were measured. As depicted in Fig. 1(g), all of the three inks
showed shear thinning behavior as the shear rate increases, which
is a typical behavior of non-Newtonian fluid. Notably, the L-
MXene ink showed a significantly higher viscosity of 9677 Pa-s
compared with S1-MXene ink (180 Pa-s) at low shear rate of 0.01
s”', demonstrating the better extrusion performance of L-MXene
ink to realize high-resolution printing. As can be seen from the
energy storage modulus (G') and loss modulus (G") curves of the
inks in Fig. 1(h), the L-MXene ink exhibited a yield stress of ~ 246
Pa, which was much higher than that of S1-MXene ink (3 Pa) and
S2-MXene ink (16 Pa). More specifically, the higher value of G'
compared with G” in the region below the yield point indicates a
solid-like behavior dominated by elastic deformation. The high G,
G" values and G/G" ratio of L-MXene inks improve the
instantaneous curing of the ink after continuous extrusion and
shear removal during the screening printing process. When the
shear stress is increased beyond that point, the G” value decreased
more abruptly than G', yielding a G/G" ratio less than 1, which
indicates a liquid-like behavior in the high shear stress area. This
region is thus favorable for the continuous extrusion of MXene
inks from the screen onto the target substrate. By alternating
between low (0.1 s™) and high (100 s™) shear rates for the MXene
inks, it was found that the apparent viscosity of the inks decreased
abruptly as the shear rate increased from 0.1 to 100 s™, and can be
recovered instantaneously when the shear rate dropped back to 0.1
s™ (Fig. 1()). This highly elastic rheological property of L-MXene
ink is essential to maintain the structure integrity of printed
patterns and prevent short circuits.

2.2 Printing performance of MXene ink

Based on the above analyses, the L-MXene ink with the highest
viscosity was chosen as the prime sample for screen printing test
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Figure1 Comparison of L-MXene, S2-MXene and S1-MXene inks. SEM images of L-MXene (a), S2-MXene (b) and S1-MXene (c) inks. (d)-(f) Digital photographs
of the obtained MXene inks in upright and inverted states showing different viscosities. Insets: graphical illustrations of the sizes and distributions of corresponding
nanosheets. (g) Viscosity as a function of shear rate for L-MXene ink, S2-MXene ink and S1-MXene ink. (h) Storage modulus (G') and loss modulus (G'') as a function
of shear stress for L-MXene ink, S2-MXene ink and S1-MXene ink. (i) Viscosity variation of L-MXene ink, S2-MXene ink and S1-MXene ink under changing shear

rates.
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with the S-MXene inks as controls. Predictably, the printing
quality depends heavily on the viscosity of the inks (Fig. 2(a)). The
L-MXene can be smoothly extruded from the screen mesh to
various substrates, thus realizing sharp edges and intact structures
of the printed patterns while the pattern printed with S1-MXene
ink was incomplete with fuzzy edges (Figs. 2(b) and 2(c)). The
resolution of the pattern printed on polyethylene terephthalate
(PET) substrate with L-MXene ink can reach 0.05 mm as depicted
in Fig. 2(d). It is also worth noting that the printing can be easily
adapted to different flexible substrates including polyimide (PI)
and photographic paper (Figs. 2(e) and 2(f)).

We further explored the influence of printing times and
number of screen mesh on electrical conductivity to obtain
MXene film with the optimized conductivity. Figures 3(a)-3(c)
show square resistance, thickness and conductivity of printed L-
MXene films as a function of printing times using 80 mesh
patches. As printing times increased, the square resistance
decreased (Fig. 3(a)) while the thickness increased (Fig. 3(b)). The
coeffect of these two factors leads to an optimal conductivity with
printing times of 3 (Fig. 3(c)). We then investigated the influence
of mesh number on the electrical conductivity by keeping the
printing times at 3. With increasing mesh number, the square
resistance gradually increased (Fig. 3(d)) while the thickness of the
film gradually decreased (Fig. 3(e)). As a result, the highest
conductivity was achieved when the mesh number is between 60
and 80 (Fig. 3(f)). Thus, printing times of 3 and mesh number of
80 were selected for subsequent printing. Cross-sectional SEM
images of the printed L-MXene film under optimized conditions
(printing times = 3, mesh number = 80) showed a thickness of
approximately 6 pm (Fig. S2(a) in the ESM) with smooth and

continuous surface (Fig.S2(b) in the ESM). The electrical
conductivity of the film obtained by four-point probe system was
1.67 x 10° S/m, which is the highest among the reported
conductivity values for MXene-based films (Fig. 3(g)) [17, 20, 21,
25-29,35-39], and is also higher than the control samples printed
with S2- and S1-MXene inks (Fig. 3(h)). The high electrical
conductivity of the film printed with L-MXene could be attributed
to the more complete conductive network with less edge defects in
large MXene flakes compared to smaller ones as illustrated in Fig.
3(i) as well as lower oxidation degree of the large flakes [40].

2.3 Fabrication of MXene-based RFID tag antenna

Utilizing the high electrical conductivity and flexible nature of the
printed MXene films, we proposed an MXene-based RFID tag
which is widely used in daily life (Fig. 4(a)). The RFID tag antenna
is designed to work within the frequency range of 800-1000 MHz
and the corresponding skin depth is within the range of 48.8-43.6
nm which is far below the thickness of the printed film of 6 um,
thus guarantees the proper flow of current. The simulated current
distribution of the designed RFID antenna shown in Figs. 4(b) and
4(c) presents antennas fabricated with L-MXene inks via screen
printing. It can be seen that the printed antennas have excellent
flexibility and conform well to the substrate, which are essential
properties for applications in flexible electronic devices.

The measured reading distance results of the RFID antennas
printed on PI, PET, and photographic paper substrates are shown
in Fig. 4(d) demonstrating a maximum reading distance of ~ 8 m
on PI substrate. This is comparable to the previously reported
reading distance of MXene-based RFID antennas [7,30].
Regarding the differences in reading distance when printed on
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Figure2 (a) Schematic diagram showing the printing of L-MXene ink and S-MXene ink. Patterns printed on PI substrate with L-MXene ink (b) and S1-MXene ink
(c) showing different printing qualities. (d) Lines printed on PET substrate with L-MXene ink with line width and separation down to 0.05 mm. Complex patterns

printed on PI () and photographic paper (f) substrates using L-MXene ink.
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Figure3 (a)—(c) Square resistance, thickness and conductivity of printed L-MXene films as a function of printing times (mesh number = 80). (d)-(f) Square
resistance, thickness and conductivity of printed L-MXene films as a function of mesh number (printing times = 3). (g) Comparison of electrical conductivity of L-
MXene film in this work and other reported values. (h) Comparison of electrical conductivity of L-MXene, S2-MXene and S1-MXene screen-printed films. (i)
Graphical illustration of possible reasons for the differences in electrical conductivity of L-MXene and S-MXene screen-printed films.

various substrates, there are two possible explanations: (1) the
difference in contact resistance between the substrates and the
MXene films/chip; (2) different wettability of the substrates leads
to variation in local coverage and thus affects the overall
conductivity [41].

Reading distances were also measured before and after bending
the RFID antenna for 1000 times to investigate the mechanical
stability. As shown in Fig.4(e), the reading distance decreases
slightly after bending tests but is still within operational range,
indicating the continuity of the internal current even after 1000
cycles of bending and stretching tests (Fig. S3 in the ESM). The
decrease in reading distance can be ascribed to the deteriorating
contact between the chip and the antenna during repetitive
bending. Figure 4(f) shows the comparison of reading distance
between the RFID antenna printed on PI substrate under flat and
bending conditions (Fig. S4 in the ESM). When bending at 45°,
the reading distance decreased slightly within the entire frequency
range due to the decreased effective radiation area of the antenna.
However, benefiting from the superb flexibility and conformality
of the MXene film, the rear reading distance can still reach 7 m
with no shift of the frequency for maximum reading distance [42].
These results validate the excellent mechanical flexibility of the
MXene-based tags, which is highly demanded for applications in
wearable electronics and conformal antennas.

3 Conclusions

In summary, we demonstrated additive-free MXene inks with
high conductivity and viscosity suitable for screen printing of
MXene-based wireless electronics. We find that by regulating the
size of MXene nanosheets, MXene inks with different rheological
properties can be obtained. Namely, the larger MXene nanosheets
endow MXene inks with higher viscosity and higher conductivity
in the absence of additives. The MXene film printed under the
optimal conditions showed ultrafine resolution of 0.05 mm and
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high conductivity of 1.67 x 10° S/m. Further, RFID tag antennas
were batch-fabricated based on the additive-free MXene inks via
screen printing and demonstrated reading distance over 8 m with
superb flexibility and mechanical stability. This work unveils a size-
dependent behavior of viscosity and conductivity for MXene inks,
thus providing a new strategy for the scalable and low-cost
manufacture of MXene-based wireless electronics via screen
printing technology.

4 Methods

4.1 Chemicals

2D titanium carbide MXenes with different nanosheet sizes were
purchased from Sanya Hanene Graphene Technology Research
Institute Co., Ltd. All chemicals were used as received and
deionized water was used in the experiments.

4.2 Preparation of MXene ink

Three MXene solutions with different sizes of nanosheets were
centrifuged at 9000 rpm for 30 min to get concentrated solutions.
By discarding the supernatant and diluting the solid residues to
100 mg/mL in deionized water, three types of MXene inks
(denoted as L-, S2- and S1-MXene ink for nanosheet sizes from
largest to smallest, respectively) were obtained and ready for
further characterization.

4.3 Fabrication of RFID tag antenna

The RFID patterns were screen printed on different flexible
substrates (PI, PET and photographic paper) using MXene ink
through an air-breathing flat screen printing machine (SY-500P,
Sanyang Printing Equipment Products Co., Ltd). After dried at
room temperature, the RFID tags were packaged using an
electronic tag packaging machine (TG320, Tagrid Technology Co.,
Ltd.).

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure4 MXene-based RFID antenna via screen printing. (a) Display of the application of RFID antenna in electronic toll collection (ETC). The upper left illustration
shows the antenna printed on PI substrate. (b) Simulated current distribution of the proposed RFID antenna. (c) Batch screen-printed antennas on PET substrate. (d)
Reading distance results of antennas printed on different substrates. (¢) Reading distances of the RFID antenna printed on PI substrate before and after 1000 times of
bending. (f) Reading distances of the RFID antenna printed on PI substrate under flat and bending states.

4.4 Characterization

SEM images were taken with Zeiss Ultra Plus SEM. The viscosity
and elastic modulus of MXene inks were evaluated by Dynamic
Shear rheometer (Anton Paar, SmartPave 92). The reading range
of RFID antenna was tested by RFID comprehensive tester
(Ruihui Electronics, Shanghai Co., Ltd.). To determine the
conductivity of the obtained MXene films, a four-point probe
instrument RTS-9 with probing distance of 1 mm was applied to
determine the resistance and the thickness was measured using a
spiral micrometer. The conductivity was then calculated by the
following equation:

o=-1 (1)

hR,
where o is the conductivity, / is the thickness of printed film, R, is
the sheet resistance.
The skin depth of the MXene film can be obtained by the

following equation:
d= i (2)
\/ wpo

in which ¢ is the skin depth, w is the angular frequency, u is the
permeability and o is the conductivity.
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