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Abstract
Heavy metal pollution has become increasingly serious in recent decades with the progress of
industrialization, posing a significant threat to human health. This raises the demand for
portable and ease of use heavy metal ion detection devices. In this study, we develop ultra-thin
(5 µm) and highly flexible composite paper of MXene/bacterial cellulose (M/BCx, with x
denoting the BC content) and apply it in a self-powered triboelectric nanosensor (TENS) to do
heavy metal ion detection. The M/BCx composite paper is fabricated using a simple vacuum
filtration method, and combines the advantages of the high electrical conductivity of MXene
with the excellent mechanical properties of BC. The TENS employs the M/BCx composite
paper and polytetrafluoroethylene as the friction layers, and the influences of different ratios of
M/BCx on the electrical signals is investigated. The TENS shows high sensitivity in the
detection of Cu2+, Cr3+, and Zn2+, as the detection limit is as low as 1 µM without the need of
ligand molecules. A linear range of 10–300 µM is obtained. The TENS also shows excellent
stability after more than 10 000 continuous operations. This simple-structured, cost-effective
and durable TENS device provides new insights into the methodology of heavy metal ion
detection and can be further developed for the detection of the corresponding ions in serum.
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1. Introduction

With the development of industrialization, heavy metal pollu-
tion has become more and more serious [1–4]. Excess heavy
metals can accumulate biologically and eventually pass along
the food chain to the human body. Most heavy metals are toxic
or carcinogenic and eventually pose a serious threat to human
health [5]. Increasing attention has been paid to the detection
and removal of heavymetal ions [6–8]. However, most of these
techniques require sophisticated and expensive equipment,
professional operators, and external power sources, which
greatly limits the application of these techniques [9].

In 2012, ZhonglinWang’s team invented triboelectric nano-
generators (TENGs) [10]. Based on the coupling of tribo-
electric effect and electrostatic induction, TENG can con-
vert mechanical energy into electric output [11–14]. With the
intensive study of TENG, the concept of triboelectric nano-
sensor (TENS) has also been developed [15–19]. The self-
powered sensing is achieved by influencing the TENS out-
put with the electric charges carried by the detected object.
Wang et al prepared a self-powered TENS for the detection of
dopamine under alkaline conditions [20]. Li et al proposed to
load ligand molecules on the surface of the friction layer of
a TENS to detect heavy metal ions with a detection range of
40–200 µM [21]. Another group developed a TENS for cat-
echin detection, and high sensitivity (detection limit of 5 µM)
was achieved due to the strong interaction of Ti atoms in
the nano-TiO2 material with the catechin enediol group [22].
Wang et al demonstrated a TENS for Hg2+ ion detection using
3-mercaptopropionic acid (3-MPA)-modified Au NPs as elec-
trical enhancers and recognition elements [23]. The advantage
of TENS for ion detection is that it is self-powered and does not
require complex instrumentation, but the sensitivity of TENS
detection is low [24].

2D materials are considered to be powerful materials for
sensing platforms due to their large specific surface area,
dense surface active sites, easy interfacial transport and short
diffusion paths [25, 26]. Combining fluorescence, surface-
enhanced Raman scattering, surface plasmon resonance, field-
effect transistors, and electrochemistry, 2D material-based
sensing platforms have been used to detect heavy metal ions,
organic compounds, pesticide residues, antibiotics, nucleic
acids, proteins, bacteria, and cells. However, all of these 2D
material sensing platforms rely on expensive and sophistic-
ated instruments as well as external power sources, making
in situ detection impossible [27–29]. MXene is a graphene-
like 2D material composed of transition metal carbides/ni-
trides and carbonitrides [24]. Pure MXene has great applica-
tion limitations due to its poor mechanical properties. To solve
this problem, polymers and metal nanowires have been used
as reinforcing agents for MXene, but their high cost greatly
limits the future commercial application [30]. Bacterial cellu-
lose (BC) nanofibers are organic compounds that are low-cost,
abundantly available, easy to prepare, and environmentally
friendly. BC nanofibers have been used together with MXene
in wound repair [31], supercapacitors [32], carbon aerogel
[33], electromagnetic interference shielding [34]. However,

the application of MXene/BC on TENS for material sensing
has never been reported.

In this study, we develop a MXene/BC based TENS to do
heavy metal ion detection, addressing the problems of high
cost, complicated operation process and sophisticated device
requirement of present metal ion detectionmethods. Ultra-thin
composite paper based on MXene/BC (M/BCx, with x indic-
ating BC content) is successfully fabricated and used for the
detection of heavy metal ions in TENS. The large number of
radicals on the surface of 2D MXene nanosheets act as act-
ive sites that bind to heavy metal ions and alter the ability
of M/BCx to gain and lose electrons in the TENS, enabling
a high sensitivity for heavy metal ion detection. The M/BCx

TENS functions well in the detection of Cu2+, Cr3+, and Zn2+

in a range of 1–300 µM (the concentration range specified
by WHO [35]), under the condition that no ligand molecules
are used. This TENS also has excellent stability after more
than 10 000 consecutive operations. The TENS based on the
ultra-thin M/BCx composite paper has good potential in the
fields of heavy metal ion detection in water environment,
as well as for the detection of the corresponding ions in
serum.

2. Materials and methods

2.1. Preparation of MXene materials

(a) Etching: take 30 ml of 36%–38% hydrochloric acid, and
add 10 ml of deionized water to dilute it; add 2 g of lithium
fluoride, put in magnetic mixers to stir the mixed solution,
add 2 g of MAX phase (Ti3AlC2) and stir the mixture at
40 ◦C for 24 h;

(b) De-acidification after etching: divide 40 ml of the above
mixture into two centrifuge tubes, add deionized water to
35 ml and centrifuge (3500 rpm, 3 min); then discard the
supernatant, rinse with 35 ml deionized water and centri-
fuge again. Repeat this step until the pH of the supernatant
drops to 6.0;

(c) Sonication after de-acidification: add deionized water to
35 ml and do sonication in an ice bath for 1 h [36].

2.2. Preparation of M/BCx composite paper

Figure 1 illustrates the process of preparing M/BCx compos-
ite paper by vacuum filtration. BC fibers are purchased from
Guilin Qihong Technology Co., Ltd, China. The fibers have a
diameter range of 50–100 nm and a length of about 20 µm.
Firstly, Ti3AlC2 is etched by a mixture of lithium fluoride
and hydrochloric acid; then 10 mg ml−1 of MXene solution
is obtained by ultrasonic delamination. Take 0.5 ml of MXene
solution with a concentration of 10 mg ml−1 and 0.625 g of
BC with a mass fraction of 0.8% and dilute to 10 ml, to make
M/BC0.5. The mixed solution of M/BC0.5 is obtained after son-
ication in ice bath, and theM/BC0.5 composite paper is formed
by vacuum filtration. In similar way, M/BCx is obtained by
changing the mass ratio of MXene and BC.
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Figure 1. Fabrication process of the M/BCx composite paper.

2.3. M/BCx-TENG fabrication

TheCu tape is adhered to the surface of polytetrafluoroethylene
(PTFE) and cut into a circle with a diameter of 36 mm.
Cu/PTFE is pasted to a polymethyl methacrylate (PMMA)
plate as one contact layer and electrode. On another PMMA
plate, the M/BCx composite paper is pasted, and serves as the
other contact layer and electrode. The two plates are connec-
ted by four springs mounted at their corners, and the distance
between the M/BCx paper and PTFE is 20 mm.

2.4. Characterization and measurement

Microscopic morphological observations of the M/BCx com-
posite paper are performed using a field emission SEM
(NOVA450, Czech Republic) at an accelerating voltage of
10 kV. Crystal and elementary composition are analyzed by
x-ray diffractometer (XRD, PANalytical X′Pert) with Cu Kα
radiation (λ = 1.5406 Å, 2θ = 5◦–40◦, step size of 0.01). A
linear motor (LinMot E1100) is applied to provide periodic
contact-separation movement for the M/BCx-TENG electrical
measurements. The VOC, ISC, and QSC of the M/BCx-TENG
are measured by a Keithley 6517 electrometer and recorded
by an oscilloscope (LeCroy HDO6104).

2.5. Heavy metal ion detection

To evaluate the sensitivity of TENS for the detection of metal
ions, a mechanical linear motor (LinMot E1100) is used to
provide periodic contact separation motion. The maximum
moving distance is 20mm and the operating frequency is 1 Hz.
Constant volumes of heavy metal ion solutions (20 µl) are

dropped onto the surface of M/BC0.5 composite paper. After
drying at ambient temperature (24 ◦C), electrical measure-
ments are performed.

3. Results and discussion

3.1. Characterization of the M/BCx composite paper

The morphology and microstructure of the M/BCx com-
posite paper are observed using SEM. Figure 2 shows the
microscopic morphology of the composite paper with differ-
ent BC contents, in which it can be observed that a large
number of 1D BC fibers are randomly distributed and 2D
MXene nanosheets are loaded on them. As the BC content
increases, more fibrous structures appear on the surface for
the connection between MXene. With the increase of BC
content, the fibers become more and more dense. The cross-
sectional electron micrographs show that the thickness of the
composite paper increases with increasing BC content, and
the thickness of the M/BC0.5 composite paper is 4.724 µm
(figures 2(c) and 3). These results suggest that this compos-
ite structure greatly improves the mechanical strength of the
composite paper. Figure S1 and table S1 (available online at
stacks.iop.org/JMM/32/044003/mmedia) represent the rough-
ness of the composite paper.

Figure 3(a) shows the digital photographs of M/BCx at dif-
ferent ratios. Figure 3(b) shows an airplane folded with the
M/BCx composite paper as a conductor in a circuit to light
LEDs, which vividly shows that the M/BCx composite paper
has excellent thinness, durability and conductivity, and has the
potential to be used as friction nanogenerator electrodes. The
mass of the composite paper is 10 mg (figure 3(c)). XRD tests
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Figure 2. SEM images of the M/BCx composite paper. (a) MXene. (b) M/BC0.25. (c) M/BC0.5. (d) M/BC0.75. (e) BC.

Figure 3. (a) Digital photos of the M/BCx composite paper. (b) M/BC0.5 paper folded into an airplane and remains conductive in a circuit.
(c) Weight of M/BCx. (d) Resistance measurement of M/BCx. (e) XRD pattern of M/BCx.

are performed on the M/BCx composite paper (figure 3(e)),
and the pureMXene paper show strong (002) diffraction peaks
around 7◦, and peaks at 14.1◦ and 22.7◦ are characteristic
peaks of pure BC fibers. The (002) diffraction peak of MXene
shifts to a lower 2θ angle as the BC content increases, which
indicates that the lattice parameters of the M/BCx composite
paper with 1D BC inserted become larger compared to the
pure MXene paper. Meanwhile, with the increase of BC con-
tent, the two characteristic peaks corresponding to BC begin
to increase.

3.2. Preparation process and working mechanism of
M/BCx-TENG

Figure 4(a) shows the preparation process of the nanogen-
erator. Figures 4(b) and (c) shows the microscopic morpho-
logy photos of PTFE and M/BC0.5 composite paper. Accord-
ing to the frictional electron sequence, PTFE is frictionally
electronegative and has a significant difference in its ability
to attract and retain electrons compared to MXene/BC, which
produce a large electrical output of TENG.

The operating mechanism of the vertical contact separa-
tion mode M/BCx-TENG is shown in figure 4(d). When the
Cu/PTFE plate gets in contact with the M/BCx plate driven by

a force, electrons are transferred from the M/BCx electrode
into the PTFE and create a positive charge on the M/BCx

surface and a negative charge on the PTFE surface. When the
external force is withdrawn, separation of the two surface is
created by the spring and then a potential difference is created
between these two films. The potential difference drives the
electrons to flow from the Cu/PTFE electrode to the M/BCx

electrode through an external circuit to counteract the posit-
ive frictional charge on the M/BCx plate. When an external
force is applied again to bring the two electrodes into con-
tact, the potential difference begins to decrease. As a result,
ISC drops from a maximum value to zero when the electrodes
are in full contact with each other again. The reduction in spa-
cing causes the PTFE plate to have a higher potential than the
M/BCx plate. Therefore, electrons flow from the M/BCx elec-
trode to the Cu/PTFE electrode through an external circuit to
shield the positive charges on the PTFE plate.

3.3. M/BCx-TENG electrical output performance
characterization

To evaluate the electrical output performance of the M/BCx-
TENG, a mechanical linear motor is used to provide periodic
contact separation motion. The maximum moving distance

4



J. Micromech. Microeng. 32 (2022) 044003 E Wang et al

Figure 4. (a) Preparation process of TENG. (b), (c) SEM images of PTFE and M/BC0.5. (d) Working mechanism of TENG: (I) external
force brings the two electrodes into contact with each other, generating surface frictional charge; (II) withdrawal of force leads to separation
and flow of electrons from the copper electrode to M/BCx through an external circuit; (III) electrical equilibrium of TENG after charge
distribution; (IV) external force is applied again, bringing the two electrodes into contact and causing electrons to flow from M/BCx to the
copper electrode via an external circuit.

Figure 5. (a) Representation of VOC, ISC, and QSC for M/BCx-TENG. (b) Output voltage and output current for M/BC0.5 with different load
resistances. (c) Different capacitance capacities (1–10 µF). (d) Output voltage for different materials with M/BC0.5. (e) Test of the stability
of the TENS for heavy metal ion detection.

is 20 mm and the operating frequency is 1 Hz. A video of
the experiment trials is recorded as video S1 in the supple-
mentary materials. In order to analyze the effect of BC mass

ratio in M/BCx composite paper on the output performance
of M/BCx-TENG, samples with different BC ratios are pre-
pared. The output performance of both VOC, ISC, and QSC
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Figure 6. Characterization of the heavy metal ion detection performance of the M/BC0.5-TENS. (a)–(c) Variation of VOC with the Cu2+,
Cr3+, and Zn2+ concentrations, respectively. (d) Sensitivity test of the developed TENS for the detection of Cu2+, Cr3+, Zn2+ ions.

decreases with increasing BC content (figure 5(a)). This can
be attributed to the insulating properties of BC. As shown in
figure 5(a), the VOC, ISC, and QSC c of M/BC0.5 are 10.9 V,
90 nA and 3.5 nC, respectively, much higher than those of
M/BC0.75, but not much lower than those of M/BC0.25. To bal-
ance the electrical performance and the mechanical proper-
ties, as well as the fabrication cost of the composite paper,
we choose M/BC0.5 as the friction layer and electrode of
TENG.

The output voltage and current at different external load
resistances is measured, from 1 MΩ to 19 GΩ. The voltage
increases with larger external load resistance, and the current
shows a decreasing trend according to Ohm’s law, as shown in
figure 5(b). The charging capability of M/BC0.5-TENG is also
measured in a rectifier circuit with M/BC0.5-TENG, bridge
rectifier, and commercial capacitors. As shown in figure 5(c),
the 1 µF capacitor is charged to 1 V in 100 s, and the 10 µF
capacitor is charged to 0.7 V in 250 s.

In addition, we investigate the VOC of M/BC0.5 with differ-
ent materials as the other friction layer. The output variation
corresponds to the triboelectric series of the materials. The
highest VOC of 10.9 V is obtained with PTFE and the smal-
lest VOC is obtained with nylon. The stability of the TENS
is further evaluated. After 10 000 cycles of continuous oper-
ation, no drop in Voc is observed, as shown in figure 5(e),
which can be attributed to the excellent mechanical proper-
ties of our M/BC0.5 composite paper, indicating good stability
of this TENS.

3.4. Characterization of M/BC0.5-TENS for heavy metal ion
detection

To verify the detection capability of the M/BC0.5-TENG as
sensor for heavy metal ions, three heavy metal ions commonly
found in industrial wastewater, Zn2+, Cu2+ and Cr3+ [32], are
investigated. In the experiments, constant volumes of heavy
metal ion solutions (20 µl) are dropped onto the surface of
M/BC0.5 composite paper. After drying at ambient temperat-
ure (24 ◦C), electrical measurements are performed. The Voc

varies with Cu2+ concentration as shown in figure 6(a). In
the range of 1–300 µM, the Voc is a monotonically increas-
ing mode. MXene has a large specific surface area and abund-
ant surface functional groups, which provide many sites for
heavy metal ion adsorption. The adsorption of Cu2+ increases
the tendency of the surface to gain electrons; therefore the Voc

increases sensitively with the addition of the metal ions on
the MX/BC composite paper. Similarly, Cr3+ and Zn2+ open-
circuit voltages show similar trends (figures 6(b) and (c)). The
sensing performance of the TENS for the detection of heavy
metal ions is evaluated by the ratio of VOC ((V − V0)/V0), as
shown in figure 6(d). The TENSmakes good responses in elec-
tric signals to the ion concentration changes as low as 1 µM.
This high sensitivity is most likely related to the unique physi-
cochemical properties of MXene. The large number of defect-
ive sites on the surface of MXene, on which the metal ions are
prone to be adsorbed, can change the electron gain/loss capa-
city greatly with very slight ion concentration disturbance. In
a previous report, Li et al added coordination molecules for
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help and get a detection limit of 40 µMheavy metal ions using
their TENS with Cu and PTFE as the friction layers [21]. Here
we make use of the abundant defect sites on the surface of
MXene and largely improve the sensitivity of TENS. The lin-
earity of the TENS in the concentration range of 10–300 µM
for Cu2+, Cr2+, Zn2+ are 0.98311, 0.97787, 0.98383, respect-
ively (figure S2).

4. Conclusion

In this work, we fabricate a novel ultra-thin M/BC composite
paper, based on which we develop a self-powered TENS based
on the frictional electric effect for the detection of heavy metal
ions. For the detection of Cu2+, Cr3+, Zn2+, the TENS works
well in the detection range of 1–300 µM and linear range of
10–300 µM, under the condition that no ligand molecules are
required. This suggests that the TENS is capable of detecting
the toxicity range of heavymetals as specified byWHO. To the
best of our knowledge, this is the first try to combine MXene,
bacteria cellulose and TENS to do ion sensing. This TENS has
high sensitivity, good stability, and is based on a self-powered
technology that can be widely applied in practice. This TENS
has potential applications in industrial wastewater monitoring,
as well as clinical toxicology monitoring.
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