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H3 gas sensor based on Co(OH)2/
Ti3C2Tx nanocomposites operating at room
temperature†
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Ammonia (NH3) is a common air pollutant and is a biomarker for kidney disease. Therefore, the preparation

of ammonia gas sensors with high sensitivity, good selectivity and low operating temperature is of great

importance for health protection. Using the in situ electrostatic self-assembly approach,

a chemoresistive gas sensor based on Co(OH)2/Ti3C2Tx hybrid material was created in this study. The

prepared samples were characterized by XRD, XPS, TEM, BET and other testing methods for structure,

surface topography and elements. These samples were fabricated into sensors, and the gas sensing

properties of the materials were investigated under different test conditions. The results show that the

gas response value of the C/M-2 sensor is up to about 14.7%/100 ppm, which is three times the

response value of the sensor made of pure MXene to NH3. In addition, the Co(OH)2/Ti3C2Tx hybrid

sensors exhibit excellent repeatability, high sensitivity under low concentration (less than 5 ppm), fast

response/recovery time (29 s/49 s) and long-time stability, which indicates their promising utility in the

IoT field.
1. Introduction

Ammonia is colorless, water-soluble and has a strong irritating
odor. As one of the most commonly produced and applied
chemical substances around the world, ammonia is both a gas
in industry and a toxic corrosive agent that poses a threat to
human health and environmental quality. On the one hand, it is
a nitrogen oxide gas that has been widely used in cooling
systems, fertilizer production, food processing and to reduce
nitrogen oxides in diesel vehicles. On the other hand, it is also
a highly toxic compound that is awfully harmful to humans and
animals, because they can seriously inhibit the consumption of
oxygen in human tissues, cause damages to mucous
membranes, irritate human eyes, and cause chronic coughing,
asthma and lung brosis. In addition, aerosols formed by the
reaction of ammonia with nitric acid and sulfuric acid in the air
can produce haze and thus threaten the environment. Accord-
ing to previous researches, a human body can be poisoned
when it is in an ammonia environment of 700 mg m−3 for thirty
minutes, and it can be life-threatening when the ammonia
ring, Zhengzhou University, Zhengzhou

eering, Henan University of Technology,
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concentration reaches 1750–4000 mg m−3.1 To sum up, both
monitoring of air pollution and diagnosis and prevention of
diseases require accurate and rapid detection of ammonia gas.
Therefore, the development of sensors that are capable of
accurately detecting ammonia is of great importance for
production safety and human health.2,3

In the last decades, many gas-sensitive materials have been
developed for toxic gas detection applications, which include
metal oxide semiconductors4 and carbon nanomaterials.5 They
are generally required operated at high temperatures, which
also consume a large amount of energy. Therefore, numerous
researches have been conducted in recent years to develop gas
sensors working at room temperature or low temperature. Some
of these efforts include doping of noble metals, construction of
heterojunctions, material compounding and application of low-
dimensional materials (BP, GO, CNTS).6–8

In recent years, with the continuous research and explora-
tion of 2D (two-dimensional) materials, the family of 2D mate-
rials has been gradually enriched, including graphene, MXene,
MoS2, etc. MoS2 and graphene have a high specic surface area
and provide a large number of active adsorption sites for gases,
which makes them gas-sensitive at room temperature, and
therefore there is an increasing research on the application of
two dimensional materials for room temperature gas sensors.
In 2011, MXene was co-discovered by the team of Prof. Yury
Gogotsi and Prof. Michel Barsoum in the USA.9 MXene, as a new
type of two-dimensional material, has a graphene-like layer
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
structure. Compared with other two-dimensional materials, it
has a large specic surface area and at the same time has good
metal-like electrical conductivity and abundant surface func-
tional groups. Therefore, MXene materials have been widely
used in many elds, such as solar cells, supercapacitors, gas
separation, energy storage, environmental pollution control,
biosensors, etc. There is also a great progress in the eld of gas
sensing. The excellent electrical conductivity of MXene makes it
gas responsive at ultra-low operating voltages and practically
applicable. Besides, the surface functional groups give MXene
outstanding hydrophilicity, therefore, MXene can be well
dispersed in aqueous solutions and has good solution proc-
essability.10 Taking Ti3C2Tx MXene as an example, its gas-
sensitive performance at room temperature has been proved
theoretically and experimentally, especially for NH3.11 The
remarkable electrical conductivity of Ti3C2Tx also allows for low
noise during gas sensing. However, pure Ti3C2Tx gas sensors
have been facing the problem of low sensitivity. According to
the previous researches, the sensitivity to ammonia is about
2.8%/10 ppm,12 about 0.8%/100 ppm,13 about 0.7%/10 ppm.14

This disadvantage causes serious difficulty to the signal pro-
cessing later. Therefore, signicantly improving the sensitivity
of the Ti3C2Tx gas sensors is urgent. Co(OH)2 is a promising
transition metal hydroxide with low preparation cost, high
corrosion resistance and stable long-term performance. In
addition to this, Co(OH)2 is widely constructed as hetero-
junctions with other materials due to its advantages such as
high specic surface area and large interlayer spacing,
achieving good results in the capacitor and catalytic direc-
tions.23 The –O and –OH functional groups have strong inter-
actions with NH3 molecules. Ti3C2Tx is also sensitive to NH3 at
room temperature. Therefore, we believe that Co(OH)2/Ti3C2Tx

composites may be a good choice for NH3 detection.25 To our
knowledge, studies on the gas-sensitive properties of Co(OH)2
modied 2D Ti3C2Tx MXene materials have not been reported
yet.

In this paper, Co(OH)2/Ti3C2Tx nanocomposites were
prepared by using in situ electrostatic self-assembly method.
The morphology, crystal phase and chemical state of the
samples were evaluated by using XRD, XPS and TEM. The
results indicate that the Co(OH)2/Ti3C2Tx composites are not
only highly responsive to NH3, but also have a high level of
selectivity and consistency, which is attributed to the produc-
tion of interfacial heterojunctions and the synergistic effect
Fig. 1 Schematic illustration of the experimental procedure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
between the Co(OH)2/Ti3C2Tx composites. These excellent gas
sensing properties prove their good practicality in the eld of
Internet of Things (IoT).

2. Experimental

Cobaltous nitrate hexahydrate (AR, 99%) and sodium hydroxide
(ACS, K # 0.02%, $98.0% (T), Flakes) were obtained from
Aladdin. Ti3C2Tx was prepared by removing the Al layer of MAX
phase (Jilin 11 Technology Co. Ltd.), and HF aqueous solution
(AR, $40%) was purchased from Sinopharm.

2.1 Synthesis of Ti3C2Tx MXene

In the experiment, 1 g of Ti3AlC2 powder was slowly added to
20 ml of HF solution. The mixture was washed with deionized
water at 3500 rpm until the pH is around 6. The supernatant
was removed to obtain the precipitate, and the precipitate was
dried under vacuum at 80 °C for 12 h to obtain Ti3C2Tx powder.

2.2 Synthesis of Co(OH)2/Ti3C2Tx nanocomposites

Using an in situ electrostatic self-assembly approach, the
Co(OH)2/Ti3C2Tx was created. In the beginning, appropriate
amount of Co(NO3)2$6H2O was added into 15 ml of deionized
water. It should be noticed that for the added Co(NO3)2$6H2O
should be completely dissolved. And then, 100 mg of Ti3C2Tx

powder was added into the solution while stirring. Aer 15
minutes of sonication, 8 ml of NaOH was added dropwise while
stirring. Furthermore, the mixture had been stirred at room
temperature for 1 h. The precipitate was collected by washing
and ltering, and the washed material had been dried under
vacuum for 12 h to obtain Co(OH)2/Ti3C2Tx powder. The theo-
retical proportions of Co(OH)2 in the composites were 1.60%,
2.13%, 3.19%, and 5.32%, respectively. For convenience, the
nal products were named as C/M-1, C/M-2, C/M-3, and C/M-4
respectively. The pure Co(OH)2 was made in the same
method, but without the inclusion of Ti3C2Tx MXene. The
specic experimental procedure is shown in Fig. 1.

2.3 Material characterization

The crystal structures of the as-prepared samples were investi-
gated using X-ray diffraction (XRD, X'Pert 3, powder) with a Cu
Ka radiation (l = 1.5442 Å). The crystal property data was
conrmed by the 2q range selected of 5°–90°. The surface
RSC Adv., 2022, 12, 33056–33063 | 33057
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Fig. 2 XRD patterns of (a) Co(OH)2 and (b) Ti3C2Tx MXene and MAX
and the Co(OH)2/Ti3C2Tx hybrids (2.13 wt%).
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composition and electronic state of these samples were
analyzed by using an X-ray photoelectric spectroscopy (XPS,
ThermoFisher ESCALAB 250Xi) with a monochromatic Al Ka
source (1486.6 eV). The microscopic morphology and structure
of the materials were observed by using a transmission electron
microscopy (TEM, JEM-2100). The adsorption on the surface of
the particles and the specic surface area of the materials were
examined by Brunauer–Emmett–Teller (BET, Mac2460).

2.4 Fabrication and measurement of gas sensor

An appropriate amount of the composite material was added to
suitable amount of anhydrous ethanol, and the mixture had
been sonicated for 2–5 minutes until the composite material
was completely dissolved. It should be guaranteed that the
electrode on the ceramic tube is completely coated the material
and the thickness of the coating is uniform. The coated ceramic
tube had been vacuum dried at 80 °C for 6 h. Moreover, the
dried ceramic tube was welded to the base. Testing by WS-30B
gas sensitive element test system (Zhengzhou Weisheng Elec-
tronic Technology Co., Ltd.). The exact procedure is shown in
Fig. 1. For comparison, pure Ti3C2Tx MXene was also tested by
applying the same method. The gases to be tested in this
experiment are dimethylformamide, ammonia, xylene, glacial
acetic acid, formaldehyde, and ethanol. These gases exist in
liquid form at room temperature and evaporate very slowly. The
concentration of the target gas can be calculated according to
formula (1):

Vx = V × C × M × 10−9/(22.4 × d × p) (1)

Among them, Vx is the volume of the gas to be tested (mL) to
be injected, V is the volume of the gas test chamber (mL), C is
the concentration of the gas to be tested (ppm), and M is the
molar mass of the gas to be tested (g mol−1), d is the density of
the gas to be tested (g cm−3), p is the purity of the gas to be
tested (%), and the volume of the test chamber in this experi-
ment is 18 L. Aer obtaining a stable baseline, the tested gases
were injected into the WS-30B chamber with a micro syringe,
and the evaporation was accelerated by heating. A stable base-
line was obtained again aer a period of adsorption. All tests
were performed at room temperature and the gas response was
calculated as GR = jRa − Rgj/Ra × 100%, where Ra and Rg

represent the resistance of the gas sensor in air and the resis-
tance of the gas sensor in the target gas, respectively. The test
voltage for this experiment is 5 V.

3. Results and discussion
3.1 Characterization of the nanocomposites

The XRD diffraction patterns of Ti3AlC2, Ti3C2Tx, and Co(OH)2/
Ti3C2Tx are shown in Fig. 2. Ti3AlC2 is the most commonly used
MAX phase for the preparation of Ti3C2Tx MXene. The peaks of
measured XRD for the applied raw material are almost consis-
tent with those of Ti3AlC2 (PDF card 52-0875).15,16 Ti3C2Tx aer
HF etching, the (002) peak is slightly displaced because of the
removal of Al atoms from Ti3C2Tx, which increases the inter-
layer spacing. However, due to the low content and weak
33058 | RSC Adv., 2022, 12, 33056–33063
crystallinity of Co(OH)2, almost no characteristic peaks of
Co(OH)2 were observed in the XRD patterns of the composites.17

We therefore prepared pure Co(OH)2 in exactly the same way as
the composite, but without the MXene. As shown in Fig. 2, the
XRD design of immaculate Co(OH)2 concurs well with a normal
PDF card (JCPDS card No. 00-030-0443) of b-Co(OH)2. The
characteristic peaks at 19.2°, 32.5°, 37.9°, 51.5°, 57.9°, and 61.6°
correspond to (001), (100), (101), (102), (110), and (111),
respectively.18 The characteristic peak in the (002) plane of
Ti3C2Tx becomes stronger aer alkalinization. Then, the peak
shis to a low diffraction angle. The intercalation Na+ increases
the c-lattice parameter and also facilitates the diffusion of gas
molecules.19

The etched Ti3C2Tx MXene has a layered structure that looks
like an accordion. The lattice spacing of the crystalline surface
(100) is about 0.256 nm (Fig. 3b).20 In Fig. 3(c)–(e), the nano-
particles of Co(OH)2 are mainly attached to the external surface
of the MXene. The HRTEM images (Fig. 3(c)–(e)) of the mixed
Co(OH)2/Ti3C2Tx sample showed the coexistence of b-Co(OH)2
crystal plane (101) and Ti3C2Tx MXene (100) with the spacing of
the lattice 0.23 nm and 0.259 nm, respectively.21 The compos-
ite's inset SADE picture contains the (001) and (101) peaks of b-
Co(OH)2.17 In Fig. 3, the mapping of the elements of Co(OH)2/
Ti3C2Tx hybrids shows the coexistence of elements C, Ti, Co,
and O with a uniform and similar distribution. The results of
the elemental mapping of Co are not obvious, due to the small
amount of Co(OH)2 in C/M-2. Using the in site electrostatic self-
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06367k


Fig. 3 (a) TEM and (b) HRTEM images of Ti3C2Tx MXene. (c and d) TEM and (e) HRTEM images of Co(OH)2/Ti3C2Tx hybrids (f) HADDF image of
Co(OH)2/Ti3C2Tx hybrids and corresponding elemental mapping of C, Ti, Co, and O.
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assembly, the above-mentioned investigation indicates the
successful development of Co(OH)2 on MXene surface.

The elemental composition and chemical valence states of
the samples were further analyzed by XPS tests. The XPS of
Fig. 4 (a) Full survey XPS spectrum of Co(OH)2/Ti3C2Tx. High-resolution
XPS spectra for (c) C 1s, (d) O 1s and (e) Ti 2p of Co(OH)2/Ti3C2Tx hybrid

© 2022 The Author(s). Published by the Royal Society of Chemistry
Ti3C2Tx MXene shows C 1s, Ti 2p, O 1s, and F 1s, but no Al
elements, suggesting that the Al atomic layer was destroyed by
HF during the etching process, as shown in Fig. 4a, thus
introducing –O, –F groups. The full spectrum of the Co(OH)2/
XPS spectra for (b) Co 2p of Co(OH)2/Ti3C2Tx hybrids. High-resolution
s and Ti3C2Tx MXene.

RSC Adv., 2022, 12, 33056–33063 | 33059
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Ti3C2Tx composite conrmed the coexistence of C, Ti, O, F, and
Co elements, which is also consistent with the EDS analysis,
demonstrating the successful composite of Co(OH)2 with
Ti3C2Tx. The energy spectra of Co elements are shown in Fig. 4b,
where the bond energies located at 781.3 eV and 796.5 eV are
Co2p3/2 and Co2p1/2, respectively, and the difference between
their binding energies is 15.2 eV. The other two peaks with bond
energies of 787.5 eV and 802.7 eV are the satellite peaks of
Co2p3/2 and Co2p1/2, respectively.16 The presence of Co2+ was
proved by using the above-mentioned analysis. As shown in
Fig. 4e, in the energy spectrum of Ti element of Co(OH)2/Ti3C2Tx

composite, the peaks located at 455 eV, 455.3 eV and 455.7 eV
are the Ti–O bond, low charge titanium ion and TiO2, respec-
tively. Compared with pure Ti3C2Tx, the positive displacement
of the Ti peak can be observed in Co(OH)2/Ti3C2Tx. Because of
the increase in the oxidation number of Ti, more valence elec-
trons are transferred to O ions, leading to the positive
displacement of Ti. As a result, Ti peak can be observed in
Co(OH)2/Ti3C2Tx. As the oxidation process proceeds, the peak
intensity of TiO2 increases, while the peak intensity of TixOy and
Ti–O decreases, indicating an increase in the portion of the
oxidation region. Fig. 4c shows the energy spectra of Co(OH)2/
Ti3C2Tx composites with C elements located at 280.6 eV,
281.8 eV, 285 eV and 287.6 eV C–H bond, C–Ti bond, C–C bond
and C–O bond, respectively. As shown in Fig. 4d, the peaks
located at 529.8 eV and 531.1 eV in the O-element energy
spectrum of the Co(OH)2/Ti3C2Tx composite are O–H and Ti–O,
respectively. Unlike the energy spectrum of Ti3C2Tx MXene, the
lattice oxygen in Co(OH)2/Ti3C2Tx belongs mainly to O–H and
Ti–O.22
Fig. 5 Nitrogen adsorption–desorption isotherms of (a) the Co(OH)2/
Ti3C2Tx hybrids (2.13 wt%) and (b) Ti3C2Tx MXene.

33060 | RSC Adv., 2022, 12, 33056–33063
The BET isotherms of Ti3C2Tx and Co(OH)2/Ti3C2Tx are
shown in Fig. 5. It can be seen that all the prepared samples
show hysteresis. It is because that the isotherms obtained
during desorption do not coincide with the isotherms obtained
during adsorption, and the desorption isotherm is higher than
the adsorption isotherm, producing adsorption hysteresis. Its
adsorption–desorption isotherm can be classied as IV-type. It
is related to the porous nature of the gas sensing material.22,23

Moreover, the BET specic surface area corresponding to
Co(OH)2/Ti3C2Tx is about 19.0984 m2 g−1, which is about ve
times the specic surface area of pure Ti3C2Tx (3.9900 m2 g−1).
The composite Co(OH)2/Ti3C2Tx sample's high specic surface
area can increase the number of locations of active adsorption
for the gas molecules, improving gas responsiveness even more.
3.2 Gas sensing performance

Experiments were also conducted to determine the inuence of
Co(OH)2 on the Co(OH)2/Ti3C2Tx hybrid sensor. Fig. 5 shows the
dynamic response values of pure Ti3C2Tx, C/M-1, C/M-2, C/M-3,
and C/M-4 sensors to 100 ppm ammonia gas, from which the
values of gas response of pure Ti3C2Tx, C/M-1, C/M-2, C/M-3,
and C/M-4 sensors to 100 ppm ammonia gas can be calcu-
lated as 4.8%, 12%, 14.7%, 9.4%, and 8.2%, respectively. With
increasing amounts of Co(OH)2, the response was shown to
steadily grow. However, increasing the amount of Co(OH)2
reduces the sensor's responsiveness, which is most likely due to
partial aggregation of Co(OH)2 resulting in a reduction in the
effective active site. In summary, the C/M-2 sensor with
a Co(OH)2 content of 2.13 wt% showed the highest response
rate to NH3. To investigate the repeatability of the Co(OH)2/
Ti3C2Tx hybrid sensor, the cycling experiments with ve
successive passages of 100 ppm ammonia gas was conducted.
In Fig. 6b, it can be observed that the Co(OH)2/Ti3C2Tx hybrid
sensor has good repeatability and a small range of variation in
response values. The results showed that the Co(OH)2/Ti3C2Tx

hybrid sensor's average response was 15.04 over 5 cycles.
To further investigate the gas performance, the Co(OH)2/

Ti3C2Tx hybrid sensor was exposed to different concentrations
of NH3 continuously. Fig. 6c shows that the change in response
value of the sensor increases as the NH3 concentration
increases from 5 ppm to 100 ppm. For comparison, the same
experiment was performed on a pure Ti3C2Tx sensor (Fig. 6d),
the response value of Ti3C2Tx also increases continuously. In
addition to this, it can also be observed that the response values
of Co(OH)2/Ti3C2Tx hybrid sensor at all different concentrations
are about three times of the response values of pure Ti3C2Tx,
respectively.

In order to check the immunity of the Co(OH)2/Ti3C2Tx

hybrid sensor, the same concentration of different gases is
introduced in order to further investigate the selectivity of the
sensor. As a control, the same experiments were carried out on
a pure Ti3C2Tx gas sensor. The experimental results are shown
in Fig. 6e. The responses of the Co(OH)2/Ti3C2Tx hybrid sensor
to NH3, C3H7NO (DMF), CH3COOH, C8H10, HCHO and C2H5OH
were 14.7%, 1.4%, 0.4%, 0.1%, 1.7% and 0.7%, respectively. The
corresponding response values were 4.7%, 0.3%, 0.2%, 0.05%,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Response of all samples to 100 ppmNH3. (b) Repeatability of C/M-2 sensor toward 100 ppmNH3 at room temperature. (c) Ti3C2Tx and
(d) C/M-2 sensor to 5–100 ppm NH3. (e) Selectivity of the C/M-2 and Ti3C2Tx sensor to various gases at room temperature. (f) Dynamic
response–recovery curves of the C/M-2 sensor at 30–70% RH towards 100 ppm NH3.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
11

:3
6:

52
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
0.05% and 0.1%, respectively, which are much lower than those
obtained using the Co(OH)2/Ti3C2Tx hybrid sensor. In addition
to this, the response values of the Co(OH)2/Ti3C2Tx hybrid
sensor for NH3 were 10.5–147 times higher than the response
values for the other gases, demonstrating the high selectivity of
the Co(OH)2/Ti3C2Tx hybrid sensor for NH3.24 Based on the
results of the above investigations, modication of 2D-Ti3C2Tx

with Co(OH)2 can greatly improve the gas sensing capability.
In addition, the sensor made from Co(OH)2/Ti3C2Tx nano-

composites showed good long-term stability in a real-world
environment, the results of which are shown in Fig. 7.25–27 The
response to 100 ppm NH3 at room temperature rst decreased
slightly over a period of 30 days and then stabilised at an
approximately constant level. The initial response value of
75.6% was maintained at day 30. In addition, Fig. 7 shows that
Fig. 7 Long-term stability of the C/M-2 sensor to 100 ppm NH3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the Co(OH)2/Ti3C2Tx sensor still showed good recovery behav-
iour at day 30.

As most gas sensors are sensitive to ambient humidity, and
therefore, the effects of various humidity levels on the Co(OH)2/
Ti3C2Tx hybrid sensor are addressed further. Curves of response
with response values of the Co(OH)2/Ti3C2Tx hybrid sensor from
30% to 70% relative humidity at 100 ppm NH3 are recorded as
Fig. 8 (a) Schematic of the reaction between NH3 and Co(OH)2/
Ti3C2Tx composite. (b) Energy band structure diagram and conduc-
tivity pathway of the Co(OH)2/Ti3C2Tx hybrid sensor before and after
NH3 molecules absorption.
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Table 1 The comparison of NH3 sensing performance between the Co(OH)2/Ti3C2Tx sensor designed here in and other Ti3C2Tx sensors in
recent reports (at room temperature)

Sensor Ammonia concentration Response Temperature Ref.

Ti3C2Tx 100 ppm 0.8% RT 33
Ti3C2Tx 500 ppm 6.13% RT 34
Ti3C2Tx/W18O49 20 ppm 2% RT 35
Ti3C2Tx/GO 100 ppm 7.21% RT 3
Ti3C2Tx/Ni(OH)2 50 ppm 11.6% RT 23
Ti3C2Tx/TiO2 10 ppm 3% RT 36
Ti3C2Tx/polyaniline 10 ppm 1.7% 20 °C 37
Ti3C2Tx/polyacrylamide 200 ppm 4.7% RT 38
Ti3C2Tx/Co(OH)2 100 ppm 14.7% RT This work
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shown in Fig. 6f. The gas response values gradually decrease as
the relative humidity increases from 30% to 60%. In any case,
with assist increment in mugginess, the response value starts to
rise again at 70% RH. This is due to the competition between
H2O and O2 molecules for capturing electrons from Co(OH)2/
Ti3C2Tx, which is not favorable for the adsorption of ionic oxide
species (O2

−, O− and O2−) on the composite surface and target
gas. Therefore, the Co(OH)2/Ti3C2Tx sensor response value
decreases with moderate increase of the relative humidity.
When the humidity reaches a certain level, ammonia molecules
mix with molecules of water to form hydrated ammonia mole-
cules, which increases the crystal plane spacing of Ti3C2Tx,
weakening the conductivity and improving the response.
3.3 Gas sensing mechanism

The ndings of the above-mentioned experiments reveal that
the Co(OH)2/Ti3C2Tx hybrid sensor outperforms the Ti3C2Tx

MXene sensor in terms of gas sensing performance. On the one
hand, the Co(OH)2/Ti3C2Tx composite made via electrostatic
self-assembly in situ has a greater region of particular surface
than pure Ti3C2Tx, which can be conrmed by the results of BET
(Fig. 5). Thus, Co(OH)2 adds more active sites to the material
surface, allowing adsorption of additional NH3 molecules.28 On
the other hand, the interface forms heterojunctions and carrier
density. It is well known that NH3 as an electron donor is
a typical reducing gas. When the gas-sensitive element is
exposed to NH3, NH3 will undergo redox reactions with O2

−, O−,
and OH− ions.

4NH3(ads) + 5O2
−(ads) / 4NO (gas) + 6H2O + 5e− (2)

2NH3(ads) + 3O− / N2 + 3H2O + 3e− (3)

NH3(ads) + OH− / NH2 + H2O + e− (4)

The gas-sensitive mechanism model of Co(OH)2/Ti3C2Tx is
given in Fig. 8. Since Co(OH)2 is a p-type semiconductor, posi-
tive ions are formed on the surface of Co(OH)2 for
adsorption.29–33 NH3 transfers the generated electrons to the
Co(OH)2 surface and the hole concentration on the semi-
conductor surface decreases. As a result, the Fermi energy level
position changes, and resistance rises. In addition, to equalize
the Fermi energy level, electrons from ammonia gas will be
33062 | RSC Adv., 2022, 12, 33056–33063
transmitted to Ti3C2Tx MXene. Because of the carrier migration
caused by gas molecule adsorption, most of the carrier hole
concentration on Ti3C2Tx MXene will be further reduced,
leading to the narrowing of the conducting path of Ti3C2Tx

MXene. Table 1 summarises the response values of MXene to
ammonia gas when compounded with other materials at room
temperature.
4. Conclusions

In summary, electrostatic self-assembly in situ was employed to
create gas sensors according to Co(OH)2/Ti3C2Tx hybrid mate-
rials, and their gas-sensitive features were explored. Co(OH)2/
Ti3C2Tx hybrid sensors provide greater gas-sensitive perfor-
mance than pure Ti3C2Tx-based sensors due to the creation of
heterojunctions between surfaces and density of carriers
manipulation. For instance, its response, repeatability, selec-
tivity and stability are improved. In addition, the Co(OH)2/
Ti3C2Tx hybrid sensor exhibit higher response to NH3 at 30%
RH and 70% RH. In addition, the Co(OH)2/Ti3C2Tx hybrid
sensor exhibit higher response to NH3 at 30% RH and 70% RH,
it is promising for use in both practical and complicated situ-
ations. More importantly, as the sensors can be operated at
room temperature, the sensors able to be applied to real-time
monitoring of ammonia gas at room temperature.
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