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a b s t r a c t

Traditional Pt/C electrode materials are prone to corrosion and detachment during H2S detection, lead-

ing to a decrease in fuel cell-type sensor performance. Here, a high-performance H2S sensor based on Pt

loaded Ti3C2 electrode material with -O/-OH terminal groups was designed and prepared. Experimental

tests showed that the Pt/Ti3C2 sensor has good sensitivity (0.162 μA/ppm) and a very low detection limit

to H2S (10 ppb). After 90 days of stability testing, the response of the Pt/Ti3C2 sensor shows a smaller de-

crease of 2% compared to that of the Pt/C sensor (22.9%). Meanwhile, the sensor also has high selectivity

and repeatability. The density functional theory (DFT) calculation combined with the experiment results

revealed that the improved H2S sensing mechanism is attributed to the fact that the strong interaction

between Pt and Ti3C2 via the Pt-O-Ti bonding can reduce the formation energy of Pt and Ti3C2, ultimately

prolonging the sensor’s service life. Furthermore, the catalytic property of Pt can decrease the adsorption

energy and dissociation barrier of H2S on Pt/Ti3C2 surface, greatly enhance the ability to generate protons

and effectively transfer charges, realizing good sensitivity and high selectivity of the sensor. The sensor

works at room temperature, making it very promising in the field of H2S detection in future.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen sulfide (H2S) is normally a colorless and flammable

acidic gas, as well as a toxic gas with a foul egg odor [1,2]. When

mixed with air, it can form an explosive mixture, which can cause

combustion and explosions when exposed to open flames and high

heat [3]. Low concentrations of H2S cause harm to the eyes, respi-

ratory system, and central nervous system. Inhaling small amounts

of high concentrations of H2S can be fatal in a short period of time

[4-6]. In addition, H2S can also pose a risk of corrosion and aging

to the equipment [7]. At present, the sensors used for H2S detec-

tion mainly include optical sensors [8,9], metal oxide semiconduc-

tor sensors [10-16], and electrochemical sensors [17-21]. Among

them, optical sensors have high accuracy, but high manufacturing

costs and complex operations make them only used in certain ap-

plications. Metal oxide semiconductor sensors have received exten-

sive research due to their high sensitivity, low cost, and portabil-

ity. However, their poor selectivity and high operating temperature

urge people to continuously improve the sensor performance to

meet further applications. As an electrochemical sensor, the proton
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exchange membrane (PEM) fuel cell-type gas sensor uses Nafion

proton membrane as the solid electrolyte to separate the gas from

the anode and cathode. After the gas reaches the anode, the oxi-

dation reaction occurs to produce protons and electrons, which are

respectively transferred to the cathode through the proton mem-

brane and the external circuit for the reduction reaction. Finally,

the current is collected and gas detection is realized. This sensing

feature gives the sensors the advantages such as low power con-

sumption, cheap cost, small size, good linear response, and fast re-

sponse time, making sensors have great potential for application in

H2S detection [22-27].

Pt/C, as the most commonly used catalyst in PEM fuel cell

gas sensors, has excellent catalytic performance [28]. However, the

weak bonding between Pt and carbon carrier makes carbon ma-

terial susceptible to corrosion in the oxidizing environment, ul-

timately leading to the separation and further aggregation of Pt

particles from the carrier. In addition, Pt/C has catalytic effects on

multiple gases, resulting in poor selectivity of the sensor [29-32].

These issues will reduce the sensitivity and accuracy of sensors,

and lead to their complex calibration. Therefore, there is an urgent
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need to develop the materials with stable structure and high con-

ductivity as carriers for Pt.

Transition metal carbide (Ti3C2, MXene) has been considered

an excellent catalyst carrier due to its excellent metal conduc-

tivity, two-dimensional properties, and special chemical stability

[33,34]. The unique two-dimensional layered structure can not only

provide abundant anchoring space but also have abundant sur-

face chemical properties, which are conducive to the loading of Pt

nanoparticles. Moreover, its excellent conductivity and structural

stability have a positive influence on promoting the oxidation–

reduction reaction (ORR) [35]. Therefore, Ti3C2 and its compos-

ite with Pt catalyst have attracted increasing attention in recent

years. For example, researchers found that the terminal groups on

the surface of MXene played an important role in the stability of

the material, and Ti3C2 with -O/-OH terminal groups had excel-

lent chemical stability [36,37]. Meanwhile, Yeongdae Lee demon-

strated that Pt loaded on multi-layer Ti3C2 (22L-Ti3C2) exhibited

higher ORR activity compared to single-layer Ti3C2 (1L-Ti3C2) or

few-layer Ti3C2 (4L-Ti3C2) [33]. Studies also confirmed that Ti3C2

support was more corrosion-resistant than carbon support, mak-

ing the catalyst more durable during repeated ORR cycles [38]. In

addition, Z.Y. Zhang, Y.J. Wang, and C.X. Xu showed through exper-

iments that there were strong metal-support interactions (SMSI)

between Pt and Ti3C2, and Pt/Ti3C2 had significantly higher dura-

bility and ORR activity than Pt/C [35,39,40]. The above studies in-

dicate the modified Pt/Ti3C2 can become an excellent catalyst ma-

terial with better performance than Pt/C, and can be used for fuel

cell-type sensors to improve their performance.

In this work, a fuel cell-type H2S gas sensor based on Pt loaded

Ti3C2 electrode material with -O/-OH terminal groups was de-

signed and prepared. Experiment results combined with density

functional theory (DFT) calculations indicated that -O/-OH termi-

nal groups of Ti3C2 replace -F/-OH terminal groups, and after Pt is

loaded on the surface of Ti3C2, it results in the formation of the Pt-

O-Ti bonding, enhancing the interaction between Pt and Ti3C2, and

prolonging the service life of the sensor. And the catalytic activity

of Pt can decrease the adsorption energy and dissociation barrier

of H2S on the Pt/Ti3C2 surface, realizing good sensitivity and high

selectivity of the sensor. Ultimately, the SMSI between Pt and Ti3C2

and high catalytic activity of Pt make the H2S sensing performance

of Pt/Ti3C2 sensor surpass that of Pt/C sensor.

The Ti3C2 was prepared by etching the Al layer in Ti3AlC2 with

in-situ generated hydrofluoric acid. In detail, 2 g Ti3AlC2 was slowly

added to a mixed solution of HCl (40mL) and LiF (2 g), and then

stirred at 25 °C for 48h. The obtained product was washed multi-

ple times with deionized water until the upper liquid turned black.

The precipitate was collected by centrifugation at 4000 rpm and

then vacuum dried. Finally, the prepared Ti3C2 powder was an-

nealed at 350 °C in H2 atmosphere for 30min.

Next, Pt/Ti3C2 materials with different Pt mass fractions were

prepared by the NaBH4 reduction method. In detail, 50mmol/L of

H2PtCl6 and Ti3C2 with a certain proportion were added to the

beaker, and then an appropriate amount of Na3C6H5O7·2H2O was

added to suppress agglomeration. Subsequently, 50mL deionized

water was added to the beaker and stirred for 20min to evenly

disperse the solute. After the NaBH4 alkaline solution (pH ≥ 13)

was added dropwise to the solution above, the obtained solu-

tion was stirred in an 80 °C water bath for 2h. Finally, the ob-

tained product was subjected to multiple washes and filtration,

followed by vacuum drying overnight at 80 oC to obtain Pt/Ti3C2

with different Pt load amounts. The catalyst materials with Pt

mass fractions of 5 wt%, 10 wt%, 20 wt%, and 30 wt% are called

Pt5/Ti3C2, Pt10/Ti3C2, Pt20/Ti3C2, and Pt30/Ti3C2, respectively. And

their Pt atomic percentages are calculated to be about 0.903%,

1.908%, 4.292%, and 5.723%, respectively. In this work, Pt/Ti3C2 ma-

terials without specifying the Pt mass fractions are all Pt10/Ti3C2.

Fig. 1. (a) XRD patterns of six products. XPS spectra of (b) O 1s, (c) F 1s for Ti3C2

before and after H2 annealing, and (d) Pt 4f for Pt/Ti3C2 and Pt/C.

The X-ray diffraction (XRD) patterns of Ti3C2, Pt/C, and Pt/Ti3C2

with different Pt mass fractions are shown in Fig. 1a. Firstly,

the diffraction peak of Ti3AlC2 at 9.5° (JCPDS No. 52–0875) cor-

responding to the (002) plane shifts towards a lower angle,

while its diffraction peak at 39.0° completely disappears, indicat-

ing that Ti3AlC2 has successfully transformed into Ti3C2 [41,42].

For Pt/Ti3C2 and Pt/C, broad diffraction peaks of Pt appear at

2θ =40.0°, 46.4°, 67.9°, 81.6°, and 86.3°. After comparison with the

XRD standard card (JCPDS No. 87–0640), it was found that these

peaks correspond to the (111), (200), (220), (311), and (222) crys-

tal planes of Pt. These results indicate that Pt was successfully

loaded onto the prepared Ti3C2. According to the Bragg equation,

nλ=2dsinθ , where n is the diffraction order, λ is the wavelength

of the X-ray, θ is the diffraction angle, and d is the interplane spac-

ing, the spacing of the (111) crystal plane of Pt nanoparticles was

calculated to be 0.2258nm. In addition, the intensity of the Pt peak

increases with the increase of Pt loading on the surface of Pt/Ti3C2.

The XPS spectra of O 1s for Ti3C2 after H2 annealing are shown

in Fig. 1b. It was found that the integral area of the Gaussian fitting

peak for Ti-OH decreases while that for Ti-O increases, indicating

a large amount of -OH terminal groups were converted to -O ter-

minal groups. Fig. 1c shows that compared to before H2 annealing,

the peak intensity of F 1s significantly decreases and its peak posi-

tion shifts towards lower binding energy after H2 annealing, indi-

cating a decrease in the -F terminal group. The above result illus-

trates the terminal groups of Ti3C2 converted from -F/-OH to -O/-

OH [43,44]. Fig. 1d shows the high-resolution XPS spectra of Pt 4f

for Pt/Ti3C2 and Pt/C, and there are three bimodal Gaussian fitting

peaks of Pt 4f, represented by red, purple, and green peaks cor-

responding to Pt0, Pt2+, and Pt4+, respectively. Importantly, there

is more Pt0 in Pt/Ti3C2 catalyst than in Pt/C catalyst, which helps

to improve the catalytic activity of the material [25]. The binding

energy of Pt0 4f7/2 in Pt/C and Pt/Ti3C2 catalysts is about 71.80 eV

and 71.05 eV, respectively. Compared with Pt/C, the binding energy

of Pt 4f for Pt/Ti3C2 decreases by about 0.75 eV. This result con-

firms the presence of SMSI between Ti3C2 and Pt, indicating that

electrons transfer from Ti3C2 to Pt nanoparticles, enhancing the

adsorption ability and catalytic activity of Pt/Ti3C2 [33], and ulti-

mately improving its sensing performance.

The morphology and structure of the material were further an-

alyzed using field emission scanning electron microscopy (FESEM)
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Fig. 2. (a) FESEM image, (b) TEM and (c) HRTEM images of Pt/Ti3C2, and (d) FESEM

image of Pt/Ti3C2 and the corresponding EDS element mapping images of Ti, C, O,

and Pt.

Fig. 3. Response transient curves for the Pt/Ti3C2 sensor and the Pt/C sensor ex-

posed to H2S gas with concentrations ranging from (a) 0.05ppm to 200ppm and

(b) 10ppb to 50ppb. (c) The response values of Pt/Ti3C2 and Pt/C based sensors to

H2S concentrations of 0.01ppb–200ppm. (d) Current baseline of Pt/Ti3C2 and Pt/C

sensors in air. The illustration shows an enlarged area of 300 s.

and transmission electron microscope (TEM). Compared with Fig.

S2a (Supporting information), the multi-layer structure of the Ti3C2

material in Fig. S2b (Supporting information) proves that Ti3C2 ma-

terial was successfully prepared. Fig. S2c (Supporting information)

is the FESEM image of commercial Pt/C. It is evident the FESEM

and TEM images in Figs. 2a and b both show that many nanopar-

ticles are dispersed on the surface of Ti3C2. The lattice spacing

of the black particles in Fig. 2c is analyzed to be d=0.2252nm,

corresponding to the (111) crystal plane of Pt. This is also consis-

tent with the results calculated from XRD patterns using the Bragg

equation. The energy dispersive spectrometer (EDS) spectrum of

Pt10/Ti3C2 catalytic material (Fig. 2d) proves the existence of Ti, C,

O, and Pt elements. The actual content of Pt in the product was

verified through EDS, and the mass fractions of Pt in four prod-

ucts are 3.97 wt%, 9.42 wt%, 19.5 wt%, and 28.3 wt%, respectively,

which is consistent with their feed ratio. The mass ratio of Pt in

commercial Pt/C is 10.4 wt%.

The gas sensing performances of the Pt/Ti3C2 sensor and the

Pt/C sensor were first compared. The response time and recov-

ery time of the Pt/Ti3C2 sensor and the Pt/C sensor for 50ppm

H2S are 9 s/43 s and 11 s/42 s, respectively, indicating they have the

ability to quickly detect H2S (Fig. S3 in Supporting information).

The dynamic sensing responses of the Pt/Ti3C2 sensor and the Pt/C

sensor to different concentrations of H2S ranging from 50 ppb to

200ppm (Fig. 3a) and 10 ppb to 50 ppb (Fig. 3b) were measured.

Fig. 4. (a) Ten-cycle repeated response values of Pt/Ti3C2 sensor to 10ppm H2S. (b)

Experimental results of five consecutive injections of 1 ppm H2S without recovery.

(c) Long-term stability of Pt/Ti3C2 sensor and Pt/C sensor. (d) Response/recovery

curves of Pt/Ti3C2 sensor on the 10th, 45th, and 90th days.

It was found that the Pt/Ti3C2 sensor exhibits the higher response

to H2S gas and better recognition response at 10–50 ppb of H2S

gas. Note that a spike is observed in the response curves of the

sensors. The use of the static gas distribution method requires a

certain amount of time for H2S gas to diffuse into the gas cham-

ber, and when it first comes into contact with high concentrations

of H2S, the response of the sensor rapidly increases. As H2S grad-

ually disperses evenly, the sensor’s response decreases and tends

to stabilize. The process leads to the appearance of the spike. It

can be concluded that both the Pt/Ti3C2 sensor and the Pt/C sen-

sor exhibit a linear positive response to H2S within the range of

0.01–200ppm (Fig. 3c). The sensitivity of the Pt/Ti3C2 sensor (0.162

μA/ppm) is higher than that of the Pt/C sensor (0.112 μA/ppm).

The baseline current of the sensor running in air for 1500 s was

collected (Fig. 3d), and it can be seen that, compared to the Pt/C

sensor, the current noise of the Pt/Ti3C2 sensor is relatively small.

The lower the current fluctuation, the easier it is for the sensor to

recognize H2S. When the signal-to-noise ratio (SNR= Isignal/Inoise)

is equal to 3, the lowest detected concentration is considered the

lower detection limit of the sensor. According to Figs. 3b and d,

the SNR of Pt/Ti3C2 sensor for detecting 10 ppb H2S is calculated

to be 3.31, and the SNR of Pt/C sensor for detecting 200 ppb H2S

is calculated to be 1.64. Meanwhile, the SMSI transfers electrons

from Ti3C2 to Pt nanoparticles, thereby promoting catalytic oxida-

tion of adsorbed gas molecules on the catalyst surface. Therefore,

the Pt/Ti3C2 sensor has a lower detection limit of 10 ppb. In ad-

dition, the Ti3C2 sensor exhibits a response current of 2–3 nA for

both 10ppm and 50ppm H2S (Fig. S4 in Supporting information),

indicating Ti3C2 without Pt loading has poor catalytic ability for

H2S. It can be concluded that Ti3C2 as a carrier enhances the sta-

bility of Pt loading and also enhances the ORR activity of Pt, rather

than acting as a catalyst. To evaluate the H2S sensing performance,

Table S1 (Supporting information) lists the comparison between

the Pt/Ti3C2 sensor and other H2S sensors reported in recent years.

It was found that the Pt/Ti3C2 sensor has a low detection limit,

which can immediately detect H2S concentration changes or H2S

leaks, and people can take relevant actions.

Repeatability and long-term stability are also important indica-

tors for sensors. Fig. 4a shows the 10-cycle response/recovery curve

of the Pt/Ti3C2 sensor at 10ppm H2S. Compared with the initial

response value, the maximum fluctuation of subsequent response

values is 4.4%, indicating excellent repeatability of the sensor. Fig.

3
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Fig. 5. (a) Comparison of selectivity between Pt/Ti3C2 and Pt/C sensors for different

gases. (b) Changes in response values of Pt/Ti3C2 sensors and Pt/C sensors to H2S at

different humidity levels.

Fig. 6. Comparison of response values of four sensors to (a) 10-50 ppb H2S and (b)

50ppm H2S.

4b shows that with each injection of 1 ppm H2S, the current sig-

nificantly increases, and the response current for each increase is

almost the same, then remains stable after a certain time until the

gas is pulled out and the current finally recovers. The above result

indicates that the Pt/Ti3C2 sensor has good repeatability and can

achieve continuous detection of H2S. Fig. 4c shows the change in

the response value of the sensor to 50ppm H2S over a period of

90 days, measured every 5 days. It can be seen that the response

of the Pt/Ti3C2 sensor decreases by 2%, which is lower than that

of the Pt/C sensor (22.9%), indicating that the Pt/Ti3C2 sensor has

very good long-term stability. The response/recovery curves of the

Pt/Ti3C2 sensor at 10th, 45th, and 90th days are shown in Fig. 4d.

This also indicates excellent long-term stability of the Pt/Ti3C2 sen-

sor.

Other gas interference and relative humidity (RH) are also fac-

tors that affect the performance of gas sensors. Fig. 5a shows the

responses of the Pt/Ti3C2 sensor and the Pt/C sensor to different

gases with the same concentration (50ppm), such as H2, CH3OH,

H2S, CH4. Compared to the Pt/C sensor, the Pt/Ti3C2 sensor has a

higher response to H2S and a smaller response to other interfer-

ing gases. In addition, the response/recovery curves of the Pt/Ti3C2

sensor to H2 and CH3OH gases are also different from those of H2S.

So different gases can be distinguished by detecting their response

characteristics. The above results indicate that the Pt/Ti3C2 sensor

has good selectivity for H2S gas. Fig. 5b shows the changes in re-

sponse current values of the Pt/Ti3C2 sensor and the Pt/C sensor to

H2S at different relative humidity (20%, 40%, 60%, and 80% RH). As

the relative humidity increases, the change in �I of the Pt/Ti3C2

sensor is within 5%, and the change in �I of the Pt/C sensor is

within 10%. This indicates that the relative humidity has little im-

pact on sensors, as the sealing structure and waterproof breathable

film of the sensor prevent water vapor from entering the sensor.

The influence of Pt loading amount on sensor performance was

investigated. Fig. 6 shows the performance of Pt5/Ti3C2, Pt10/Ti3C2,

Pt20/Ti3C2, and Pt30/Ti3C2 sensors towards 10–50ppm H2S and

50ppm H2S. It was found that the sensitivity values of the

Pt5/Ti3C2, Pt10/Ti3C2, Pt20/Ti3C2, and Pt30/Ti3C2 sensors exposed

to low concentration H2S are 0.115 nA/ppb, 0.177 nA/ppb, 0.21

Fig. 7. Formation energy of Pt combined with Ti3C2 and C supports.

nA/ppb, and 0.189 nA/ppb, respectively, and their response values

to 50ppm H2S are 3.1 μA, 9.8 μA, 20.7 μA, and 16.1 μA, respec-

tively. It is evident that as the loading content of Pt increases, the

sensor’s response to H2S increases. This is attributed to the fact

that as the loading content of Pt on the Ti3C2 surface increases,

the number of active sites increases, leading to an increase in sen-

sor response current. But when the Pt loading content increases to

30 wt%, Pt nanoparticles agglomerated (Fig. S6 in Supporting in-

formation), leading to a decrease in active sites and ultimately a

decrease in sensor response current. This provides a certain refer-

ence for the application of sensors in different scenarios.

It has been known that the sensing mechanism of gas sensors

depends on a series of redox reactions on the electrode surface.

When H2S reaches the surface of the working electrode, the H2S

molecule undergoes an oxidation reaction catalyzed by the catalyst

material, producing hydrogen ions and releasing electrons. Hydro-

gen ions are transferred to the counter electrode through a proton

membrane, while electrons are transferred to the counter electrode

through an external circuit, where they undergo a reduction reac-

tion with oxygen. The concentration of H2S gas has a linear rela-

tionship with the generated current, so the concentration of H2S

can be determined by detecting the current of the sensor. The re-

actions that occur at the working electrode and counter electrode

are as follows (Eqs. 1 and 2):

Reaction on the working electrode is:

H2S→ S+2H+ +2e− (1)

Reaction on the counter electrode is:

2H++ 1/2O2 +2e−→ H2O (2)

DFT calculations were carried out to further explore the im-

proved H2S sensing mechanism of the modified Pt/Ti3C2. The in-

fluence of the carrier on H2S detection was first investigated. Fig.

7 shows the formation energies of Pt/Ti3C2 and Pt/C. One can see

that compared with Pt/C, Pt/Ti3C2 has a lower formation energy,

indicating that the structure of Pt/Ti3C2 is more stable than that of

Pt/C. Therefore, as an excellent carrier, Ti3C2 makes it difficult for

Pt particles to detach from its surface during long-term operation,

improving the sensor’s long-term stability.

The H2S sensing mechanism was also greatly affected by the

terminal groups of Ti3C2. As reported, some terminal groups such

as -F, -OH, -O and their combinations inevitably exist on the sur-

face of MXene prepared by the etching method. XPS results show

that before H2 annealing treatment, Ti3C2 is terminated with -F/-

OH groups. The calculation analysis demonstrates that when Pt

nanoparticles are loaded on or near -OH groups, it will make it

very easy for the H atom in -OH groups to transfer to the surface of

Pt nanoparticles (Fig. S7 in Supporting information), affecting the

catalytic activity of the Pt nanoparticles and reducing the stability

of the material. When the material is subjected to H2 annealing

treatment, the surface is capped by -O/-OH groups and Pt nanopar-

ticles are modified on the Ti3C2 surface via Pt-O-Ti bonding. Pt-

4
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Fig. 8. The adsorption energy of various gas molecules on Pt/Ti3C2 surface.

Fig. 9. The calculated energy profiles of different reaction routes of H2S gas

molecules on the surface of Pt/Ti3C2.

O-Ti bonding coexists stably with adjacent -OH terminal groups,

suggesting the material is stable. As shown in Fig. S8 and Table

S2 (Supporting information), it was found that when Pt occupies

-O terminal groups, the bond length between its interface atoms

is shorter than when Pt occupies -F terminal groups. The shorter

bond length is beneficial for enhancing the interaction between

the carrier and Pt and achieving a more stable structure. In addi-

tion, the formation energy of Pt/Ti3C2 with -F/-OH terminal groups

(−1.56 eV) is higher than that of Pt/Ti3C2 with -O/-OH terminal

groups (−4.67 eV), confirming the more stable Pt/Ti3C2 structure

with -O/-OH terminal groups. Therefore, it has been proven that -

O/-OH terminal groups instead of -F/-OH terminal groups enhance

the interface interaction between Pt and Ti3C2 and ultimately pro-

long the sensor’s service life.

The catalytic activity of loaded noble metals is key to achieving

high-performance H2S sensors. The adsorption and decomposition

of H2S on the Pt/Ti3C2 surface play an important role in the kinetic

reaction process of H2S sensing. As we all know, low adsorption

energy can easily cause more gas molecules to adsorb on the sur-

face of the working electrode and undergo the oxidation reaction,

improving the response of the sensor to the gas molecules [45].

The adsorption energy for H2S molecules on Pt/Ti3C2 and Ti3C2

was first investigated by DFT calculation, and the results are shown

in Fig. S9 (Supporting information). It was found that Pt modifica-

tion significantly decreases the adsorption energy of Pt/Ti3C2 com-

pared with Ti3C2. The introduction of Pt can increase surface affin-

ity to H2S gas and provide more active sites in the reaction pro-

cess, which is favorable to improving the sensitivity of the sensor.

Furthermore, the adsorption energies of different gases on Pt/Ti3C2

were also studied by DFT calculation. As shown in Fig. 8, the ad-

sorption energy of H2S (−0.94 eV) is lower than that of other gases,

revealing that H2S is more easily adsorbed on the surface of the

working electrode. This is one of the reasons why sensors have

good selectivity for H2S. Meanwhile, the kinetic decomposition re-

action process of H2S on the Pt/Ti3C2 surface was explored by DFT

calculation as shown in Fig. 9. Pt modification facilitates the de-

composition of absorbed H2S gas into HS and H species after the

very low energy barrier of 0.32 eV is overcome. After this reac-

tion, HS species is still absorbed on the initial Pt atom, while H

species moves to the nearest Pt atom. Afterwards, under the catal-

Fig. 10. Total density of state: (1) Ti3C2 and (2) Pt/Ti3C2.

ysis of Pt modification, the newly generated HS species continues

to decompose into H and S species with a low energy barrier of

0.89 eV, where only newly formed H species moves to the second

nearest Pt atom and other species continues to remain on the orig-

inal Pt atom. The above results indicate that the catalytic activity

of loaded noble metal accelerates the kinetic reaction process of

H2S sensing and realizes good sensitivity and high selectivity of

the sensor.

In addition, we also calculated the total density of state (TDOS)

of Ti3C2 before and after loading Pt nanoparticles (Fig. 10). It was

found that the d-band center of the material before and after Pt

loading changes from -2.061 eV to -1.933 eV. This indicates that

there is an electron exchange interaction between Pt and Ti3C2,

where electrons transfer to Pt atoms, causing the d-band center

of Pt to shift downward, which is beneficial for improving the cat-

alytic activity of the material. According to Bader’s theory, it has

also been proven that the number of electrons transferred from

H2S to Pt/Ti3C2 is about 0.14 |e|. The above results reveal that Pt

catalyst is able to change the electronic structure of materials and

help transfer effective charge.

In summary, we successfully designed and prepared stable Pt

loaded Ti3C2 material with -O/-OH terminal groups and their cor-

responding fuel cell-type H2S gas sensors. And the gas sensing ex-

perimental results reveal that the gas sensing performance is sig-

nificantly improved with sensitivity up to 0.162 μA/ppm and a de-

tection limit as low as 10 ppb compared to traditional Pt/C sen-

sors. Specially, the sensor has good cyclic repeatability, long-term

stability, and high selectivity. The DFT calculations and experimen-

tal results indicate that the Pt-O-Ti bonding formed between Pt

and Ti3C2 reduces the formation energy of the material (−4.67 eV),

thereby improving the stability of the sensor. At the same time,

low H2S adsorption energy (−0.94 eV) and low H2S dissociation

barrier (less than 0.89 eV) are also key factors for the sensor’s good

response to H2S. In addition, the sensor has advantages such as no

external voltage, zero-power consumption, and simple manufactur-

ing process, which are expected to be applied in high-performance

commercial sensors.
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