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a b s t r a c t

The surficial inherent properties of TiO2 like exposed facet and crystalline state are vital for their surface

reactions. However, efficiently controlling the specific crystal structure and the exposed crystal surface

still faces big challenge. Here, the controlled solid phase transition of amorphous TiO2 to crystalline phase

with exposed crystal facet (001) is achieved by photo-assisted atomic layer deposition (ALD) Pt process.

Significantly, the obtained Pt/TiO2 film via photo-assisted treatment exhibits high sensing performance to

NO and HF, and shows a lower optimized working temperature. The enhanced sensing performance is

attributed to the metal-support strong interaction under oxidative atmosphere (O-SMSI). The facet effects

leading to the unique distribution of charges at the interface combined with the catalytic effects result

in the high sensing performance. This work provides a novel phase transition engineering strategy for

regulating TiO2 from amorphous to crystalline phase, and the controllable synthesis of high Pt monatomic

loading on TiO2 via ALD, which are critical for the accurate synthesis of efficient sensing and catalytic

nanomaterials.

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

Medica, Chinese Academy of Medical Sciences.

Titanium dioxide (TiO2) is widely used in catalysts support, gas

sensors and photocatalysts due to its advantages such as low cost,

photo-responsive, and high chemical and thermal stability [1–3]. It

has been reported that the crystalline structure and the exposed

facets of TiO2 play important and even dominated roles in adsorp-

tion of reactant and the surficial reactions [4–6]. The Co single

atoms on surface of brookite TiO2 show high active oxygen evo-

lution reaction [5]. Ru/rutile-TiO2 shows high CO2 conversion rate

and selectivity to methane. However, Ru/anatase-TiO2 shows low

CO2 conversion rate and selectivity to CO [4]. Pt located on differ-

ent facet of TiO2 show different CO catalytic performance [7]. TiO2

is also one typical reductive support and leads to the strong metal–

support interaction (SMSI) between the metal sites and TiO2, reg-

ulating the catalytic performance.

Amorphous TiO2 has also displayed advantages in application

due to its special physicochemical properties such as high adsorp-
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tion capacity [8,9]. However, amorphous TiO2 is thermodynamic

instable and that could transform to crystalline TiO2 with exposed

thermodynamically stable (101) facets [10,11]. In other words, the

reported reactive (001) facet of crystalline TiO2 usually diminishes

rapidly due to the minimization of surface energy [12–14]. Phase

transition from amorphous to crystalline has been proved as a

promising method to fabricate active materials and modulate the

response of materials by changing the physical properties like op-

tical dielectric constant [15]. Though the phase transition of crys-

talline TiO2 has been reported, however, the selective regulation

from amorphous to crystalline TiO2 remains ambiguous.

Herein, we employed a photo-assistant atomic layer deposi-

tion process to fabricate the TiO2 sensing film via transformation

of amorphous to specific crystalline TiO2 directly on the micro-

electromechanical systems (MEMS) as shown in Fig. S1 (Supporting

information). With help of photo assistant, the specific crystalline

TiO2 film was fabricated during ALD Pt single atoms/clusters. Com-

pared with bared amorphous TiO2 film and conventional ALD

Pt/TiO2, the working temperature decreased from 370 °C (bared

amorphous TiO2) and 320 °C (Pt/TiO2) to 260 °C for photo-assisted

Pt/TiO2. Photo-assisted Pt/TiO2 maximized the utilization and re-
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Fig. 1. The TEM, HRTEM and SAED images for (a, d, g) Ti400, (b, e, h) Ti400Pt40

and (c, f, i) p-Ti400Pt8, respectively.

duced loading of Pt with a factor of 5 times. With series character-

izations, the photo-assisted ALD result in the selective transforma-

tion of TiO2 from amorphous to crystalline with high active (001)

facets. The unique electronic structure between highly dispersed

Pt and TiO2 is the main reasons for the preferred adsorption of HF

and NO. The photo-assisted ALD offers a novel method to increase

the dispersion of metal catalyst and regulate the transformation of

amorphous metal oxide film, exhibiting broad potential application

in design catalysts and sensing materials.

Transmission electron microscopy (TEM) is employed to char-

acterize the morphology evolution of the samples. As shown in

Fig. 1, the bare TiO2 film was initially amorphous. With deposition

of ALD Pt, the films transfer to a crystalline TiO2. It is found that

amorphous TiO2 films become to more structured crystalline films

with photo-assisted ALD Pt compared with Pt/TiO2 film without

photo-assistant. The Pt nanoparticles were observed in the HAADF-

STEM images (Fig. S2 in Supporting information). This should be

attributed to the photo assistant ALD Pt enhanced the SMSI effects

which leads to transformation of TiO2 from amorphous to crys-

talline with (001) facet exposed. Selected area electron diffraction

(SAED) was used to further confirm the transformation of TiO2. It

is found that amorphous TiO2 transfers to Ti5O9 with P1 space

group during the deposition of ALD Pt from the Fig. 1 and Ta-

ble S1 (Supporting information). With the introduction of photo-

assisted process, the TiO2 with (001) facet exposed C2/m space

group because the Pt located on the amorphous TiO2 decreased the

energy barrier for oxidative strong metal support interaction (O-

SMSI) with O3 atmosphere [7,14]. And the phase transition with

photo-assisted process is the main reason for the formation of

photo active (001) facet. It should be caused by the strong metal

support interaction, leading to the reconstruction of TiO2 [16].

CO diffuse reflectance infrared Fourier transform spectroscopy

(CO-DRIFTS) measurements were performed to further identify the

atomic geometry configuration of Pt on TiO2 film in Ti400Pt40 and

p-Ti400Pt8. As shown in Fig. S3 (Supporting information), CO ad-

sorption peaks on Ti400Pt40 and p-Ti400Pt8 locate at 2080–2090

cm−1 and 2100 cm−1, respectively. The strong and broad vibration

of Ti400Pt40 is attributed to linearly CO adsorption on Pt single

atoms and Pt clusters. CO peak at 2100 cm−1 for p-Ti400Pt8 is as-

cribed to CO linearly adsorption on Pt single atoms or small clus-

ters [17]. The CO-DRIFTS indicate p-Ti400Pt8 consists of Pt single

atoms or small cluster [18,19], which is consistent with TEM re-

sults, revealing the highly dispersed distribution of Pt.

The spatial distribution of temperature after loading the sensing

materials is vital for the sensing performance because the nonequi-

librium of temperature leads the difference in response. Spatial

distribution of temperature for Pt25 film obtained by dip-coating

and ALD TiO2 were employed to confirm the different between

ALD and traditional films. As shown in Figs. S4a and b (Support-

ing information), the spatial distribution of sensing materials and

temperature is non-uniform. For ALD TiO2 film, it is transparent as

shown in Fig. S4c (Supporting information). And transient spatial

distribution of temperature results confirmed that it is uniform for

ALD film and the temperature reach 300 °C with 50ms (Fig. S4d in

Supporting information). The uniform spatial distribution of tem-

perature of ALD TiO2 based film would lead to the high utilization

of sensing materials on MEMS. However, pristine amorphous TiO2

films are not stable (Fig. S5 in Supporting information).

The optimizing of the TiO2 thickness was done by change ALD

TiO2 cycle numbers (Fig. S6 in Supporting information). 400 ALD

TiO2 film was selected for further studies in order to obtain the

high sensing performance to HF and NO. Amorphous TiO2 shows

high sensing performance for NO. However, amorphous TiO2 was

not stable and transform to anatase TiO2 film at optimized working

temperature (370 °C).
ALD Pt was decorated on the TiO2 sensing film to enhance the

sensing performance due to its catalytic activity and spillover effect

[20,21]. As shown in Fig. S7a (Supporting information), the sensing

performance to NO of TiO2 with different cycle Pt at various work-

ing temperature was displayed. Ti400Ptx show the higher sensing

performance to NO and has a lower optimal temperature (320 °C)
compared with amorphous TiO2 film (370 °C). The Ti400Ptx film

selective response values to NO and HF are shown in Fig. S7b (Sup-

porting information). And the sensing performance to NO and HF

with the Pt ALD cycle number were displayed in Figs. S7c and

d (Supporting information). It is found that Ti400Pt40 shows the

best sensing performance to NO (0.57@10ppm). However, the sens-

ing performance to HF decreased with increase of Pt ALD cycle

number, showing higher sensing performance with 5 cycles ALD

Pt (1.12@7ppm).

The response time and recovery time to NO of Ti400Pt40 sam-

ple are 3 s and 3 s (Fig. S7e in Supporting information), respec-

tively. The response-recovery performance to HF of Ti400Pt5 shows

the similarly sensing performance to that of amorphous TiO2 film

(Fig. S7f in Supporting information). The dynamic transients to NO

(for Ti400Pt40 and Ti400) in range of 10–300ppm (Fig. S7g in

Supporting information) and that to HF (for Ti400Pt5 and Ti400)

in range of 1–7ppm (Fig. S7h in Supporting information) were

further evaluated. The sensor responses increase with increase of

gas concentration. The relationship between concentration and re-

sponse for NO and HF were calculated with linearly fitting (Fig. S8

in Supporting information). The R² are 0.991 and 0.996 for HF (1–

7 ppm) and NO (10–80ppm), respectively. HF displays the strong

positive linear relationship between concentration and response,

however, the NO shows strong negative linear relationship be-

tween concentration and response. Resistance reproducibility of

Ti400Pt40 and Ti400 confirmed sensing stability and the lower

resistance for Ti400Pt5 compared with Ti400. The above sensing

performance reveals that the decoration of Pt play the role in ab-

sorbed sites for NO and HF, and could enhancing gas sensitivity.

To further improve the sensing performance of the obtained

sensors, preparation of high dispersive Pt single atoms or cluster

with high loading is an effective method. And exposure of active

facet could also enhance the gas sensitivity or selectivity. Photo-

assisted ALD Pt was employed to increase the dispersive Pt singe

atoms/clusters as well as selective phase transition of amorphous

TiO2. The sensing performance to NO and HF for p-Ti400Pty (y = 5,

8, 12, 16 and 20) at different working temperature was displayed

in Figs. 2a and b. For different p-Ti400Pty sensors, the sensing

value to NO was relatively stable within the tested temperature,

and p-Ti400Pt8 shows the biggest sensing value (Ra/Rg =0.5). The

response value for HF decreased as the temperature is higher
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Fig. 2. Sensing performance of p-Ti400Ptx samples (x = 5, 8, 12, 16 and 20) of (a) 80ppm NO and (b) 10ppm HF at different working temperature. Dynamic sensing

performance of (c) NO and (d) HF for p-Ti400Pt8. Response/recover performance for (e) NO and (f) HF. Dynamic sensing performance for (g) NO and (h) HF. (i) Resistance

for p-Ti400Pty (y = 5, 8, 12, 16 and 20) at different working temperature.

than the optimized working temperature (280 °C). p-Ti400Pt8

shows the highest response to NO and HF as shown in Fig. S9

(Supporting information). It was attributed to the high content

of Pt single atoms which plays as active sites to adsorb NO and

HF. The dynamic transients to NO for p-Ti400Pt8 in range of 10–

80ppm (Fig. 2c) and that to HF in range of 1–7ppm (Fig. 2d) were

further evaluated. The sensor responses increase with increase of

gas concentration. The relationship between concentration and

response for NO and HF were calculated with linearly fitting

(Fig. S10 in Supporting information). The R2 are 0.996 and 0.986

for HF (1–7 ppm) and NO (10–80ppm), respectively. HF displays

the strong positive linear relationship between concentration

and response, however, the NO shows strong negative linear

relationship between concentration and response. The dynamic

response–recovery curves to 50ppm NO and 7ppm HF were also

shown in Figs. 2e and f. The response time of p-Ti400Pt8 sample

is 2.8 s which is 1/3 of response time of bare TiO2 film and the re-

covery time 5.6 s, respectively. The response-recovery time to HF of

p-Ti400Pt8 is the 6.8 s and 5.4 s, respectively. Reproducibility of p-

Ti400Pt8 for 80ppm NO confirmed sensing stability (Fig. 2g), and

it is higher (Ra/Rg is about 0.6 for 80ppm) than that of Ti400Pt40

(Ra/Rg is about 0.6 for 200ppm). That was similar to HF (Fig. 2h).

The resistance for p-Ti400Ptx samples decreased as working tem-

perature increasing (Fig. 2i). The enhanced sensing performance

should be ascribed to the active facet (001) of TiO2 and highly

dispersed Pt which are beneficial for the adsorption of gases.

The X-ray photoelectron spectroscopy (XPS) was carried out to

understand the sensing mechanism that the photo-assisted ALD

Pt/TiO2 result in high sensing performance with low content of Pt.

It was obviously that O1s peak is slightly higher for p-Ti400Pt8

and Ti400Pt40 compared with the initial amorphous TiO2. Three

peaks located at 530.05, 530.9 and 532.0 eV are corresponded to

crystal lattice (OL), oxygen vacancies (Vo) and chemisorbed oxygen

(Oc), respectively [21–24]. It can be seen from Figs. 3a-c, the ab-

sorbed oxygen species and oxygen vacancies of Pt-Ti5O9 increased

compared with pristine amorphous TiO2 as shown in the inset of

Fig. 3. The O1s XPS spectra for amorphous (a) Ti400, (b) Ti400Pt5 and (c) p-

Ti400Pt8, respectively. (d) The Ti 2p for different samples.

Fig. 3. With the photo-assisted ALD Pt, the absorbed oxygen species

and oxygen vacancies of p-Ti400Pt8 sample decreased. The lower

binding energy of p-Ti400Pt8 (Fig. 3d) will result in more elec-

trons transferring to surface. The XPS results reveal that the oxy-

gen vacancies and the absorbed surficial oxygen species may not

the main reason for the enhanced sensing performance.

To further understand the sensing mechanism, density func-

tional theory calculations were performed to investigate the influ-

ence of electronic structure and atomic configuration for gas ad-

sorption and charge transfer. Electronic structures after decoration

ALD Pt were firstly studied. From Fig. 4, the Bader charge analy-

sis demonstrates that the addition of Pt leads to negative charge

around Pt sites, which are beneficial for the formation of surficial
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Fig. 4. (a) The Electronic structure for the samples with and without photo-

assistant after ALD Pt, respectively (gray, red, and blue balls denote Ti, O, and Pt

atoms, respectively. The yellow color means obtaining electrons and the light blue

means losing electrons). (b, c) The absorbed atomic structure for HF and NO on

Pt-Ti5O9 (002) and p-Ti400Pt8 with TiO2(001) surface.

oxygen by electron transfer to oxygen [22,25]. The adsorption of HF

and NO on Ti400Pt5 and p-Ti400Pt8 were also calculated by DFT

calculation. The final atomic configuration was shown in Fig. 4, the

negative electronic structures for Pt-TiO2 based samples are in fa-

vor of adsorption for target gases. The p-Ti400Pt8 with (001) facet

is preferred to absorb the HF (−0.462 eV) and NO (−3.513 eV) com-

pared with Pt-Ti5O9 (002) with −0.396 eV for HF and −3.226 eV for

NO, respectively. Facet dominated metal supported strong interac-

tion (SMSI) results in redistribution of electrons between Pt and

TiO2 [17,26], further leading to stronger adsorption for HF and NO,

which is the main reason for the higher sensing performance.

From the above results, the existence of Pt can enhance the gas

sensitivity, plays the role in presenting absorbed sites for NO and

HF. Combination of the active facet (001) of TiO2 and highly dis-

persed Pt is beneficial for the adsorption of NO and HF. However,

the oxygen vacancies and the absorbed surficial oxygen species of

p-Ti400Pt8 are smaller than those of Ti400Pt5. This result demon-

strates that oxygen vacancies and the absorbed surficial oxygen

species may not the main reason for the enhanced sensing perfor-

mance. From the above results, the NO and HF competes with ad-

sorbed oxygen species [27–29]. The proposed sensing mechanism

for NO and HF are shown in Eqs. S1-S5 (Supporting information).

In summary, the precise regulation of TiO2 thin films from

amorphous structure to specific crystal structure was realized

through O-SMSI action, and the loading of dispersive Pt sites was

effectively improved via the photo-assisted ALD. Its optimal work-

ing temperature reduces from the original 370 °C to 260 °C, and
the gas sensitive properties are improved. The interfacial charge

distribution and the adsorption of target molecules are improved

effectively by regulating the interaction of metal carriers. This work

provides useful guidance for the preparation of crystal firms, inter-

facial sites and single atoms.
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