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a b s t r a c t

Crystalized CeO2 structures were typically considered potential photocatalysts due to their great ca-

pacity to alter the active sites’ size and ability to absorb light. However, the controllable fabrication

of well-defined hierarchical structures of CeO2 with high reactive facets is significant and challeng-

ing. Herein, a series of CeO2 supports including hierarchical flower-like (F-CeO2), ball-like (B-CeO2),

cube-like (C–CeO2), and rod-like CeO2(R-CeO2) supports were prepared by hydrothermal method (B-

CeO2, R-CeO2 and C–CeO2) or ice-bath method (F-CeO2) respectively. V atoms were selected as the ac-

tive atoms and loaded on these supports. Their structure-activity relationship in photo-assisted thermal

propane dehydrogenation (PTPDH) was investigated systematically. The samples were characterized by X-

ray diffraction, scanning electron microscopy, transmission electron microscopy, N2 adsorption-desorption

isotherms, and Fourier transform infrared spectrum. Results show that R-CeO2 support exhibits the

biggest surface area thus achieving the best dispersion of VOx species. UV–vis spectrum and photolu-

minescence spectrum indicate that V/F-CeO2 has the best light adsorption property and V/R-CeO2 has

the best carrier migration capacity. The activity tests demonstrate that the V/R-CeO2 has the largest net

growth rate and the V/F-CeO2 has the biggest relative growth ratio. Furthermore, the non-thermal effect

was confirmed by the kinetic method, which lowers the propane reaction orders, selectively promoting

the first C–H bond activation. The light radiation TPSR experiment confirmed this point. DFT calcula-

tions show a good linear relationship between the energy barrier and the exchanged electron number. It

inspires the design of high-reactive facets for boosting the intrinsic activity of the C–H bond in photo-

assisted thermal chemical processes.

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

Medica, Chinese Academy of Medical Sciences.

Propylene is a significant raw material for producing various

chemicals, such as polypropene, acrylic acid, acrylonitrile, octanol,

butanol, and propene oxide [1]. However, the ever-increasing de-

mand for propylene poses a serious challenge in meeting the sup-

ply and demand gap. Propane dehydrogenation (PDH), which can

effectively convert propane into propylene with high selectivity

and stability, has gained much attention due to its great capacity

to mitigate the tense demand for propylene, providing a promising

route compared to the traditional petroleum-based routes [2].

However, the high reaction temperature (typically >650 °C)
poses a new challenge in catalyst design [3–5]. The sintering of

metal active sites always results in poor catalytic activity and sta-

bility. It is essential to develop new chemical processes to reduce

energy consumption and increase propylene yield. Solar energy is a
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kind of green and pollution-free energy, showing a significant ad-

vantage in saving fossil fuels [6]. The well-designed catalyst can

effectively absorb the light radiation, and the photo-generated car-

riers would separate into hot electrons and holes, which can be

involved in the oxidation reaction and reduction reaction respec-

tively [7,8]. However, exclusive energy input of light cannot effec-

tively activate the C–H bond due to its strong activation constraints

(∼420kJ/mol).

Photo-assisted thermal catalysis can couple the phonon and

photon catalyzing the chemical reactions, moreover, it could pump

the metal’s energy to the specific vibration mode of the adsor-

bate. However, to maximize the utilization of light energy, opti-

mizing the reaction conditions is a practicable route [9,10]. For in-

stance, Liu et al. [11] found that the maximum overall light en-

hancement can only be achieved in the optimal light intensity and

reaction temperature. The author claims the non-thermal effect

has a close relationship with the light intensity and reaction tem-
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perature, while the photo-to-thermal effect is more complicated.

Linic et al. [12,13] also found that a certain temperature would

afford electron momentum, which is conducive to the generation

of electron-hole pairs. The above examples indicate coupling the

phonons and photos could effectively pump metal’s energy to one

specific vibration mode of adsorbate, thus achieving a high energy

utilization in photo-assisted thermal catalysis.

Besides optimizing the reaction conditions, another point is to

construct a well-designed catalyst. The elaborate control facets of

the catalyst have a close relationship with its optical and textu-

ral properties [14–19]. For instance, Liu et al. [20] found that CeO2

morphology strongly affects NbOx–CeO2 interactions and struc-

tures of NbOx/CeO2 catalysts, the 0.6Nb/r-CeO2–500 is most ac-

tive in catalyzing low-temperature ODHP reaction. Gong et al. [21]

also found that the VO3/CeO2(111) catalyst created new empty

localized states that are mainly constituted of O 2p orbitals of

the ceria-supported VO3 species, which were determined to be

crucial for the cleavage of the first C–H bond of the propane

molecule. The light absorbance capacity of CeO2 also strongly de-

pends on its morphology, such as the sheet CeO2 has better pho-

tochemical properties due to its bigger surface [22], which can

provide more active sites to interact with light radiation. How-

ever, the above different methods have been proven effective in

optimizing the optical properties and regulating C−H bond acti-

vation in PDH reactions. The elaborate control of the morphology

of CeO2 crystallites, the V atom’s location on certain facets, and

the structure-activity relationship, are still not systematically in-

vestigated in the photo-assisted thermal propane dehydrogenation

process.

Herein, we constructed four supports with different morpholo-

gies and systematically investigated their structure-activity rela-

tionship. The monomeric VOx species were successfully loaded on

the R-CeO2 support, and it achieved the biggest net growth rate.

The F-CeO2 catalyst has the highest growth ratio. The kinetic re-

sult shows the non-thermal effect dominates the net growth rate.

Exclusively increasing the temperature would lower the propane

adsorption and the non-thermal effect strengthens the propane ad-

sorption and activation. The light radiation TPSR experiment indi-

cates that light radiation selectively boosts the first C–H bond acti-

vation rather than the second C–H bond. DFT calculations indicate

the monomeric VOx species would first accept electrons from the

adsorbed propane to initiate the 1st C–H bond activation. When

it arrives at the transitional state, the metal sites would donate

their electrons to the C3H7 fragment, finally arriving at the final

state. A good linear relationship between the energy barrier and

the exchanged electron number was found as a good descriptor

for the first time. It shows that the lower the energy barrier, the

more electrons transfer. This paper emphasizes the significance of

the exchanged electron number in the activation of the C–H bond,

and the photo-assisted thermal catalysis method can afford more

electron exchange channels to strengthen the intrinsic activity of

propane dehydrogenation.

We first utilized the SEM and TEM images to investigate the

morphology and lattice fringe of different CeO2 supports. It can

be seen that all these particles are monodisperse particles with a

uniform distribution. The C–CeO2 sample as shown in Fig. 1a is

cube-like with an edge length of 1.2 μm and it comprises small

nanoparticles, indicating the C–CeO2 has a rough surface [23]. The

B-CeO2 sample in Fig. 1b shows poor agglomeration among the

particles. Its distribution in size is homogeneous and the shape ap-

pears rounded. According to past reports, van der Waal’s force is

responsible for the formation of CeO2 agglomerates, which also can

be seen in Fig. 1c, the flower-like CeO2 support comprised of the

packed CeO2 pillar with a diameter of about 10 μm, the agglomer-

ation of the pillar makes the flower-like support has a bigger sur-

face area (29.8 cm2/g) than the C–CeO2 (7.1 cm2/g), but it is lower

Fig. 1. The SEM image of the (a) C–CeO2, (b) B-CeO2, (c) F-CeO2 and (d) R-CeO2.

The TEM image of the (e) C–CeO2, (f) B-CeO2, (g) F-CeO2 and (h) R-CeO2.

Table 1

Physicochemical properties of as-prepared catalysts.

Sample SBET (m2/g) a VP (cm3/g) b Ames (m2/g) c Band gap (eV)

V/C–CeO2 7.1 0.047 10.1 3.2

V/B-CeO2 98.6 0.163 5.8 2.9

V/F-CeO2 29.8 0.145 10.3 2.7

V/R-CeO2 112.7 0.111 5.4 2.8

a BET specific surface area.
b Total pore volume estimated at P/P0 =0.99.
c Calculated by the BJH method.

than the B-CeO2 (98.6 cm2/g) and the R-CeO2 (112.7 cm2/g). The

R-CeO2 catalyst (Fig. 1d) is comprised of packed rods with no left

particles, indicating the alkaline concentration and hydrothermal

temperature are enough to completely transform the nucleation to

the CeO2 nanorods.

TEM images further confirmed that the four samples consisted

of well-defined structures having a rectangular form. The mapping

results show the successful loading of V atoms (Fig. S1 in Support-

ing information). The TEM images clearly show the lattice fringe

of these four supports. In the C–CeO2 catalyst (Fig. 1e), the lat-

tice spacing parallel of 0.27nm can be ascribed to the (200) plane

[23,24], and the other three samples (Figs. 1f-h) have the same dis-

tance of 0.31nm, which can be attributed to the (111) plane of

CeO2, implying the (111) plane is the most popular plane in the

three samples.

The V atoms were loaded on the various supports by the im-

pregnation method. The VOx polymerization has a close relation-

ship with PDH activity. Thus, the crystal structure and morphology

of different CeO2 supports were investigated. In XRD patterns (Fig.

2a), all the supports exhibit typical CeO2 nanocrystal peaks such

as 2θ =28.549° (111), 2θ =33.104° (200), 2θ =47.496° (220) and

2θ =56.379° (311). No crystalline impurity was detected from the

XRD spectrum [25]. It can be seen that V/C–CeO2 has the highest

crystallinity, while the other three samples show similar low crys-

tallinity. All the samples did not show any V2O5 peaks, implying

the VOx has a great dispersion on all the supports.

N2 physical adsorption isotherms (Fig. 2b) were conducted to

obtain the pore size, pore volume, and surface area of the four

supports. The results are summarized in Table 1, it can be seen

the pore size is 10.1 nm (V/C–CeO2), 5.8 nm (V/B-CeO2), 10.3 nm

(V/F-CeO2) and 5.4 nm (V/R-CeO2), the pore volume is 0.04 cm3/g

(V/C–CeO2), 0.16 cm3/g (V/B-CeO2), 0.14 cm3/g (V/C–CeO2) and

0.11 cm3/g (V/R-CeO2). The V/R-CeO2 and V/F-CeO2 both show typ-

ical IV-type curves [26], while the V/C–CeO2 and V/B-CeO2 both

show typical II-type curves. The surface area order is V/R-CeO2

(112.7 m2/g) > V/B-CeO2 (98.6 m2/g) > V/F-CeO2 (29.8 m2/g) >

V/C–CeO2 (7.1 m2/g). The V/R-CeO2 has the biggest surface area,
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Fig. 2. The (a) XRD patterns, (b) N2 adsorption-desorption isotherms, (c) FTIR spectrum, (d) UV–vis spectrum and (e) derived Tauc plots. (f) The photoluminescence spectrum

of the V/C–CeO2, V/B-CeO2, V/F-CeO2 and V/R-CeO2 samples.

indicating the VOx has the greatest dispersion on the R-CeO2 sup-

port.

The monomeric VOx species were confirmed by the FTIR (Fig.

2c). The peak at 3428 cm-1 is attributed to the surface hydroxyl

group [27]. The peaks at 1623 cm-1 and 1312 cm-1 are ascribed to

the Ce-O bond vibration [28]. The 1044 cm-1 and 977 cm-1 are at-

tributed to the V=O and V-O vibration [28,29]. The V/B-CeO2 has

the biggest area of the V=O peak, indicating the VOx species were

polymeric on the B-CeO2 support, which is consistent with its low-

est surface. The 785 cm-1 at C–CeO2 is attributed to the CeVO4

species, indicating the VOx species has a strong interaction with

the C–CeO2 support. The R-CeO2 has a bigger area of the 977 cm-1

(V-O bond), and it has a lower area of the 1044 cm-1 (V=O bond),

indicating the R-CeO2 has the best dispersion of the VOx species.

The optical properties were also investigated using the UV–

vis spectrum and photoluminescence spectrum. As seen in Figs.

2d and e, the light absorption capacity follows the order: V/F-

CeO2 (2.7 eV) > V/R-CeO2 (2.8 eV) > V/B-CeO2 (2.9 eV) > V/C–CeO2

(3.2 eV), implying a good dispersion of VOx species conducing to

the light adsorption, which may be associated with its LSPR effect

[23]. The photo-generated carriers migration capacity was investi-

gated by the photoluminescence spectrum (Fig. 2f). The V/R-CeO2

has the best migration capacity, and the V/C–CeO2 has the worst

carrier separation ability. We speculate that a good dispersion of V

species both favors light adsorption and carrier migration capacity.

Following this, we conducted a series of activity evaluations and

kinetic tests to confirm and elucidate the non-thermal effect.

The catalytic activity tests were conducted and the result can

be seen in Fig. S2 (Supporting information). It shows the V/R-CeO2

has the highest propane conversion under both dark and light con-

ditions. We also obtained the growth ratio brought by the light ra-

diation. It can be seen that V/F-CeO2 has the highest growth ra-

tio. The ratio order is V/F-CeO2 (39.2%) > V/R-CeO2 (19.8%) > V/B-

CeO2 (13.0%) > V/C–CeO2 (5.6%). The order indicates a close rela-

tionship with the catalyst’s light absorption and carrier migration

capacity.

To confirm that the non-thermal effect dominates the PTPDH

process instead of the photo-to-thermal effect, the TPSR experi-

ment was conducted to investigate the C3H8 and H2 signals un-

der dark and light conditions. As shown in Fig. 3a, it shows the

propane onset temperature is 331 °C without light radiation, while

after the light radiation, the propane disappears quickly (∼233 °C
under light conditions as shown in Fig. 3b). The propylene appear-

ance temperature is ∼423 °C under dark conditions, while with

the assistance of light, it reduces to ∼372 °C. The above results

indicate that light radiation helps the activation of propane and

the generation of propylene. However, the H2 onset temperature

is ∼240 °C no matter the conditions. This result strongly demon-

strates that the light radiation would not affect the H2 dissociation

or H coupling process, and this reverse reaction would not strongly

affect the PDH process. Thus, the rate-determined step on the V/R-

CeO2 is most likely the first C–H bond activation process.

Kinetic experiments were further conducted to confirm the

non-thermal effect [30]. Propane reaction orders under dark or

light conditions were obtained to exclude the photo-to-thermal ef-

fect. The derivation process can be found in Section 1 in Support-

ing information. As shown in Fig. 3c, exclusively increasing the re-

action temperature would boost the propane reaction order, ac-

cording to past reports [31,32], the lower the propane reaction

order, the stronger the adsorption and activation of the propane

molecule gets. Thus, it can be deduced that increasing the temper-

ature would suppress the propane adsorption and activation. After

the light radiation (Fig. 3d), the reaction order decreases slightly,

indicating the non-thermal effect can beat the photo-to-thermal

effect. Thus, the non-thermal effect would boost the propane ad-

sorption and activation.

The apparent activation energy was obtained as shown in Fig.

S3 (Supporting information). Increasing the propane flow rate

would suppress its intrinsic activity. After the light radiation, the

intrinsic activity would be boosted, indicating the non-thermal ef-

fect can effectively accelerate the electron transfer rate between

the adsorbate and the metal centers [33,34]. The stability test (Fig.

S4a in Supporting information) indicates the catalysts have good

stability under light radiation conditions. Furthermore, thermo-

gravimetry analysis (Fig. S4b in Supporting information) was con-

ducted and it shows the PTPDH has less coke than the PDH with
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Fig. 3. The temperature-programmed surface reaction of propane dehydrogenation over V/R-CeO2 under (a) dark or (b) light conditions. The C3H8 reaction orders of the four

samples under (c) dark or (d) light conditions.

Fig. 4. (a) The potential energy surface of pathway I and pathway II. (b) The de-

tailed reaction configurations in the propane dehydrogenation process.

a similar conversion of propane. Both experiments indicate the PT-

PDH process is more stable.

DFT calculations were conducted to investigate the detailed

electronic effect on the PTPDH process [35,36]. Two reaction path-

ways were considered and the potential energy surface (PES) can

be found in Fig. 4a. The monomeric VO3 species was considered

the active site in the PTPDH process and the detailed models are

shown in Fig. 4b. Model I is one VO3 loaded on the CeO2 surface

without a dangling O atom, and the model II is one VO3 species

loaded on the CeO2 surface with a dangling O atom. Model I shows

a lower energy barrier (0.88 eV) for the 1st dehydrogenation step

but a higher energy barrier (1.34 eV) for the 2nd step, while model

II has a higher energy barrier (1.88 eV) for the 1st dehydrogena-

tion step and a lower energy barrier (0.71 eV) of the 2nd step. Ac-

cording to the Sabatier principle [37], a successful catalytic cycle in

heterogeneous catalysis always originates from neither too strong

nor too weak adsorption of intermediate. Thus, the higher the 1st

step must accompany with the lower the 2nd step. This unbalanced

kinetic condition would significantly suppress the overall PDH pro-

duction.

The DOS analysis was conducted to illustrate the effect of the

light radiation on the PDH as shown in Fig. S5 (Supporting infor-

mation) [38]. When the propane molecule was adsorbed on the

surface of model I, there was no occupation of the C and H atoms

(Fig. S5a). When the first H atom was dissociated, the occupation

of the C and H atoms appeared at ∼−2.5 eV (Fig. S5b). Such a lower

energy level rationalizes the higher energy barrier of the 2nd step.

As for model II, the occupation of the C and H atoms appeared at

∼−1.3 eV (Fig. S5d) and ∼2.6 eV (Fig. S5e) respectively. When the

first H atom was dissociated, the occupation of the C and H atoms

appeared at ∼−1.2 eV The higher energy level (−1.2 eV > −2.5 eV)

accompanies a lower energy barrier in the 2nd step. According to

the Frontier molecular orbit theory [39,40], the chemical reactiv-

ity is only decided by the relative energy level of the HOMO and

LUMO of the hybrid orbits. Thus, an appropriate electronic wave

function overlap confers a neither too strong nor too weak inter-

action between the metal atoms and adsorbate. We speculated the

high energy level of C and H atoms is more favorable for the influx

of electrons.

Thus, we tracked the electronic density of the metal active site

within the PDH process. In pathway I, the metal center first ac-

cepts the electron to arrive at the transitional state, then releases

its electrons to arrive at the 1st state (Fig. S6 in Supporting infor-

mation). The electronic fluctuation of pathway I (0.6 e-) is bigger

than pathway II (0.1 e-), indicating more electron influx lowered

the energy barrier. As for the 2nd step, in pathway I, it first re-

leases its electron to arrive at the transitional state and then re-

leases electrons to arrive at the 2nd state. While in pathway II,

the metal would accept the electrons from the adsorbate and re-

lease the electrons to arrive at the 2nd state. Pathway I has a
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higher energy barrier in the 2nd step than Pathway II, which may

come from the subsequent electron release behavior, leading to

the metal center in an electron-deficient state. In Pathway II, the

metal would first accept the electrons, the electron-rich state low-

ers the energy barrier of the 2nd step. In all, it can be deduced

the electron can help lower the reaction barrier and boost the PDH

performance.

The exchanged electron number was correlated to its energy

barrier within the 1st, and the 2nd C–H bond activation or the H

coupling desorption processes (Figs. S5c and f). The negative rela-

tionship indicates the more exchanged electron numbers, the lower

the active energy barrier of C–H bond activation is.

In conclusion, we prepared four CeO2 supports with different

morphologies, a series of characterization results indicate that R-

CeO2 has the biggest surface area, leading to the best disper-

sion capacity for VOx species and good light absorption capacity.

The kinetic result shows that exclusively increasing the tempera-

ture would suppress the 1st step, while light radiation can boost

overall propylene production. The light radiation TPSR experiment

demonstrates that light radiation selectively boosts the 1st step

and thus balancing the kinetic conditions. DFT calculations indicate

that light accelerates the electron transfer behavior within the 1st

dehydrogenation process. More electrons were involved in the 1st

step and thus lowering the reaction energy barrier. The linear re-

lationship between the energy barrier and the exchanged electron

number supports this point. This paper emphasizes the significance

of the electron exchange in the activation of the C–H bond, and the

photo-assisted thermal catalysis method can afford more electron

exchange channels to strengthen the intrinsic activity of propane

dehydrogenation.
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