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SUMMARY

The direct and selective oxidation of light alkanes into value-added liquid chemicals under mild conditions 
remains a long-standing challenge in catalysis. Here, we report a heterogeneous photocatalyst based on 
site-isolated decatungstate (DT) anions immobilized on SBA-15 via a silatrane linker (sil-DT). Under UV-light 
irradiation at room temperature and ambient pressure, the catalyst selectively oxidizes propane to acetone 
and exhibits an acetone production rate of 11.2 mmol g DT 

− 1 h − 1 , a total liquid product selectivity of 89.0%, 
and an acetone fraction of 69.0% within the liquid products. In contrast, bulk sodium DT (NaDT) shows negli-

gible activity under identical conditions. Spectroscopic and computational studies reveal that the high cat-

alytic performance arises from the uniform dispersion and site isolation of DT species, which retain the photo-

physical properties of their homogeneous counterparts. This work demonstrates the critical role of molecular

THE BIGGER PICTURE The selective oxidation of light alkanes into value-added liquid chemicals under mild 

conditions remains one of the long-standing challenges in catalysis. Light alkanes, such as methane, ethane, 

and propane, are naturally abundant yet chemically inert, and achieving their controlled functionalization 

would provide a transformative route to sustainable chemical manufacturing. Photocatalysis offers a prom-

ising strategy because photons can supply highly targeted energy inputs for bond activation. However, most 

heterogeneous photocatalysts generate dense electron-hole pairs upon excitation, which often leads to un-

controlled multielectron pathways and overoxidation. In contrast, molecular photocatalysts, such as deca-

tungstate (DT), can perform precise hydrogen atom transfer, but their use has largely been restricted to ho-

mogeneous organic solvents, limiting scalability and green metrics.

This work demonstrates that immobilizing DT in a site-isolated manner on a mesoporous support can achieve 

both molecular-level precision and heterogeneous robustness. The resulting catalyst enables solvent-free 

oxidation of propane to acetone at room temperature and ambient pressure with high selectivity while avoid-

ing the safety and separation concerns associated with organic solvents. Mechanistic and spectroscopic 

studies reveal that isolating active sites is crucial not only for exposing active sites but also for preserving 

the intrinsic photocatalytic reactivity of the molecular catalyst. Aggregated DT loses this reactivity, under-

scoring the importance of site isolation in selective photocatalytic C–H activation.

By bridging the conceptual gap between molecular precision and heterogeneous practicality, this work pro-

vides a generalizable strategy for designing photocatalysts capable of selective single-electron transforma-

tions, which is an essential requirement for upgrading light alkanes without overoxidation. These findings 

open up new opportunities for the sustainable valorization of abundant hydrocarbon resources and for ex-

panding photocatalysis into large-scale chemical processes.
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dispersion in enabling selective light-driven alkane oxidation and offers a sustainable route for propane valo-

rization.

INTRODUCTION

Light alkanes, such as methane, ethane, and propane, are natu-

rally abundant. 1–5 They generally feature high free energies, 

making it thermodynamically favorable to convert them into ox-

ygenates as promising precursors for commodity chemical pro-

duction. 6–10 Nevertheless, carrying out the direct conversion of 

alkanes to value-added oxygenates remains a challenge. Exist-

ing approaches often rely on processes that start from steam re-

forming, which is not only energy intensive but also prone to 

rapid catalyst deactivation. 11–15 At the heart of the issue is the 

difficulty in controlling the selectivity of C–H activation. The 

bond-dissociation energy (BDE) of the first C–H bond in a typical 

light alkane tends to be the highest. As a result, under thermo-

chemical conditions, the energy needed for breaking the first 

C–H bond would also be sufficient to dissociate subsequent 

C–H bonds, leading to poor product selectivity. 9,16–18 Recog-

nizing this issue, researchers have studied the possibility of 

substituting thermal energy with other forms of energy, including 

electricity or light. 3,19–21 Of these new approaches, photocataly-

sis is especially appealing because it directly uses photons to 

meet the energy requirements for activating bonds that are 

otherwise difficult to break. Although encouraging progress 

has been made in using photocatalysis for the synthesis of 

high-value chemicals, such as those of pharmaceutical signifi-

cance, similar applications of photocatalysis to the synthesis of 

commodity chemicals have been lacking. 22–25

Examinations of successful commercial implementations of 

photocatalytic conversion reveal that they typically feature mo-

lecular sensitizers or photocatalysts. 25–28 Thanks to the relatively 

slow recovery of these molecules after photoinduced charge 

transfer, the process is often limited to single-electron transfer. 

Consequently, substrate overactivation can be avoided. Howev-

er, such molecular photocatalysts are mostly used for the syn-

thesis of high-value molecules and would be cost prohibitive 

for the production of commodity chemicals. By comparison, het-

erogeneous photocatalysts are easy to prepare, recycle, and 

reuse and therefore hold great promise for scaled-up chemical 

synthesis. 29–33 However, they often feature energy bands and 

a relatively high density of charges upon photoexcitation. As a 

result, it has been exceedingly difficult to limit charge transfers 

from the photocatalyst to the reactive substrate to single elec-

trons. 34 Hence, it remains a fundamental challenge to achieve 

high selectivity with heterogeneous photocatalysts for light 

alkane oxidation.

For the purpose of photocatalytic commodity chemical syn-

thesis, one possible solution is to immobilize molecular catalysts 

onto heterogeneous supports. 35–38 As an isolated active site, the 

electronic energy levels are expected to be quantized, promising 

constrained charge transfers to minimize substrate overactiva-

tion. Polyoxometalates (POMs) are particularly suited for this 

role because they have been shown to serve as robust, well-

defined molecular catalysts for reactions such as hydrogen 

atom transfer (HAT). 39–47 Among the studied POMs, decatung-

state (DT; [W 10 O 32 ] 
4− ) has demonstrated outstanding activity in 

the C–H bond activation of volatile alkanes via HAT. 48–50 Previ-

ous efforts to heterogenize DT mostly focused on improving its 

recyclability. Furthermore, these early demonstrations were 

generally still conducted in liquid-phase media with organic sol-

vents, such as acetonitrile, which limits the prospect of scaling 

up for the sustainable synthesis of commodity chemicals. 51–55 

In this study, we built on this early research with the aim of 

achieving the site-isolated immobilization of DT. The target reac-

tion was direct photocatalytic oxidation of propane to acetone 

under ambient, solvent-free gas-solid conditions with O 2 as the 

oxidant. Acetone is a widely used industrial solvent and precur-

sor. 56,57 Its production from propane is not only a valuable trans-

formation but also a representative model for studying C–H acti-

vation in the presence of O 2 . We succeeded in achieving the 

highly selective synthesis of acetone. Notably, this synthesis 

was carried out without the use of any additional solvents. More-

over, when DT aggregates were used as a photocatalyst for the 

same synthesis, no appreciable propane activation was 

measured, further highlighting the importance of isolating the 

active centers.

RESULTS AND DISCUSSION

Synthesis and characterization of catalysts

We selected DT as the molecular photocatalyst because of its 

ease of synthesis, relatively good stability, and well-documented 

efficiency in promoting HAT under UV-light irradiation. 58–61 We 

prepared NaDT from Na 2 WO 4 ⋅2H 2 O and 1 M HCl (10WO 4 
2− + 

16H + → [W 10 O 32 ] 
4− + 8H 2 O) through a procedure modified 

from a previous report. 62 Once prepared, [DT] 4− was immobi-

lized onto mesoporous SBA-15 with a silatrane-based anchoring 

strategy (Figure 1A). In brief, we first synthesized 4-aminophenyl-

silatrane by reacting p-aminophenyltrimethoxysilane with trie-

thanolamine, grafted it onto SBA-15, and then applied a mild 

acid treatment to remove the triethanolamine protecting group 

and protonate the amino linker. 63–65 We then immobilized 

[DT] 4− via electrostatic interaction with surface-bound ammo-

nium cations. The resulting sample, sil-DT, was expected to 

feature mostly isolated DT clusters. For comparison purposes, 

we prepared a second catalyst (imp-NaDT) via direct wet 

impregnation of sodium DT (NaDT) onto SBA-15. 51,53 This sam-

ple was expected to feature a mixture of isolated DT sites and 

some aggregates. We obtained a third catalyst (mix-NaDT) by 

physically mixing NaDT and SBA-15 through grinding. This sam-

ple was expected to feature mostly aggregates of NaDT on the 

surface of SBA-15 and a low degree of isolated sites. Lastly, 

we also synthesized bulk NaDT without adding any SBA-15. 

Once synthesized, the catalysts were studied by scanning 

transmission electron microscopy (STEM) equipped with en-

ergy-dispersive X-ray spectroscopy (EDS) mapping (Figures 

1B and S1). For sil-DT, W was well dispersed on the Si back-

ground (Figure S1), suggesting successful immobilization. 

Furthermore, the immobilization remained stable, as evidenced
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by the absence of detachment or aggregation after rigorous 

rinsing. In contrast, the EDS mapping of imp-NaDT revealed 

partial aggregation of DT species, consistent with the absence 

of covalent anchoring and less controlled dispersion. For mix-

NaDT, significant clustering and larger domains of W-rich re-

gions were visible, supporting the expectation of substantial ag-

gregation due to the physical mixing procedure. These structural 

characterizations confirmed that sil-DT predominantly features 

isolated DT, whereas imp-NaDT and mix-NaDT contain 

increasingly aggregated forms of DT. Inductively coupled 

plasma optical emission spectroscopy (ICP-OES) determined 

the loading density of DT to be 7.5 nmol mg − 1 (1.8 wt %) in sil-

DT, and on this basis, we prepared imp-NaDT and mix-NaDT 

with comparable DT loadings to ensure a meaningful compari-

son of their catalytic performance.

Photocatalytic performance for propane oxidation

Next, we carried out photocatalytic oxidation of propane at 

room temperature with a 365 nm light-emitting diode (LED; 

485 mW/cm 2 ; Howsuper, H6015-S-6868-LG-365 nm) as the 

light source. For this set of experiments, a glass pressure re-

action vessel (3 oz, Andrews Glass) with customized Swagelok 

reactor tops containing 80 mg of DT catalysts was filled with 

1 bar air and 1 bar propane (Figure S2). In a typical experi-

ment, we added D 2 O to the reactor after 1 h of UV-light irradi-

ation to extract the liquid product. With sil-DT, 1 H-NMR using 

DMSO as an internal standard detected 15.8 μmol of acetone. 

The yield corresponded to a normalized yield of 11.2 mmol 

g DT 
− 1 h − 1 . Other detected products included isopropanol 

(4.6 mmol g DT 
− 1 h − 1 ), propanoic acid (0.4 mmol g DT 

− 1 h − 1 ), 

and acetic acid (0.03 mmol g DT 
− 1 h − 1 ). The total selectivity to-

ward liquid oxygenates reached 81.0%, and acetone ac-

counted for 69.0% of the total liquid products. No product 

was detected when the reaction was carried out without sil-

DT, light, propane, or air. The results are summarized in 

Figures 2A and S3.

In stark contrast, no appreciable amount of liquid oxygenates 

was detected for bulk NaDT. Although oxygenates were de-

tected on imp-NaDT (1.5 mmol g DT 
− 1 h − 1 acetone, 2.4 mmol 

g DT 
− 1 h − 1 isopropanol, 0.4 mmol g DT 

− 1 h − 1 propanoic acid, 

and 0.4 mmol g DT 
− 1 h − 1 acetic acid) and mix-NaDT (2.1 mmol 

g DT 
− 1 h − 1 acetone, 1.1 mmol g DT 

− 1 h − 1 isopropanol, 0.06 

mmol g DT 
− 1 h − 1 propanoic acid, and 0.06 mmol g DT 

− 1 h − 1 acetic 

acid), their levels were significantly lower than those obtained on 

sil-DT.

A handful of catalytic systems for propane-to-acetone conver-

sion have been reported previously. They either required high 

temperature or featured low conversion and/or selectivity. 66–70 

For instance, using FeCl 3 as a photocatalyst, Teixeira and co-

workers reported the photocatalytic oxidation of propane to 

acetone. 71 However, their system required CH 3 CN as a solvent, 

limiting the prospect of scaling up. Within this context, our 

achievement of high selectivity for acetone formation in a sol-

vent-free heterogeneous photocatalytic system is significant. 

Recognizing the outstanding performance of sil-DT, we focused 

the next set of experiments on this catalyst. Our first task was to 

demonstrate the recyclability of the catalyst by performing sec-

ondary and tertiary photocatalytic propane oxidation with re-

cycled sil-DT. After the initial photocatalysis, we sequentially 

washed the spent catalyst with H 2 SO 4 (pH 2) and acetonitrile, 

dried it under vacuum at 60 ◦ C, and then subjected the regener-

ated catalyst to the same reaction conditions. As shown in 

Figure 2B, we measured nearly identical activity for oxygenate 

formation. Repeating the recycling and photocatalysis proced-

ure yielded comparable activity in the third cycle (Figure 2B). 

ICP-OES of the used sil-DT suggested negligible leaching of 

DT (7.3 nmol DT mg − 1 ), highlighting the robustness and reusability 

of the sil-DT catalyst.

A

B C

Figure 1. Preparation and characterization of sil-DT

(A) Procedure of sil-DT synthesis.

(B) STEM images of sil-DT.

(C) Schematic illustration of sil-DT.
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We further investigated the effect of gaseous reactant partial 

pressures (Figures 2C and 2D). Increasing the O 2 partial pressure 

resulted in a modest improvement in propane conversion. How-

ever, when the O 2 partial pressure exceeded 0.2 bar, we 

observed a notable increase in CO 2 formation and a decline in 

liquid product yield, indicating enhanced overoxidation under 

oxygen-rich conditions (Figure S3). In contrast, increasing the 

partial pressure of propane led to a monotonic enhancement in 

product formation. These results suggest that C–H activation 

of propane, but not oxygen activation, is most likely rate limiting. 

This interpretation is consistent with our previous study on UV-

light-driven propane dehydrogenation using [DT] 4− in a homoge-

neous O 2 -free system, which showed similar pressure-depen-

dent behavior of propane. 72 Additionally, preliminary kinetic 

studies revealed that the reaction proceeded steadily over the 

first 3 h by maintaining a constant product formation rate and

selectivity. For longer reaction durations, we observed a decline 

in liquid-product formation rates and increased CO 2 formation 

(Figure S3). This result could be attributed to overoxidation due 

to the accumulation of liquid products near active sites in the 

absence of solvent or significant vapor-phase removal. We envi-

sion that mitigation strategies such as continuous-flow reactor 

designs could be readily applied to address this issue and plan 

to carry them out in future studies. Together, these observations 

support the understanding that photoexcited DT is capable of 

activating propane directly under UV irradiation.

Investigation of the reaction mechanism

To further elucidate the reaction mechanism, we conducted den-

sity functional theory (DFT) calculations to investigate the com-

plete reaction mechanism over sil-DT (Tables S1–S4). The pho-

tocatalytic cycle is initiated by the photoexcitation of DT,

A B

C D

Figure 2. Catalytic performance of propane oxidation

(A) Comparison of different DT catalysts.

(B) Recyclability test.

(C) Test of the influence of O 2 partial pressures.

(D) Test of the influence of propane partial pressures.

All reactions in (B)–(D) were conducted in the presence of 10 mg sil-DT for 1 h. Refer to the main text for other experimental details.
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generating a reactive excited state ([W 10 O 32 ] 
4− *). This species 

undergoes HAT with propane to form a propyl radical and the 

reduced DT anion (H + [W 10 O 32 ] 
5− ). This HAT step is exergonic 

with calculated Gibbs free-energy changes of − 0.26 eV. The 

reduced DT is then readily oxidized by molecular oxygen (ΔG =

− 0.18 eV), regenerating the original DT and producing a hydro-

peroxyl radical (⋅OOH). Subsequent radical recombination be-

tween the propyl radical and ⋅OOH to form propyl hydroperoxide 

is highly exergonic (ΔG = − 2.26 eV) and is expected to dominate 

over alternative radical chain reactions as a result of steric 

confinement and restricted diffusion within the mesoporous 

SBA-15 channels. Finally, under UV-light irradiation, propyl hy-

droperoxide can be readily converted to isopropanol and 

acetone, a well-documented photochemical decomposition 

pathway for alkyl hydroperoxides. 68 It is worth noting that isopro-

panol can be further oxidized to acetone under the reaction con-

ditions, as supported by control experiment using isopropanol 

as the sole substrate (Figures S6 and S7) and by previous reports 

on DT-catalyzed alcohol oxidation. 51,73 This proposed mecha-

nism is schematically summarized in Figure 3.

Key role of site dispersion

The dispersion of active sites is widely acknowledged to affect 

catalytic efficiency by enhancing site accessibility. 74–79 Howev-

er, the stark difference between sil-DT and bulk NaDT in their ac-

tivity toward propane oxidation suggests that other critical in-

sights are missing from this conventional view. Guided by this 

consideration, we next sought to investigate whether dispersion 

also modulates the intrinsic reactivity of a catalytic unit. UV-

visible (UV-vis) diffuse reflectance spectroscopy (UV-vis DRS) 

revealed that sil-DT exhibited an absorption profile closely 

resembling that of dissolved NaDT (Figure 4A), suggesting that 

the DT units remain electronically isolated in the heterogenized 

state. It is therefore reasonable to expect them to behave like a 

dissolved molecule during photocatalysis. In contrast, bulk

NaDT displayed a clear red shift in its absorption edge, indicative 

of significant electronic interactions between neighboring DT 

units in the solid state. Tauc plot analysis (Figure S4) further sup-

ported these observations. sil-DT and homogeneous DT ions 

exhibited a comparable optical band gap of 3.2 eV, whereas 

bulk NaDT featured a narrower band gap of 2.8 eV, consistent 

with the view that increased orbital overlap would result in a nar-

rower band gap. X-ray photoelectron spectroscopy (XPS) further 

confirmed that DT aggregation in bulk NaDT leads to a higher 

valence-band maximum (VBM) and a lower conduction-band 

minimum (CBM) than the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) 

of an isolated DT anion, respectively (Figure S8).

To further validate the difference in photochemical reactivity 

between sil-DT and bulk NaDT, we performed electron para-

magnetic resonance (EPR) spectroscopy with cyclooctane as a 

model substrate and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) 

as a spin agent (Figure S5). Upon 365 nm irradiation for 60 s, 

we observed a characteristic six-line EPR signal (g = 2.0059, 

A Nβ = 14.1 G, A Hβ = 22.2 G) in the presence of sil-DT; this can 

be assigned to the DMPO-cyclooctyl radical adduct. By compar-

ison, no such signal was evident for the sample containing bulk 

NaDT under otherwise identical conditions. Control experiments 

confirmed that no signal was present in the absence of either 

light or sil-DT, indicating that the radical signal originated from 

a photoinduced HAT between sil-DT and cyclooctane. These 

findings further suggest that the dispersion of DT anions is key 

to the C–H activation in propane, whereas the aggregated form 

of DT is inactive under similar conditions (Figure 4B).

To understand the origin of the distinct catalytic behavior be-

tween sil-DT and bulk NaDT, we performed DFT calculations to 

evaluate their reactive states (Figure 5). Prior studies have estab-

lished that the lowest triplet excited state (T 1 ) of DT formed after 

UV-light excitation and subsequent intersystem crossing is the 

active state responsible for HAT. 80–82 Our calculations showed

Figure 3. Catalytic cycle of propane oxidation over sil-DT
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that in the isolated DT anion, the energy difference between the 

triplet and ground states was 2.39 eV; however, in the crystalline 

NaDT structure, the unpaired electrons in the triplet state were 

highly delocalized, resulting in a reduced triplet-state energy of 

2.22 eV. This delocalization reduced the reactivity of the excited 

state toward HAT, consistent with the diminished catalytic per-

formance observed for bulk NaDT and with our EPR spectro-

scopic studies, which showed that whereas sil-DT was capable 

of HAT from cyclooctane under UV-light irradiation, bulk NaDT 

was almost inactive. These findings further corroborate the dif-

ferences observed in the UV-vis spectra of these two types of 

samples. Together, these results highlight the critical role of

Figure 4. Investigation of band structures

(A) UV-vis DRS of sil-DT (red) and bulk NaDT (blue). Also presented is the UV-vis spectrum of NaDT dissolved in MeCN (light blue).

(B) Schematic diagram of band structures of sil-DT and bulk NaDT and their reactivity toward HAT with propane.

Figure 5. DFT calculations of the reactive 

states

(A) Sil-DT.

(B) NaDT.
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active-site isolation in enhancing not only the accessibility but 

also the intrinsic reactivity of molecular photocatalysts.

Finally, we evaluated two in-between catalyst designs: imp-

DT and mix-DT. Both samples exhibited modest catalytic activ-

ity that was significantly lower than that of sil-DT but higher than 

that of bulk NaDT (Figures 2A and S3). Although modestly higher 

dispersity of DT was expected from imp-DT, surface-area mea-

surements (Table S5) revealed that this sample had a reduced 

surface area, presumably as a result of blocking by the impreg-

nation treatment. Consequently, comparable photocatalytic per-

formance was measured for imp-DT and mix-DT. Collectively, 

these data suggest that although some isolated DT sites are pre-

sent and active in these samples, the coexistence of DT aggre-

gates limits overall performance. These results further highlight 

the importance of precise control over DT dispersion and 

demonstrate that the silatrane-based strategy is an effective 

way to immobilize molecular catalysts and achieve a highly effi-

cient, site-isolated heterogeneous catalyst.

Conclusion

In summary, we have developed a robust and efficient heteroge-

neous photocatalyst by anchoring site-isolated DT anions onto 

SBA-15 via silatrane linkers, enabling direct and selective oxida-

tion of propane to acetone under mild conditions. The catalyst 

exhibits high activity and selectivity without the need for sol-

vents, highlighting the potential for sustainable alkane function-

alization. Mechanistic studies, supported by spectroscopy and 

DFT calculations, revealed that active-site isolation is crucial 

not only for maximizing accessibility but also for preserving the 

intrinsic photoreactivity. This work underscores the importance 

of the catalyst microenvironment in controlling product selec-

tivity and provides a blueprint for designing molecularly defined 

photocatalysts for light alkane valorization. Future development 

of continuous-flow systems and visible-light-responsive analogs 

are likely to further expand the practical applicability of this strat-

egy in green chemical manufacturing.

METHODS

Detailed methods are provided in the supplemental information.
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M., Djuric, S.W., and Noë l, T. (2018). Selective C(sp 3 )–H aerobic oxidation 

enabled by decatungstate photocatalysis in flow. Angew. Chem. Int. Ed. 

57, 4078–4082. https://doi.org/10.1002/anie.201800818.

49. Laudadio, G., Deng, Y., van der Wal, K., Nuñ o, M., Fagnoni, M., Guthrie, 
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