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A B S T R A C T   

Constructing heterojunction structures is considered one of the effective methods to improve the activity of 
photocatalysts. A novel Z-Scheme heterojunction Fe-BDC/TiO2 was designed and synthesized by amorphous gel 
Fe-BDC and TiO2 nanoparticles with electrostatic self-assembly method. The introduction of Fe-BDC has been 
proved to expand the light absorption range and promote the separation and transfer of interface photo 
generated electrons and holes. Thus, the photocatalytic degradation efficiency of acetaldehyde by 5% Fe-BDC/ 
TiO2 sample is 2.3 times than that of pure TiO2 sample. And the reaction rate is 2.5 times than that of pure TiO2 
sample. The free radical capture experiment shows that •O2

− played a more important role in the degradation of 
acetaldehyde. In addition, in situ infrared analysis further reveals the surface species of the photocatalysts during 
adsorption and degradation processes. The acetaldehyde degradation route of Fe-BDC/TiO2 has been speculated. 
‘1These findings provide valuable references for the design of metal oxide semiconductor/Fe based MOF het-
erojunctions and the efficient degradation of aldehyde VOCs.   

1. Introduction 

Volatile organic compounds (VOCs), such as benzene compounds, 
aldehydes, alcohols, and ketones, are considered the main pollutants in 
the atmospheric environment [1]. VOCs can also be involved in the 
formation of ozone and secondary aerosols, which is an important pre-
cursor of PM2.5 [2] (Particulate Matter with diameter less than 2.5 µm). 
Moreover, most VOCs have toxic, irritating, teratogenic and carcino-
genic [3,4]. Photocatalytic oxidation technology, as a green, cost- 
effective and efficient technology, can degrade typical VOCs under 
mild conditions [5,6]. Titanium dioxide (TiO2) is a widely used photo-
catalyst to photodegrade various VOCs due to its low cost and non- 
toxicity [7,8]. However, due to the easy recombination of photo 
generated charge carriers, the catalytic degradation efficiency of TiO2 is 
low. 

Researchers have effectively promoted the separation of photo 
generated electron hole pairs through appropriate design of photo-
catalysts, such as doping, metal loading, and the introduction of heter-
ojunctions [9–11]. Among the proposed strategies, the introduction of 

heterojunctions is one of the most promising methods for preparing 
efficient photocatalysts [12,13]. Metal organic frameworks (MOFs) are 
porous materials composed of metal ions/clusters and bridged organic 
ligands [14,15]. MOF has the advantages of high porosity, large specific 
surface area, adjustable structure, and many active sites [16,17]. It has 
great application potential in sensing, gas storage, separation, catalysis 
and other fields [18–21]. 

In the large family of MOF materials, iron based MOFs have attracted 
much attention due to their low cost, environmental protection, and 
unique physical and chemical properties [22,23]. Iron based MOFs also 
show great potential in heterogeneous photocatalysts or photo Fenton 
catalysts because of its highly ordered structure, non-toxic characteris-
tics and the ability to absorb visible light [24]. In addition to the com-
mon crystalline Fe-based MOF (such as MIL-101 (Fe)), an amorphous gel 
like Fe-BDC has also attracted the attention of researchers. It has the 
main common feature with MIL-101 (Fe): the same 2θ XRD reflection of 
position, similar thermal stability, almost identical junction conforma-
tion, etc.[25]. In addition, its synthesis can utilize solvent regulation 
deprotonation under room temperature and pressure [26]. 
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In this work, we constructed a Fe-BDC/TiO2 heterojunction structure 
and characterized its phase structure, morphology, light absorption, and 
chemical composition. And explore its adsorption and degradation 
ability for aldehyde VOCs through photocatalytic degradation experi-
ments. In addition, the separation and transfer of photo generated 
electron-hole pairs in Fe-BDC/TiO2 heterojunction structures has been 
studied through steady-state fluorescence spectroscopy, photocurrent 
response, and electrochemical impedance. Combining VB-XPS and band 
gap to explore the type of heterostructure. The experiment also explores 
the role of different free radicals in the degradation of acetaldehyde and 
the pathway of acetaldehyde degradation. This work could provide 
valuable reference for the design of metal oxide semiconductor/Fe based 
MOF heterojunctions and the efficient degradation of aldehyde VOCs. 

2. Experimental 

2.1. Chemicals and materials 

Anatase TiO2 was purchased from Aladdin Industries Corporation. 
Ferric chloride hexahydrate (FeCl3⋅6H2O), N,N-dimethylformamide 
(DMF, AR) and 1,4-terephthalic acid (H2BDC) were purchased from 
Shanghai adamas Reagent Co., Ltd. Triethylamine (TEA, AR) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Absolute ethanol 
was supplied by Sinopharm Chemical Reagent Co., Ltd. Deionized (DI) 
water was produced by ultrapure water machine (Tondino Scientific 
(Shanghai) Co., Ltd). All chemicals used in our study without further 
purification. 

2.2. The synthesis of Fe-BDC/TiO2 

According to the literature, amorphous gel Fe-BDC was synthesized 
at room temperature and pressure [27]. 1 mmol FeCl3⋅6H2O was dis-
solved in 50 mL DMF. 1 mmol H2BDC, 4 mL of ethanol,4 mL of deionized 
water and 1.5 mL TEA were added into the Fe-DMF solution under 
stirring, respectively. After 12 h, a uniform colloidal suspension was 
collected by centrifuging at 8000 rpm (5 min) and washed 3 times with 
ethanol. Finally colloidal substance was freeze-dried to obtain Fe-BDC. 

An appropriate amount of Fe-BDC was ultrasonically dispersed in 30 
mL deionized water and TiO2 nanoparticles were added. After stirring 6 
h, Fe-BDC/TiO2 were successfully prepared by electrostatic self- 
assembly method. After that, the mixed suspension was centrifuged 
and dried. The samples were named as x% FT, where the x% represented 
the mass percentage of Fe-BDC. 

2.3. Characterization 

X-ray diffraction (XRD) were collected by high-resolution powder X- 
ray diffractometer (BRUKER AXS GMBH, D8 DISCOVER DAVINCI) using 
Cu Ka radiation (λ = 0.15418 nm) with 2θ varied from 3◦ to 80◦ (5◦/ 
min). UV–vis spectra were carried out by Shimadzu UV-3600 spec-
trometer. Photoluminescence spectra were supplied by fluorescence 
spectrophotometer (Edinburgh Instruments FLSP-920) with an excita-
tion wavelength of 250 nm. The Brunauer–Emmett–Teller (BET) tests 
were measured by Micromeritics nitrogen adsorption apparatus 
(ASAP3000). X-ray photoelectron spectroscopy (XPS) and valance band 
XPS (VB-XPS) experiments were carried out using a twin anode gun, 
Mgka (1253.6 eV) (Microlab 310F scanning Auger microprobe, Thermo 
Fisher Scientific, ESCAlab250). Photocurrent measurement was per-
formed on CHI 660 electrochemical analyzer with the samples as the 
working electrode, the platinum sheet as the counter and the saturated 
calomel as the reference electrode. The electrolyte was 0.2 mol/L 
Na2SO4 solution. In situ Diffuse Reflection Infrared Fourier Transform 
spectroscopy (DRIFTS) was carried out on the Shimadzu IRTracer-100 
instrument with a mercury cadmium telluride (MCT) detector to 
monitor the intermediates in the photocatalytic degradation of 
acetaldehyde. 

2.4. Photocatalytic performance testing 

In this work, to evaluate the performance of as-prepared photo-
catalysts, the target pollutant is acetaldehyde in a continuous flow 
reactor system. 250 W xenon lamp (light intensity 204 W/m2) was used 
as the light source. 50 mg as-prepared photocatalyst was dispersed in 
ethanol by ultrasonication and then coated on a glass plate. The flowrate 
of gas mixture (acetaldehyde: air = 1:1) was set at 20 standard cubic 
centimeters per minute (sccm). The initial concentration of gaseous 
acetaldehyde was 500 ppm and the change of concentration was 
recorded in real-time by gas chromatography (GC). Saturated adsorption 
capacity (A, μMol/g) is calculated using the following expression: 

A={C0 × ρ0 × ρ1×[(
∫ t

0 ν× Cdt)blank − (
∫ t

0 ν× Cdt)sample]}/(M × m). 
Among them, C0 (ppm) and C (ppm) are the initial concentration and 

real-time concentration, respectively. ρ0 (g/cm3) and ρ1 (g/cm3) repre-
sents the density of air and VOCs relative vapor density at room tem-
perature respectively. t (min) is the time point of data recording, υ (mL/ 
min) is the flow rate of the mixed gas. M (g/mol) and m (g) are the molar 
mass of VOCs and mass of photocatalyst, respectively. The photo-
degradation efficiency of gaseous acetaldehyde was calculated by:  

X = (C0-C)/C0 × 100 %                                                                         

The mineralization rate of gaseous acetaldehyde was determined by:  

η = △[CO2]/[2 × (C0-C)] × 100 %                                                         

△[CO2] is the outlet CO2 concentration, [2× (C0-C)] represents the 
theoretical yield of CO2 generated during the complete oxidation of 
acetaldehyde. 

ESR test: Firstly, 4 mg of the sample was dispersed in 2 mL of ethanol. 
Next, 100 μL solution and 30 μL DMPO (Dimethylpyridine N-oxide) 
were mixed thoroughly and then irradiated under xenon lamp for 5 min. 
Finally, a certain amount of mixed solution was put into the EPR sample 
chamber to detect hydroxyl radicals and superoxide radicals. 

Free radical capture experiment: TEMPO (2,2,6,6-Tetramethylpi-
peridinooxy) and PBQ (p-benzoquinone) were used as hydroxyl radical 
and superoxide radical quenching agents respectively. The TEMPO (or 
PBQ) and sample were dispersed in ethanol solution at a ratio of 1:10 
and coated on glass plate. The next steps were consistent with the 
photocatalytic testing method. 

3. Results and discussion 

As shown in Fig. 1a, TiO2 sample shows characteristic peaks of 
anatase type: 25.4◦ (101), 37.8◦ (004), 48.1◦ (200), 53.9◦ (105), 55.1◦

(211), 62.7◦ (204), 68.7◦ (116), 70.3◦ (220) and 75.1◦ (215) [28]. As 
shown in S1, Fe-BDC exhibits amorphous structure with its peak located 
at 2θ = 8.3◦ and 17.4◦, corresponding to the (200) and (400) planes of 
their monoclinic structure. The Fe atom is coordinated by six O atoms 
(µ3-OH and O in carboxylates) to form slightly twisted FeO6 octahedra, 
which is further connected by corners/edges in the (200) plane [29]. 
Because amorphous gel Fe-BDC has low crystallinity and low peak 
strength, the composite only displayed TiO2 characteristic peaks. 

The utilization of light is the key factor to determining the perfor-
mance of photocatalysts. The UV–vis spectra of TiO2 and Fe-BDC/TiO2 
were showed in Fig. 1b. TiO2 can absorb ultraviolet light, while Fe-BDC 
has a wider range of light absorption. As the Fe-BDC content in the 
composite material increasing, the light absorption edge of x% Fe-BDC/ 
TiO2 composites show a slightly red shift. The bandgap values corre-
sponding to TiO2, 2 % Fe-BDC/TiO2, 5 % Fe-BDC/TiO2, 10 % Fe-BDC/ 
TiO2, and Fe-BDC are 3.13 eV, 3.09 eV, 2.99 eV, 2.86 eV, and 2.35 eV, 
respectively (Fig. S2). 

In order to further verified the interface interaction between TiO2 
and Fe-BDC, the chemical composition and binding energy of the ma-
terial were determined by X-ray photoelectron spectroscopy (XPS). As 
shown in Fig. 1c, the peak at 725.2 eV could be attributed to the peaks Fe 
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Fig. 1. (a) XRD patterns of TiO2, 2% Fe-BDC/TiO2, 5% Fe-BDC/TiO2, 10% Fe-BDC/TiO2 and Fe-BDC. (b) UV–vis diffuse reflectance spectroscopy of TiO2, 2% Fe- 
BDC/TiO2, 5% Fe-BDC/TiO2 and 10% Fe-BDC/TiO2. (c) Fe 2p spectra of Fe-BDC and 5% Fe-BDC/TiO2; (d) Ti 2p spectrum of TiO2 and 5% Fe-BDC/TiO2. 

Fig. 2. SEM images of (a) TiO2, (b) Fe-BDC and (c) 5% Fe-BDC/TiO2. (d) The EDS mapping of 5% Fe-BDC/TiO2 sample.  
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2p1/2. The peak at 711.4 eV represented of Fe 2p3/2, which is 
decomposed into four peaks located at 717.5, 713.7, 712.2 and 711.1 
eV, indicating the coexistence of Fe3+and Fe2+[30,31]. In addition, the 
Fe 2p peak in 5 % Fe-BDC/TiO2 moves towards low binding energy. The 
Ti 2p XPS spectrum (Fig. 1d) shows the peaks of Ti 2p1/2 and Ti 2p3/2 
at 464.2 eV and 458.5 eV, respectively. The peak of the composites 
moves towards high binding energy, indicating that the electron cloud 
density near the Ti-O bond decreased. The O1s spectrum of 5 % Fe-BDC/ 
TiO2 could be fitted by two splitting peaks near 531.3 and 529.9 eV 
(Fig. S3), which may be attributed to the carbon oxygen bond (O = C-O) 
and the Me-O bond (Me: Ti, Fe) in the terephthalic acid linker, respec-
tively [32]. The XPS results indicates that there is a strong interaction 
between TiO2 and Fe-BDC, which is conducive to charge transfer [33]. 

To elucidate the morphology of the sample, the SEM results of TiO2, 
Fe-BDC and 5 % Fe-BDC/TiO2 are illustrated in Fig. 2. The morphology 
of TiO2 sample is composed with a large number of aggregated nano-
particles, which forms mesoporous/macroscopic stacking pores. Fe-BDC 
shows dry gel state with relatively flat surface and small pores. 
Compared to Fe-BDC, 5 % Fe-BDC/TiO2 does not show significant 
changes in morphology due to the small amount. But the agglomeration 
of TiO2 particles in 5 % Fe-BDC/TiO2 is more obviously. The EDS 
spectrum of 5 % Fe-BDC/TiO2 was shown in Fig. 2d, where Ti, O, C, and 
Fe elements are detected. Fe and C elements come from Fe-BDC. Ti 
element comes from TiO2. Thus, these results indicate the successful 
combination of Fe-BDC and TiO2. 

The nitrogen adsorption desorption isotherm of TiO2, 5 % Fe-BDC/ 
TiO2 and Fe-BDC are shown in Fig. 3a. Both TiO2 and 5 % Fe-BDC/TiO2 
exhibit an IV type curve characterized by H2 type hysteresis loops, 
which indicates the presence of mesopores. Fe-BDC exhibits an IV type 
curve characterized by H3 type hysteresis loops. Fig. 3b shows the pore 
size distribution of the three samples. TiO2 particles irregularly stack to 
form a mesoporous structure of 10–20 nm. Fe-BDC has hierarchical 
structure of micropores and mesopores. The 5 % Fe-BDC/TiO2 had 
smaller pore size compares to that of pure TiO2 sample, which may 
attribute to the intensification of TiO2 particle aggregation during the 
synthesis process. Despite the relatively higher specific surface areas of 

Fe-BDC (134.39 m2/g) and TiO2 (92.3 m2/g), the specific surface area of 
5 % Fe-BDC/TiO2 decreased to 79.46 m2/g, which might be attributed to 
the aggregation of TiO2 particles in the electrostatic self-assembly pro-
cess of the two components. The relatively lower specific surface area of 
5 % Fe-BDC/TiO2 results in a weak adsorption capacity. 

The capture of VOCs is the first step in the photocatalytic oxidation of 
gaseous pollutants. Thus, the adsorption capacity of as-prepared pho-
tocatalysts for gaseous acetaldehyde was characterized under dark 
condition as shown in Fig. 3c and 3d. The adsorption amount of TiO2 for 
acetaldehyde is 50.01 μmol/g, while that of 5 % Fe-BDC/TiO2 decreases 
to 30.33 μmol/g. The results are consistent with that of specific surface 
area. 

The photodegradation curve of flowing gaseous acetaldehyde are 
shown in Fig. 4a. It can be found that all the Fe-BDC/TiO2 photocatalysts 
have better photocatalytic performance than that of pure TiO2. The 
degradation efficiency of acetaldehyde by different photocatalysts are as 
follows: 5 % Fe-BDC/TiO2 (44.6 %) > 10 % Fe-BDC/TiO2 (35.5 %) > 2 % 
Fe-BDC/TiO2 (32.4 %) > TiO2 (19.1 %). The photocatalytic degradation 
efficiency of acetaldehyde by 5 % Fe-BDC/TiO2 is 2.3 times that of pure 
TiO2 sample. The reaction rates (min− 1) of 5 % Fe-BDC/TiO2, 10 % Fe- 
BDC/TiO2, 2 % Fe-BDC/TiO2 and TiO2 are 0.00840, 0.00644, 0.00584 
and 0.00329, respectively (Fig. 4b). The reaction rate of the 5 % Fe- 
BDC/TiO2 is about 2.5 times that of pure TiO2 sample. Compared to pure 
TiO2 and other composites, 5 %FT shows the lowest PL intensity 
(Fig. 5a), confirming the efficient charge transfer between the two 
components, which inhibit the electron-hole recombination and pro-
mote the generation of highly oxidative radicals, leading to an increase 
in the photocatalytic performance. Interestingly, when further increase 
the amount of Fe-BDC to 10 %, the PL intensity of the sample increased, 
together with a decrease in the photo-catalytic performance. On one 
hand, the amount of TiO2 in 10 %FT is lower than 5 %FT, which limited 
the amount of photo-induced electrons and the generation of highly 
oxidative⋅O2

− radicals. On the other hand, the introduction of Fe-BDC 
lead to the aggregation of TiO2 and results in a decrease in composite 
uniformity, which, together with the excitation of Fe-BDC, might 
explain the increased PL intensity of 10 %FT. Besides, the aggregation of 

Fig. 3. (a) N2 adsorption–desorption isotherms at 77 K and (b) pore size distribution of TiO2, 5 % Fe-BDC/TiO2 and Fe-BDC; (c) Dynamic adsorption curve for 
gaseous acetaldehyde under dark conditions and (d) adsorption capacity histogram of TiO2 and 5 % Fe-BDC/TiO2. 
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Fig. 4. (a) Catalytic degradation curves of gaseous acetaldehyde under 250 W xenon lamp irradiation and (b) Kinetic model of acetaldehyde photocatalytic 
degradation rate of TiO2, 2 % Fe-BDC/TiO2, 5 % Fe-BDC/TiO2 and 10 % Fe-BDC/TiO2; (c) Degradation curve of 5 % Fe-BDC/TiO2 in four cycles; (d) Photocatalytic 
degradation curve of Fe-BDC on gaseous acetaldehyde. 

Fig. 5. (a) PL spectra of Fe-BDC, Fe-BDC/TiO2 samples and TiO2, (b) photocurrent response curves and (c) EIS curves of 5% Fe-BDC/TiO2 and TiO2.  
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TiO2 is detrimental for the adsorption capacity of FT samples, which also 
caused a decrease in the photo-catalytic performance of 10 %FT. In 
order to test the stability of the composite photocatalysts, we conducted 
a cycle experiment with 5 % Fe-BDC/TiO2 (Fig. 4c). After four cycles, the 
photodegradation efficiency of 5 % Fe-BDC/TiO2 stabilized to approxi-
mately 35 %. Fig. 4d shows that the acetaldehyde concentration is stable 
in the Fe-BDC photocatalysis process. Thus, Fe-BDC cannot photo-
degrade gaseous acetaldehyde under this condition, which is possibly 
due to its mismatch of energy bands. 

The intensity of PL emission peak reflects the recombination rate of 
photo generated electron hole pairs. As shown in Fig. 5a, the PL peak 
intensity of TiO2 is stronger than that of 5 % Fe-BDC/TiO2. It may be due 
to the formation of heterojunction structure in Fe-BDC/TiO2, which can 
promote charge transfer and effectively suppressing the recombination 
of photo generated electron hole pairs between TiO2 and Fe-BDC. Sub-
sequently, the response of the photocatalyst to light is studied through 
photocurrent testing. Fig. 5b shows the photocurrent density of TiO2 and 
5 % Fe-BDC/TiO2 over three cycles. Obviously, 5 % Fe-BDC/TiO2 has 
higher photocurrent density with higher efficiency in separating photo 
generated carriers than that of TiO2. Electrochemical impedance spec-
troscopy (EIS) is always used to further investigate the surface charge 
transfer of photocatalysts. The results of the EIS Nyquist plot were 
shown in Fig. 5c. Compared with pure TiO2 sample, 5 % Fe-BDC/TiO2 
shows lower arc radius, indicating its lower resistivity. It means that the 
introduction of Fe-BDC is conducive to promoting charge transfer at the 
interface between Fe-BDC and TiO2 and effective separation of photo 
generated electron hole pairs. 

ESR technology was used to monitor specific free radicals generated 
on TiO2 and 5 % Fe-BDC/TiO2. Under xenon lamp irradiation, typical six 
peak signals of DMPO-•O2

− and typical four peak signals of DMPO-⋅OH 
are detected on TiO2 and 5 % Fe-BDC/TiO2 (Fig. 6). Both •O2

− and •OH 
are strong oxidants for the catalytic oxidation of acetaldehyde. Due to 
the improvement of electron hole migration efficiency, the concentra-
tion of •O2

− and •OH generated on 5 % Fe-BDC/TiO2 is higher than that of 
pure TiO2 sample. Therefore, 5 % Fe-BDC/TiO2 exhibits better acetal-
dehyde oxidation efficiency. 

The energy band structure of semiconductor photocatalyst is a key 
factor affecting its activity. These influencing factors can further explain 
the degradation mechanism of acetaldehyde and the charge transfer 
pathway in the photocatalytic process. According to the VB-XPS spec-
trum (Fig. 7), the EVB of TiO2 and Fe-BDC are 2.36 eV and 2.48 eV, 
respectively. According to DRS and empirical equation ECB = EVB-Eg 
calculation, the conduction band potentials of TiO2 and Fe-BDC are 
− 0.77 eV and 0.13 eV, respectively. ESR testing has confirmed that the 
composite material Fe-BDC/TiO2 can generate •O2

− and •OH simulta-
neously under xenon lamp irradiation. Therefore, the charge transfer at 
the material interface follows the Z-type heterojunction mechanism 

[34,35]. The photogenerated electrons generated by Fe-BDC is excited 
by light transition to the conduction band and then recombined with the 
photogenerated holes on the valence band of TiO2. The strong reducing 
photogenerated electrons retained in the conduction band of TiO2 could 
reduce O2 to •O2

− . The photo generated holes with strong oxidation 
ability in the valence band of Fe-BDC could oxidize surrounding H2O 
molecules into •OH. 

The free radical capture experiment can indirectly prove the influ-
ence of •O2

− and •OH in photodegradation acetaldehyde. As shown in 
Fig. S4, after the addition of TEMPO and PBQ, the degradation efficiency 
of the catalyst for gas-phase acetaldehyde decreases from 44.6 % to 28.6 
% and 12.3 %, respectively. This confirms that •O2

− and •OH are active 
species in the photocatalytic degradation of acetaldehyde. Meanwhile, it 
could also be noted that the addition of PBQ has a higher impact on the 
degradation of acetaldehyde, indicating that •O2

− was the main active 
species for degrading acetaldehyde. 

In-situ DRIFTS was used to monitor the intermediates in the photo-
catalytic degradation of acetaldehyde by TiO2 and 5 % Fe-BDC/TiO2. 
Before the adsorption and degradation of acetaldehyde, the background 
of the sample in situ DRIFTS was deducted. As shown in Fig. 8a and 
Table S1, the peaks at 2326, 2372 cm− 1 (antisymmetric stretching vi-
bration of C = O in CO2), 3618 cm− 1 (stretching vibration of O-H), and 
3722 cm− 1 (free water) on the TiO2 surface indicates the adsorption of 
CO2 and H2O molecules on the surface. The peak of 1647,1700 cm− 1 

appears during the adsorption process corresponding to the stretching 
vibration of C = O (ν(C = O)), indicating the adsorption of acetaldehyde 
molecules on the catalyst surface. The peak at 1180 cm− 1 corresponds to 
the ν(C-O) in ether and 1373 cm− 1 corresponds to δs (CH3) in croto-
naldehyde, indicating that chemical reaction has occurred between the 
aldehyde molecules adsorbed on the surface of TiO2[36]. After the 
adsorption reaction of TiO2 reached equilibrium, xenon lamp was 
turned on for photocatalytic degradation of acetaldehyde. New peaks at 
1550 cm− 1 νas (COO) and 1458 cm− 1 (δ(CH2)) appears, indicating that 
acetaldehyde molecules are oxidized into intermediate products such as 
acetic acid and formic acid during the degradation process. Observing 
Fig. 8b and combining with Table S2, the species analysis on the 5 % Fe- 
BDC/TiO2 surface is similar to that of pure TiO2 sample. As the reaction 
time prolonged, the intensity of these peaks gradually increases, indi-
cating that the intermediates accumulate on the surface area of the 
catalyst. It is worth noting that the peaks intensity of CO2 and H2O 
significantly increase, further confirming that acetaldehyde molecules 
finally oxidized to CO2 and H2O. Combining in situ DRIFTS and previous 
studies, the possible pathways of acetaldehyde degradation were shown 
in Fig. 8c [37]. Acetaldehyde may be directly oxidized by •O2

− or •OH to 
the final product, or first oxidized by reactive oxygen species to in-
termediates such as acetic acid and formic acid, and then further thor-
oughly oxidized by CO2 and H2O. 

Fig. 6. DMPO spin-trapping ESR spectra of (a) radical •O2
− (b) radical •OH of TiO2 and 5% Fe-BDC/TiO2.  

H. Xue et al.                                                                                                                                                                                                                                     



Journal of Photochemistry & Photobiology, A: Chemistry 447 (2024) 115252

7

Fig. 7. XPS valence band spectra estimated by (a) TiO2 and (b) Fe-BDC; (c) Possible charge transfer path between Fe-BDC/TiO2.  

Fig. 8. (a) In situ DRIFTS spectra of TiO2 and (b) 5% Fe-BDC/TiO2 photocatalyst for degradation of gaseous acetaldehyde under xenon lamp irradiation. (c) 
Photocatalytic reaction path of acetaldehyde on catalyst surface. 
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4. Conclusions 

In summary, Fe-BDC/TiO2 heterojunction has been designed and 
first applied to photodegrade gaseous acetaldehyde in the mobile phase. 
The photocatalytic degradation efficiency of acetaldehyde by 5 % Fe- 
BDC/TiO2 is 2.5 times that of pure TiO2 sample. The UV–vis spectrum 
indicates that the light absorption range of Fe-BDC/TiO2 increased 
compared to TiO2. Through the testing and calculation of band structure 
and free radical capture experiments, it is further confirmed that the Fe- 
BDC/TiO2 formed Z-type heterojunction, promoting the separation and 
transfer of interface photogenerated electrons and holes, thereby 
improving the photocatalytic degradation ability. At the same time, the 
appropriate energy band structure could generate •O2

− or •OH, where •O2
−

plays a more important role in the degradation of acetaldehyde. In situ 
infrared spectroscopy reveals the degradation pathway of acetaldehyde. 
During the degradation of acetaldehyde, intermediate products such as 
acetic acid and formic acid are formed. These findings provide a way to 
design efficient heterojunction catalysts and a reference for the photo-
catalytic oxidation degradation mechanism of gaseous acetaldehyde. 
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