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ABSTRACT: In photocatalytic toluene oxidation, traditional semiconductor
catalysts still face the problem of insufficient generation of reactive oxygen
species (ROS). Herein, we first regulate the bimetallic asymmetry in layered
double hydroxide (LDH) photocatalysts via different metal electro-
negativities to activate lattice oxygen for ROS generation. The MnFe-
LDH, MnAl-LDH, and ZnFe-LDH photocatalysts with various electro-
negativities (Mn: 1.55, Al: 1.61, Zn: 1.65, Fe: 1.83) were designed, and
MnFe-LDH with the maximum electronegativity difference achieved the best
toluene oxidation. Characterizations and calculations revealed that due to the
enhanced bimetallic asymmetry of Mn2+−O−Fe3+ domain, the significant
contraction and expansion of Mn−O and Fe−O bonds occurred,
respectively, leading to enhanced lattice oxygen activation and oxygen
vacancy generation, and an intensive built-in electric field caused by charge transfer from Mn to Fe in MnFe-LDH, both of which,
under light irradiation, promoted O2 adsorption on in situ-formed oxygen vacancy along with photoelectrons, leading to ROS
formation. Specifically, the hydroxyl groups linking bimetallic sites in MnFe-LDH were beneficial for methyl oxidation and the
subsequent ring-opening of toluene. This study provides fresh insights into the design of LDH-based photocatalysts for toluene
oxidation.

1. INTRODUCTION
Volatile organic compounds (VOCs) are a class of pollutants
widely present in both indoor and outdoor environments.1

Among them, toluene, as a typical aromatic hydrocarbon, poses
a serious threat to human health and indoor air quality due to
its toxicity and tendency to accumulate in indoor environ-
ments.2 Toluene not only exerts toxic effects on the central
nervous system through respiratory exposure but may also
trigger allergic reactions and respiratory system diseases.3 In
recent years, the photocatalytic oxidation technology has
emerged as a green and highly efficient method for pollution
control, particularly demonstrating significant advantages in
the removal of VOCs.4−6 This technology utilizes electron−
hole pairs generated by semiconductor materials under light
irradiation to effectively oxidize and decompose organic
pollutants like toluene into harmless products, such as carbon
dioxide and water.7−9 Compared to traditional methods of
adsorption10 and combustion,11 the photocatalytic oxidation
offers several advantages, including low energy consumption,
mild reaction conditions, and ease of operation, making it
particularly suitable for indoor air purification.12,13

Despite its advantages, the photocatalytic oxidation tech-
nology still faces critical challenges, such as rapid recombina-
tion and slow transport of photogenerated electron−hole
pairs,14−16 which limit the diversity and quantity of reactive

oxygen species (ROS) generated during reactions. Hydroxyl
radicals (•OH), as a type of ROS, play a crucial role in
accelerating the oxidation and ring-opening mineralization of
toluene.17−19 Recently, layered double hydroxides (LDHs), as
hydroxyl-rich materials, are gaining increasing attention in
photocatalysis research.20,21 These materials are more likely to
generate hydroxyl radicals under light irradiation, which
accelerate the oxidation of toluene.22 Besides, their unique
layered structure effectively reduces the level of recombination
of photogenerated electron−hole pairs and provides abundant
active sites for toluene adsorption and activation. For example,
Liu et al.12 prepared ZnSn LDH photocatalyst with electron-
rich hydroxyl groups for the degradation of VOCs. The
electron-rich hydroxyl groups in ZnSn LDH enhance the
interaction between aromatic VOCs and the photocatalyst and
promote the generation of ROS, thereby achieving rapid ring
opening and deep oxidation of aromatic rings. In addition,
compared with traditional catalysts, LDHs exhibit larger
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specific surface areas, offering more adsorption sites for the
reactants. Moreover, their catalytic performance can be
optimized by adjusting the ratios and types of metal ions.23

In the reactions of catalytic oxidation, the activated lattice
oxygen plays an important role in the conversion of reactant
molecules, as well as improving the oxidation capacity for deep
mineralization,24 which commonly refers to the Mars-van
Krevelen mechanism. Besides, the synergistic effect between
the bimetallic components contributes to the enhancement of
catalytic activity.25,26 For example, Zhu et al.27 fabricated CuO-
Fe3O4 composites with the active sites of Cu2+−O−Fe3+,
leading to the activation of surface lattice oxygen, thereby
enhancing the catalytic degradation of VOCs. Chen et al.24

fabricated Sr2Sb2O7 with high lattice oxygen activity, which can
significantly accelerate the generation of ROS and achieve the
stable photocatalytic mineralization of toluene. Therefore, the
asymmetry between the two metal ions significantly impacts
oxygen reactivity, and specifically, stronger asymmetry
facilitates better oxygen activation.28 Actually, LDHs have
accurate structures with adjustable metal ions, which are
helpful for regulating bimetallic asymmetry to activate lattice
oxygen. However, the relationships between LDHs with
bimetallic asymmetry and toluene oxidation are unclear, and
the regulation mechanism of lattice oxygen activation in LDH
photocatalysts to enhance oxidation performance is worth
studying.
Herein, considering the lattice oxygen activation closely

related to metal−oxygen bond energy, which could be affected
by the electronegativity difference of metal ions in LDHs, the
MnFe-LDH, MnAl-LDH, and ZnFe-LDH photocatalysts with
different electronegativities (Mn: 1.55, Al: 1.61, Zn: 1.65, Fe:
1.83) have been synthesized for the enhanced photocatalytic
toluene oxidation (Figure 1). The results of XANES, in situ

XPS, in situ EPR, and DFT calculations show the significant
stretching of metal−oxygen bonds in MnFe-LDH, owing to
the largest electronegativity difference between Mn and Fe
with the strongest metal asymmetry, compared with MnAl-
LDH and ZnFe-LDH. Therefore, MnFe-LDH exhibits
enhanced oxygen activation and faster photogenerated charge
transfer under the intensive built-in electric field of Mn2+−O−
Fe3+ domain, which promotes ROS generation. Furthermore,
the photocatalytic processes of toluene oxidation are explored
by in situ DRIFTS and calculations. This work aims to
elucidate the structure−activity relationship between bimetallic
asymmetry and the oxidation performance of LDH photo-

catalysts, providing new insights for the design of highly
efficient photocatalysts for VOC degradation.

2. METHODS
2.1. Synthesis of Photocatalysts. MnFe-LDH, MnAl-

LDH, and ZnFe-LDH samples were successfully synthesized
via a hydrothermal method29 as follows. Taking MnFe-LDH as
an example, 15 mmol of Mn(NO3)2·4H2O, 5 mmol of
Fe(NO3)3·9H2O, and 30 mmol of urea were added into 60
mL of dimethylformamide (DMF) solution and stirred at
room temperature for 30 min. The mixture was then collected
in a Teflon-lined stainless steel autoclave, sealed, and
maintained at 120 °C for 24 h, followed by cooling to room
temperature. Subsequently, the precipitate was collected,
washed several times with deionized water and ethanol, and
then dried overnight at 60 °C. The preparation of MnAl-LDH
followed the same procedure as for MnFe-LDH, except that
Fe(NO3)3·9H2O was replaced with an equimolar amount of
Al(NO3)3·9H2O. Similarly, ZnFe-LDH was prepared using the
same method as MnFe-LDH, but with Mn(NO3)2·4H2O being
replaced by an equimolar amount of Zn(NO3)2·6H2O. The
successful synthesis of the three photocatalysts was verified by
the characterization results of XRD and FT-IR (see details in
Figures S1 and S2).
2.2. Characterizations. Details of the characterizations of

X-ray diffraction (XRD), Fourier-transform infrared spectros-
copy (FT-IR), UV−vis diffuse reflectance spectroscopy (UV−
vis DRS), X-ray photoelectron spectroscopy (XPS), X-ray
absorption near edge spectroscopy (XANES), extended X-ray
absorption fine structure (EXAFS), transient photocurrent
response, electrochemical impedance spectroscopy (EIS),
Mott−Schottky curve, electron paramagnetic resonance
(EPR), and in situ diffuse reflectance infrared Fourier-
transform spectroscopy (in situ DRIFTS) are available in the
Supporting Information.
2.3. Photocatalytic Toluene Oxidation. The photo-

catalytic oxidation of toluene was conducted in a 1.5 L
cylindrical reactor using a 300 W xenon lamp as the light
source. Catalyst powder (100 mg) was uniformly distributed
on a 304-mm-thick stainless steel mesh. The reaction gas of
toluene (50 mL·min−1) was maintained at a concentration of
20 ppm by a balance of high-purity air (21% O2, balanced with
N2), which was continuously vented into the reactor at a
specific relative humidity value (RH = 65%), which was
controlled by the ratio of water vapor and air during the
reaction process and flowed through the stainless steel mesh
lined with the catalyst and then into the gas chromatography
column for detection. The photoreaction was initiated by
adsorption for 40 min in the dark, followed by photocatalytic
toluene oxidation under 300 W xenon lamp irradiation, and the
reaction product was analyzed by chromatography. The
toluene conversion and mineralization were calculated as
follows:

=
[ ] [ ]

[ ]
×C H conversion (%)

C H C H
C H

100%7 8
7 8 in 7 8 out

7 8 in

= [ ]
× [ ] [ ]

×

C H mineralization (%)
CO

7 ( C H C H )
100%

7 8

2 out

7 8 in 7 8 out

where [C7H8]in and [C7H8]out represent the inlet and outlet
concentrations (ppm) of gas-phase toluene, respectively, and

Figure 1. Regulation of LDHs with bimetallic asymmetry by different
electronegativities for the enhanced photocatalytic oxidation of
toluene.
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[CO2]out represents the outlet concentrations (ppm) of gas-
phase carbon dioxide.
2.4. Details of Density Functional Theory (DFT)

Calculations. We used the Vienna Ab Initio Package
(VASP)30,31 to conduct spin-polarized DFT calculations in
the generalized gradient approximation (GGA) using the
PBE32 formulation. For the ionic cores, we opted for projected
augmented wave (PAW) potentials33,34 and accounted for
valence electrons using a plane wave basis set with a kinetic
energy cutoff of 400 eV. Partial occupancies of the Kohn−
Sham orbitals were permitted using the Gaussian smearing
method and a width of 0.05 eV. The electronic energy was
deemed self-consistent if the energy change was less than 10−5

eV. A geometry optimization was considered converged if the
force change was less than 0.02 eV/Å. To describe the
dispersion interactions, Grimme’s DFT-D3 methodology was
utilized.35 The atomic charges were obtained through Bader’s
analysis36 using the numerical implementation developed by
Henkelman et al.37 The adsorption energy (Eads) of adsorbate
A was calculated as follows:

=E E E Eads A/Surf Surf A(g)

where EA/Surf, ESurf, and EA(g) represented the energies of the
adsorbate A on the surface, the clean surface, and the isolated

A molecule, respectively. The energy of the isolated A
molecule was calculated in a cubic periodic box with a side
length of 20 Å, using a 1 × 1 × 1 Monkhorst−Pack k-point
grid for Brillouin zone sampling.

3. RESULTS AND DISCUSSION
3.1. Photocatalytic Performance of Toluene Oxida-

tion. The photocatalytic performance of toluene oxidation on
MnFe-LDH, MnAl-LDH, and ZnFe-LDH samples was carried
out under light irradiation with a full spectrum. As shown in
Figures 2a and S3, MnFe-LDH exhibits the best toluene
oxidation activity, achieving a degradation efficiency of 86%
and a mineralization rate of 89%, whereas MnAl-LDH and
ZnFe-LDH exhibit poorer toluene oxidation activities. In
addition, the toluene degradation rates of MnAl-LDH and
ZnFe-LDH at 120 min show a noticeable decrease compared
to their maximum values, indicating their rapid deactivation.
Moreover, MnFe-LDH shows excellent stability over three
cycles of testing (Figure 2b), maintaining a degradation rate of
toluene above 80%. Furthermore, we also determined the
photocatalytic performance of toluene oxidation under
reaction conditions with the relative humidity (RH) of 65%.
MnFe-LDH still exhibits excellent water resistance perform-
ance (Figures 2c and S4b) and maintains excellent stability

Figure 2. (a) Photocatalytic activities of toluene oxidation of the samples and (b) cycle test over MnFe-LDH with RH = 19%. (c) Photocatalytic
activities of toluene oxidation with RH = 65% and (d) the performance comparison of photocatalytic toluene oxidation with that found in the
literature.12,19,23,38−43
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(Figure S4a), whereas the performance of MnAl-LDH and
ZnFe-LDH are worse. Furthermore, the photocatalytic
performance of toluene oxidation over MnFe-LDH under
visible light (Figure S5) indicates that MnFe-LDH possesses
both excellent visible light utilization and good stability.
Compared with other reported literature12,19,23,38−43 (Figure
2d), it is demonstrated that the MnFe-LDH photocatalyst has
better performance in toluene oxidation. To further explore the
excellent photocatalytic performance of MnFe-LDH, in
comparison with MnAl-LDH and ZnFe-LDH, we conducted
the following detailed characterizations and calculations.
3.2. Bimetallic Asymmetry Differences. For toluene

oxidation, the activation ability of the lattice oxygen-linking
bimetallic sites is of significance, which could be affected by the
bimetallic asymmetry in the photocatalyst. Due to the
differences in the electronegativities (Mn: 1.55, Al: 1.61, Zn:
1.65, Fe: 1.83) of the divalent and trivalent metal ions
constituting MnFe-LDH, MnAl-LDH, and ZnFe-LDH, the
valence state changes and charge distribution differences in the
bimetallic sites of the photocatalysts are analyzed by XPS,
XAFS, and DFT calculations.
In the XPS spectra (Figure S6), it is shown that Mn and Zn

ions mainly exist in the divalent form, while Fe and Al ions are
primarily in the trivalent state. Notably, in the XPS spectra of
Mn 2p3/2 (Figure 3a), the binding energy of Mn species in
MnFe-LDH is shifted to a higher value compared with MnAl-
LDH, which suggests that electrons on Mn2+ in MnFe-LDH
are lost. In addition, the XPS spectra of Fe 2p3/2 are also
determined. In Figure 3b, compared with ZnFe-LDH, the
binding energy of Fe species in MnFe-LDH is shifted to a
lower value, indicating that electrons are accumulated on Fe3+
in MnFe-LDH. Based on the above XPS results, it is suggested
that a stronger charge transfer44 is present in the Mn2+−O−
Fe3+ domain of MnFe-LDH, indicating its greatest bimetallic
asymmetry difference.

The Bader charges of atoms in the photocatalysts can also
demonstrate the gain or loss of electrons as well as the charge
distribution at an atomic level,45,46 which is beneficial for
demonstrating bimetallic asymmetry differences. The Bader
charges of Mn and Fe atoms in MnFe-LDH, MnAl-LDH, and
ZnFe-LDH are calculated through DFT computations,
respectively. In Figure 3c, the average Bader charge value of
Mn atoms in MnFe-LDH is higher than that of MnAl-LDH,
whereas the value of Fe atoms in MnFe-LDH is lower than that
of ZnFe-LDH. Therefore, there are more electrons lost on Mn
atoms and accumulated on Fe atoms in the MnFe-LDH,
consistent with the XPS results, further confirming that the
Mn2+−O−Fe3+ domain in MnFe-LDH with the strongest
charge transfer exhibits the most obvious bimetallic asymmetry
due to the differences in the metal electronegativities.
Moreover, the XAFS spectra are used to investigate the

changes in the valence states of the metal ions in MnFe-LDH,
MnAl-LDH, and ZnFe-LDH. In the Mn K-edge XANES
spectra (Figure 3d), compared with MnAl-LDH, the
absorption edge energy of Mn2+ in MnFe-LDH is shifted to
higher energy, indicating a higher average valence state of
Mn2+ in MnFe-LDH.47 In addition, the Fe K-edge XANES
spectra (Figure 3e) showed that the absorption edge energy of
Fe3+ in MnFe-LDH is lower than that of ZnFe-LDH, indicating
that the Fe3+ in MnFe-LDH has a lower average valence
state.48 On the basis of the Mn and Fe K-edge XANES spectra,
combined with the results of XPS and Bader charges, it is
suggested that there is a more obvious charge transfer in the
Mn2+−O−Fe3+ domain of MnFe-LDH due to its greater
difference in bimetallic asymmetry, resulting from the different
metal electronegativities.
3.3. Lattice Oxygen Activation and ROS Generation.

Generally, the bimetallic asymmetry would have an important
role in the lattice oxygen activation, as determined by EXAFS
spectra, DFT calculation, in situ XPS, and in situ EPR
characterizations. The changes in Mn−O and Fe−O bond

Figure 3. XPS spectra of (a) Mn 2p3/2 for MnFe-LDH and MnAl-LDH and (b) Fe 2p3/2 for MnFe-LDH and ZnFe-LDH. (c) The average Bader
charges of Mn and Fe. The normalized (d) Mn and (e) Fe K-edge XANES spectra. (f) The average Bader charges of oxygen in the photocatalysts.
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lengths are analyzed using EXAFS spectra to study the metal−
oxygen bond. In Figure 4a−f, the EXAFS results of Mn and Fe
K-edge show that the Mn−O bond length in MnFe-LDH shifts
to a higher value compared to that in MnAl-LDH, while the
Fe−O bond length in MnFe-LDH shifts to a lower value
compared to that in ZnFe-LDH, which suggest that the Mn−O
bond expansion and Fe−O bond contraction are obvious in
MnFe-LDH.49,50 In addition, the average Bader charges of
oxygen atoms in MnFe-LDH, MnAl-LDH, and ZnFe-LDH
were investigated (Figure 3f), revealing that the average Bader
charge of oxygen atoms in the MnFe-LDH (−1.185) has the
most obvious change compared to f MnAl-LDH (−1.309) and
ZnFe-LDH (−1.258), which indicates that the greatest
difference in bimetallic asymmetry in MnFe-LDH leads to
the highest activity of lattice oxygen.
Moreover, in situ XPS spectra of the O 1s under dark or light

conditions are carried out. In Figure 4g, it is observed that
under illumination, the peaks of oxygen species in the MnFe-
LDH photocatalyst shift toward higher binding energies,
suggesting a decreased electron density of oxygen, which
indicates easier activation of lattice oxygen in MnFe-LDH
under light,47,51 consistent with the Bader charges. However, in
MnAl-LDH and ZnFe-LDH (Figure S7), the peaks of all
oxygen species have no obvious shift under the conditions of
dark and illumination, indicating that their activation of lattice
oxygen is more difficult than that of MnFe-LDH. To further
confirm the ease of lattice oxygen activation in MnFe-LDH, in
situ EPR was used to characterize the oxygen vacancy (Ov)
formation under light and N2 conditions. As shown in Figure
4h, the signal at g = 2.003 is attributed to Ov,52 suggesting that
the MnFe-LDH sample surface has more Ov than the other
two under illumination, which further confirms that the

activation of lattice oxygen in MnFe-LDH is more likely to
occur, consistent with the in situ XPS results of O 1s under
light.
Furthermore, in situ XPS of Mn 2p and Fe 2p in dark and

light conditions has suggested that the Mn2+−O−Fe3+ domain
of MnFe-LDH could play a role in the formation of built-in
electric field for the enhanced photogenerated charge transfer.
In Figure 5a,b, once the light is introduced, the valence states
of Mn and Fe decrease and increase, respectively, which
indicates that the photogenerated electrons on Mn2+ and holes
on Fe3+ are present in MnFe-LDH,53,54 consistent with the
direction of built-in electric field, which results from the
bimetallic asymmetry of Mn2+−O−Fe3+ domain in MnFe-
LDH, leading to the efficient separation and migration of
photogenerated carriers. Besides, UV−vis DRS results (Figure
S8) showed that MnFe-LDH exhibits the widest absorption
range, with stronger absorption in the visible light region
compared to MnAl-LDH and ZnFe-LDH. This indicates that
MnFe-LDH has a stronger light absorption capacity, which is
beneficial for efficient light utilization and the generation of
photogenerated charge carriers. Based on the results of Mott−
Schottky curves and XPS VB in Figure S9, the band structures
of the three samples showed that MnAl-LDH has a wider
bandgap, which is not conducive to the transition of
photogenerated carriers. Whereas ZnFe-LDH has a narrower
bandgap, which easily leads to the recombination of photo-
generated carriers. For MnFe-LDH, its suitable bandgap allows
the transition and separation of photogenerated carriers
without easy recombination. The photoelectric properties of
MnFe-LDH, MnAl-LDH, and ZnFe-LDH were further
confirmed by the transient photocurrent response and the
EIS Nyquist plots. In Figure S10, MnFe-LDH has the highest

Figure 4. Fourier transform and Morlet wavelet transform results of the (a−c) Mn and (d−f) Fe K-edge EXAFS. (g) XPS spectra of O 1s for
MnFe-LDH under dark or light condition. (h) In situ EPR spectra collected in a flow of N2 under light conditions.
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transient photocurrent intensity and the smallest EIS Nyquist
radius, indicating that MnFe-LDH has the best photogenerated
carrier separation efficiency and the fastest migration rate,
resulting from the intensive built-in electric field in the Mn2+−
O−Fe3+ domain.
The formation of photogenerated electrons and holes in the

built-in electric field can promote and participate in the
generation of ROS during the reaction.55−57 In situ EPR
characterizations under the conditions of light and O2 are
shown in Figure 5c. The signal around g = 1.973 is attributed
to surface electron trapping sites related to oxygen species, and
another set of signals (gxx = 1.996, gyy = 2.013, gzz = 2.037) is
attributed to paramagnetic superoxide O2

− species.52,58 It is
found that the signals for all ROS in MnFe-LDH are stronger
than those in ZnFe-LDH and MnAl-LDH. Furthermore, the
formation process of ROS is explored in Figure 5d. Specifically,
under N2 and dark conditions, the Ov signals are observed,
which are further enhanced once light is introduced, indicating
that the lattice oxygen on MnFe-LDH is easily activated to
create Ov. Additionally, when the atmosphere is changed from
N2 to O2, the Ov signals are weakened, while more ROS
signals of O2

− are generated from the O2 activation in Ov sites.
Therefore, owing to the greater bimetallic asymmetry of the

Mn2+−O−Fe3+ domain in MnFe-LDH, the elongation of Mn−
O bonds and contraction of Fe−O bonds are obviously
formed, leading to the activation of lattice oxygen and an
intensive built-in electric field, which promote the O2 adsorbed
in the generated Ov for ROS formation under light, resulting in
the superior toluene oxidation performance of MnFe-LDH.

3.4. Photocatalytic Mechanism of Toluene Oxidation.
To explore the reaction mechanism of photocatalytic toluene
oxidation, the adsorption energies of toluene on MnFe-LDH,
MnAl-LDH, and ZnFe-LDH are first investigated through
DFT calculations. As shown in Figure 6a, toluene could be
adsorbed on all three photocatalysts, and the adsorption
capacity follows the order of ZnFe-LDH < MnFe-LDH <
MnAl-LDH. Moreover, the in situ DRIFTS tests in the dark
were carried out on MnFe-LDH, MnAl-LDH, and ZnFe-LDH
in order to study the differences in toluene adsorption. In
Figure 6b, the peak at around 1660 cm−1 attributed to the
hydroxyl groups in the LDH samples23,59 decreases, suggesting
that the hydroxyl groups in the photocatalyst act as the
adsorption site for toluene, consistent with the calculation
models. In addition, a series of characteristic peaks of toluene
appear, in which the range of about 1530−1630 cm−1 can be
attributed to the υ (C�C) of the aromatic ring.23,60 It is
observed that the strongest toluene signal appears on MnAl-
LDH, while the weakest one is found on ZnFe-LDH, which is
consistent with the adsorption energy results. Generally, the
oxygen gas is adsorbed not only on oxygen vacancies but also
on hydroxyl groups via hydrogen bonding interactions. Since
both toluene and oxygen are reactants, their competitive
adsorption on the LDH surface may influence the toluene
degradation. It shows that MnAl-LDH exhibits the strongest
toluene adsorption, which inhibits oxygen adsorption and ROS
generation. In contrast, ZnFe-LDH shows very weak toluene
adsorption, leading to a reduced level of activation and
conversion of toluene on the surface. MnFe-LDH exhibits

Figure 5. XPS spectra of (a) Mn 2p and (b) Fe 2p for MnFe-LDH under dark and light conditions. (c) In situ EPR spectra over MnFe-LDH,
MnAl-LDH, and ZnFe-LDH collected in a flow of O2 under light conditions. (d) In situ EPR spectra over MnFe-LDH collected in a flow of N2 or
O2 under dark or light conditions.
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moderate adsorption of toluene, which does not significantly
inhibit oxygen adsorption and still allows a sufficient amount of
toluene participation in the reaction. This balanced adsorption
behavior is one of the important factors enhancing catalytic
activity. Therefore, the weakest adsorption of toluene on ZnFe-
LDH is unfavorable for the oxidation reaction of toluene on its
surface, whereas the excessively strong interaction between the
hydroxyl groups (MnAl-LDH) and the benzene ring (toluene)
may attack the benzene ring rather than promoting methyl
oxidation.
Furthermore, the in situ DRIFTS analysis of toluene and O2

adsorption under light conditions was carried out, as shown in
Figure 6c−e. It was observed that the illumination accelerates
the oxidation of toluene, with signals of oxidized species

detected across all three samples, such as the signals of benzyl
alcohol61 (1026, 1068, and 1083 cm−1), benzaldehyde62−64

(1297 and 1317 cm−1), and benzoic acid65,66 (1341 and 1360
cm−1). The signals of oxidized species on MnFe-LDH are
more intensive, indicating its stronger oxidation capability for
toluene.19 In the toluene oxidation reaction, the formation of a
benzoic acid intermediate is more conducive to further ring
opening and mineralization of toluene. Therefore, we analyzed
the intensity variation of the benzoic acid intermediate over
time under light. In Figure 6f, the results indicate stronger
benzoic acid signals on the surface of MnFe-LDH, suggesting
that due to its enhanced ability to generate ROS, MnFe-LDH
can achieve rapid and deep oxidation of toluene, thereby
accelerating its ring-opening mineralization. In contrast, fewer

Figure 6. (a) DFT calculations of adsorption energies of toluene on MnFe-LDH, MnAl-LDH, and ZnFe-LDH. In situ DRIFTS of toluene and O2
adsorption (b) in the dark for 40 min, and in light on (c) MnFe-LDH, (d) MnAl-LDH, and (e) ZnFe-LDH. (f) The intensity variation of the
benzoic acid intermediate with time in light.
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benzoic acid signals are observed on the surface of ZnFe-LDH
which is attributed to its weaker adsorption capacity for
toluene, resulting in lower oxidation activity. Additionally, on
the surface of MnAl-LDH, the benzoic acid signal is the
weakest, while cresol intermediate is observed, combined with
its stronger adsorption interaction of the aromatic ring of
toluene, which suggests that excessively strong adsorption of
the aromatic ring on MnAl-LDH inhibits methyl oxidation and
ring opening, while the generated cresol intermediates
subsequently transform into hydroquinone intermediates,
which disfavor the ring opening and mineralization of toluene.
In summary, the oxidation process of toluene on MnFe-

LDH mainly includes the following steps (Figure 7): (1) The
toluene is adsorbed onto the catalyst through interactions with
abundant hydroxyl groups on the MnFe-LDH surface. (2)
Under illumination, the lattice oxygen of MnFe-LDH is further
activated, along with the photogenerated carriers to generate
hydroxyl radicals (•OH) and OV. Additionally, the O2
adsorbed on the formed OV can be converted into O2

− and
other ROS. (3) Under the attack of these ROS, the adsorbed
toluene is oxidized into benzyl alcohol, benzaldehyde, and
benzoic acid and undergoes rapid ring-opening reactions to
convert into CO2 and H2O. For ZnFe-LDH, its weak
adsorption of toluene makes it difficult to activate and oxidize
toluene, leading to a poorer performance. For MnAl-LDH, the
strong adsorption interaction of the aromatic ring of toluene
inhibits methyl oxidation and ring opening, and the fewer
generated ROS make it difficult to oxidize hydroquinone
intermediates and achieve toluene mineralization. Due to the
synergistic activation of the aromatic ring and methyl group of
toluene, as well as the greater formation of ROS from better
lattice oxygen activation of the bimetallic asymmetry, MnFe-
LDH exhibits superior toluene oxidation performance
compared to MnAl-LDH and ZnFe-LDH.

4. CONCLUSIONS
In this work, the LDH photocatalysts with different bimetallic
asymmetry and metal−oxygen bonds are designed for
photocatalytic toluene oxidation. The MnFe-LDH photo-
catalyst exhibits the best toluene oxidation performance due to
its significant elongated Mn−O bonds and contracted Fe−O
bonds, leading to the lattice oxygen activation and built-in
electric field in light for ROS, which achieves deep oxidation of
the adsorbed toluene.
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