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ABSTRACT: The poor stability of the MnO2 catalyst limits its
application in photocatalytic toluene oxidation, especially at ambient
humidity. Herein, the doped Zn2+ attached to the tunnel of K-OMS-2
by replacing K+ (Zn-KM photocatalyst) with an appropriate
hydrophilicity surprisingly exhibits better photocatalytic performance
and stability for the toluene oxidation at ambient humidity than that
of KM. Especially, at a higher RH of 42%, Zn-KM shows
approximately double the times of toluene removal (80%) than
KM, with an excellent stability for at least 8 h. Comprehensive
characterizations and calculations suggest that on the Zn-KM
photocatalyst, the H2O molecule significantly reduces the adsorption
energy of toluene (from −3.38 to −3.72 eV) via the hydrogen bond−
mediated intermediate; simultaneously, its enhanced average Mn−O
bond (from 2.27 to 2.20 Å) forms the intensive built-in electric field and promotes faster electron transfer, leading to more oxygen
radical generation, richer key ring-opening intermediate of alkoxide species, and an increased stability. However, the strongly
hydrophilic KM photocatalyst has easier H2O adsorption (−1.19 eV), inhibiting toluene adsorption and oxidation. This work
provides the economic viability of MnO2-based photocatalysts for toluene removal.

1. INTRODUCTION
With the advancement of technology and industry, the demand
for improved living conditions has increased over the past few
decades. Indoor volatile organic compounds (VOCs), which
originate from various sources such as furniture, paints,
solvents, varnishes, and preservatives,1 have garnered signifi-
cant attention. Long-term exposure to high levels of VOCs
may lead to various health problems such as nausea and
vomiting, skin allergy, and even cancer.2 Toluene, as a
common and carcinogenic indoor air pollutant, has posed a
great threat to human health.3 Many studies have been
conducted on the removal of toluene in order to reduce VOC
concentrations in indoor environment. Air pollution removal
methods such as adsorption,4 thermal catalytic oxidation,5 and
photocatalytic oxidation6 have been applied. Due to its mild
reaction conditions, excellent performance, and reasonable
economy, heterogeneous photocatalysis is regarded as one of
the most promising strategies for toluene removal.7,8

Generally, metal oxides are the most effective catalysts for
toluene oxidation due to their superior redox performance, low
cost, and changeable valence states. Among many non-noble
metal oxides,9−12 manganese dioxide (MnO2) is regarded as a
promising material due to its rich oxygen vacancy, various Mn
species, excellent redox ability, and oxygen storage.13 There-
fore, some research on the utilization of MnO2 for air pollutant

removal has been reported, such as formaldehyde,14 ethanol,15

benzene,16 and toluene.17. Nanostructured cryptomelane-type
manganese oxide octahedral molecular sieves (K-OMS-2)
belonging to α-MnO2 attract a lot of attention in the catalytic
area due to their excellent redox properties.18 Because of the
special tunnel structure, they also serve as a reservoir for ions.
The strain effect, which could tune the electronic structure by
changing the distance between the atoms on the surface and in
turn change the catalytic activity, widely exists in K-OMS-2.19

However, it is found that although pure K-OMS-2 has superior
redox, its reaction stability is poor. Therefore, many strategies
are used to modify it.

It is reported that a wide variety of ions (e.g., Fe3+, Co2+,
Ni2+, Cu2+, and Zn2+) could be trapped into K-OMS-2 to
render novel physical and chemical properties.19 Among them,
the Zn/MnO2 batteries have been extensively investigated, and
elemental zinc is commonly used as the negative electrode in
aqueous electrolyte batteries. During the charging and
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discharging periods, Zn2+ can get inserted into the tunnel of
MnO2. Alfaruqit et al.20 reported a relatively reversible Zn2+

insertion for γ-MnO2. In their further research,21 it was found
that α-MnO2 electrode retained considerable structural
stability toward Zn2+ insertion and exhibited nearly 100%
Columbic efficiencies over prolonged cycling. On the basis of
the abovementioned studies, it is proposed that the Zn2+

insertion into the tunnel of OMS-2, with a high stable
structure and electron transfer ability, acts as a potential
photocatalyst, and the effects of Zn2+ insertion on toluene
removal are worth investigating.

In indoor toluene removal, water vapor inevitably exists with
changeable relative humidity values. Generally, water vapor has
different effects on toluene removal, according to the relative
humidity (RH) values, photocatalyst structures, etc. For the
MnO2 catalyst, its toluene oxidation efficiency is often
suppressed at ambient humidity. Therefore, many strategies
are used to modify MnO2 to improve the performance of
toluene oxidation under water vapor conditions. For example,
Zhang et al.22 prepared Ce-MnO2 using ion exchange, which
exhibited better catalytic activity with H2O vapor at low
temperatures. In addition, the MnCeOx catalysts via the Ce-
BTC pyrolysis showed superior catalytic stability under high
humidity due to water vapor on MnCeOx, promoting oxygen
activation.23 However, a simple method of ion doping MnO2
to improve the performance of toluene removal at ambient
humidity has been less achieved, and the mechanism of H2O-
promoted toluene oxidation on the ion doping MnO2 is
unclear.

Herein, due to the advantage of Zn2+ insertion into the
tunnel of OMS-2 with a high stable structure and electron
transfer ability, the Zn2+-doped K-OMS-2 by replacing K+ (Zn-
KM photocatalyst) was synthesized via a simple hydrothermal
method, which exhibited improved photocatalytic performance
of toluene oxidation in RH from 10% to 50%. Surprisingly,
compared with the pure KM, the introduction of H2O under
the reaction conditions increased the toluene removal on the
Zn-KM photocatalyst instead of the decreased performance.
With the help of experimental characterizations and DFT
calculations, the location of Zn2+ in K-OMS-2 was identified,
and the influences of Zn2+ on the electronic charges of Mn
species, H2O and toluene adsorption, oxygen mobility,
generated oxygen-contained radicals, and reaction intermedi-
ates were, respectively, explored. Furthermore, the reaction
mechanism of the H2O-promoted performance for toluene
oxidation was revealed. This work provides guidance for
designing efficient Mn-based photocatalysts for toluene
removal at ambient humidity.

2. METHODS
2.1. Synthesis of Photocatalysts. K-OMS-2 nanorods:

The K+-modified cryptomelane-type octahedral molecular
sieve (K-OMS-2) nanorods were synthesized via a hydro-
thermal reaction. At first, KMnO4 (1.66 g) and MnSO4·H2O
(2.48 g) were mixed with deionized water (75 mL). Then, the
abovementioned mixture was sealed in a 150-mL Teflon-lined
autoclave, followed by hydrothermal treatment at 160 °C for 4
h. Subsequently, the precipitates were washed with deionized
water and ethanol several times, respectively, and were dried at
110 °C for 12 h. Finally, the powder was calcinated at 300 °C
in air for 6 h.

Zn-KM nanorods: The synthesis procedures of Zn-KM
nanorods were similar to the abovementioned process of K-

OMS-2, with the exception of using Zn(NO3)2·6H2O, which
was dissolved in a mixture of H2O and HNO3 (

=V V: 25: 1H O HNO2 3
) in the required amounts. The molar

doping ratio of Zn2+ was chosen as 6%, 10%, and 20%,
respectively.
2.2. Characterizations. Details of the characterizations of

X-ray diffraction (XRD), scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS), diffuse
reflectance spectroscopy (DRS), inductively coupled plasma
optical emission spectrometer (ICP-OES), photoluminescence
(PL) spectra, O2-temperature-programmed desorption (O2-
TPD), mass spectrometer (MS), H2-programmed temperature
rise reduction (H2-TPR), electron spin resonance (ESR), and
in situ diffuse reflectance infrared Fourier transform spectros-
copy (in situ DRIFTS) are available in the Supporting
Information. The photoelectrochemical measurements were
conducted using a standard three-electrode cell on a CHI660E
electrochemical workstation. The test conditions were
according to those reported in previous studies.7,24

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 (50 mg) was uniformly distributed on
a 304 mm stainless steel mesh. The reaction gas toluene (50
mL·min−1) was maintained at a concentration of 30 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 = 13%, 22%, and 42%), 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. Photoreaction was initiated by
adsorption for 40 min in dark, followed by photocatalytic
toluene oxidation under 300 W xenon lamp irradiation, and the
reaction performance was obtained using chromatography.
The toluene conversion was calculated as follows:

=
[ ] [ ]

[ ]
×C H conversion (%)

C H C H
C H

100%7 8
7 8 in 7 8 out

7 8 in

where [C7H8]in and [C7H8]out represent the concentrations
(ppm) of inlet and outlet gas phase toluene, respectively.
2.4. Details of Density Functional Theory (DFT)

Calculations. We used the Vienna Ab Initio Package
(VASP)25,26 to conduct spin-polarized DFT calculations in
the generalized gradient approximation (GGA) using the
PBE27 formulation. For the ionic cores, we opted for projected
augmented wave (PAW) potentials28,29 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 to be converged if
the force change was less than 0.02 eV/Å. To describe the
dispersion interactions, Grimme’s DFT-D3 methodology was
utilized.30

The lattice constants of the tetragonal α-MnO2 unit cell
doped with K atoms were optimized to a = 9.993 and c = 5.898
Å to form model 1. Model 2, a 1 × 1 × 2 supercell of model 1,
has half of its K atoms substituted for Zn atoms. Model 3 is a 1
× 1 × 2 supercell of model 1 with two Mn atoms replaced by
Al atoms. All atoms were permitted to relax, and a 2 × 2 × 2 k-
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point grid was utilized for k-point sampling during structural
optimization in the Brillouin zone.

The atomic charges were obtained through the Bader’s
analysis31 using the numerical implementation developed by
Henkelman et al.32 VESTA visualization code was used to
generate the charge density differences, calculated as

=(r) total(r) A(r) B(r). Here, ρtotal(r) represents
the electron density of the Pt-doped graphene support, ρA(r)
represents the electron density of doped atoms, and ρB(r)
represents the electron density of the model featuring the
doped atoms.

3. RESULTS AND DISCUSSION
3.1. Morphology and Texture Properties. The

morphologies of K-OMS-2 (KM) and Zn-KM were
determined by SEM characterization (Figure S1). The images
showed that both KM and Zn-KM exhibited nanowire shapes
with a length of ca. 1 μm. Different from the KM nanowires
with a smooth surface and longer length, Zn-KM maintained
with shorter nanowires, which can attribute to the foreign ions
affecting the growth of nanowires.19 In addition, the specific
surface areas of KM and Zn-KM were determined, which were
51.5 and 64.6 m2·g−1, respectively. There was a slight increase
in the surface area compared with that of KM, resulting from

the disordering effect caused by Zn2+ ion storage. Moreover,
the phase structures of KM and Zn-KM were investigated by
the XRD characterization. In Figure S2, this pattern revealed
that all the as-synthesized samples were indexed to pure α-
MnO2 (JCPDS, PDF#44−0141), which is a type of well-
defined 2 × 2 tunnel size of ∼4.6 Å. The peaks at 12.784°,
18.107°, 28.841°, 37.522°, 41.968°, 49.864°, 56.372°, and
60.274° corresponded to (110), (200), (310), (211), (301),
(411), (600), and (521), respectively. It was found that the ion
storage of Zn2+ did not cause a significant change in the crystal
phase of samples.

Furthermore, the location of Zn2+ in KM was analyzed
through the ion exchange experiments several times to explore.
Generally, the weaker coordination bonds and higher water
contact rate of the ions in the tunnel of KM were easily washed
out by water, while the ions in the skeletons of KM by
replacing Mn4+ were more difficult to wash out due to their
stronger coordination bonds and inner position.33,34 Therefore,
the method of ion exchange was used in Zn-KM, which was
constant stirring for 18 h with the deionized water three times.
Subsequently, the concentrations of Zn2+ ions in the
exchanged water were determined by the ICP analysis. It
was found that under washing conditions, the Zn2+ ions were
washed out in water several times. The calculated losing Zn2+

Figure 1. (a) Photocatalytic activities of toluene oxidation and (b) toluene conversion over different RH condtions of KM and Zn-KM under
xenon lamp illumination. (c) Cycle test over Zn-KM with RH = 42% and (d) the performance comparison of photocatalytic toluene oxidation with
that found in the literature.35−39.
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ions in Zn-KM were 9.01%, which was almost similar to K+

(10.91%) in KM. Based on the previous conclusion,33,34 it was
demonstrated that the doped Zn2+ ions were attached to the
tunnel of K-OMS-2 by replacing K+ ions. Therefore, the Zn-
doped K-OMS-2 (Zn-KM) photocatalyst was successfully
synthesized via a simple hydrothermal method, which was used
for the photocatalytic oxidation of toluene.
3.2. Photocatalytic Performance of Toluene Oxida-

tion. The photocatalytic efficiencies of toluene removal on
KM and Zn-KM samples with different doping ratios were
evaluated under simulated solar light with a full spectrum. As
shown in Figure S3a, the catalyst with the 10% doping ratio
exhibited the best oxidation activity when the relative humidity
was 42%, and Zn0.1-KM exhibited considerable stability, as
displayed in Figure S3b. Therefore, we chose Zn0.1-KM and
KM to further investigate the doped effects on toluene removal
at ambient humidity. Moreover, the photocatalytic conversion
of toluene oxidation under different relative humidity (RH)
conditions were determined (Figure 1a,b). Notably, water
vapor did not cause a decrease in the catalytic performances on
Zn-KM, instead enhanced toluene conversion with increased
RH, whereas KM had reduced activities at ambient humidity.
Moreover, as the RH became higher, Zn-KM was able to
realize more CO2 product and the mineralization rate was
improved. When the RH was from 22% to 42%, the toluene
conversion of Zn-KM increased from 68% to 80%, but the KM
displayed undesirable stability, decreasing from 56% to only
30%. When irradiated by visible light only, the activity of the
catalyst is still maintained at high stability, with a strong ability
to adapt to the environment (Figure S4). Furthermore, the
catalytic stability of Zn-KM in toluene oxidation can be
observed for at least 36 h, with three cycles (Figure 1c).
Compared to previous literature,35−39 Zn-KM showed
considerable catalytic activity for toluene removal at ambient
humidity (Figure 1d). The enhanced mechanism of photo-
catalytic toluene oxidation under the condition with H2O on
Zn-KM was explored in detail, compared with KM.
3.3. Formed Lewis Acid for Toluene Adsorption. For

the gas−solid multiphase photocatalytic reaction, effective
toluene adsorption on the catalyst plays an important role in
the subsequent surface reactions. Therefore, in situ DRIFTS
and DFT calculations of toluene adsorption were carried out.
In situ DRIFTS of toluene adsorption on KM and Zn-KM are
shown in Figure 2a. Obviously, the typical bands of toluene
adsorption displayed from 1000 to 2000 cm−1.40,41 And the
bands at 1506, 1540, and 1646 cm−1 represented the typical
aromatic ring vibrations.41 It could be observed that there were
no obvious differences in the bands that appeared in the two
samples, except for the band intensity. The adsorption
intensity of Zn-KM was higher than that of KM, which
indicated that Zn2+ doping could provide more adsorption sites
on the catalyst surface for toluene molecules. Furthermore, the
adsorption energies of toluene were calculated by the DFT
method (Figure 2b), which were −0.22 eV and −3.38 eV for
KM and Zn-KM, respectively. The lower energy suggested that
Zn-KM was more facilitated to absorb toluene than KM, which
might be due to a strong interaction between the π electrons
(toluene) with Lewis acidic sites (Zn-KM surface).42

Generally, Mn4+ species in KM, as a kind of typical Lewis
acid site, play an important role in toluene adsorption.43,44

Therefore, the XPS spectra were used to analyze the surface
Mn4+ species. In Figure 3a, the broad peak of the Mn 2p3/2
orbit was split into two peaks: 642.0 eV for Mn3+ and 644.5 eV

for Mn4+.45,46 It was found that the binding energies of Mn
species on KM and Zn-KM had no obvious change, but the
ratios of Mn4+/Mn3+ were different, i.e., 22% in Zn-KM and
14% in KM. The abovementioned results suggested that after
Zn2+ doping, there was much more Mn4+ on the catalyst
surface, acting as Lewis acidic sites for more toluene
adsorption. The H2-TPR was further conducted to confirm
more Mn4+ in Zn-KM. In Figure S5, a broad H2 consumption
peak of catalysts could split into two subpeaks, representing
different valence states of Mn species. According to literature
and our previous work,47−49 the peak at lower temperature
(approximately 320 °C) belonged to the signal of MnO2 to
Mn2O3, while the other at approximately 353 °C corresponded
to Mn2O3 to Mn3O4. The valence states of Mn species
presented mostly Mn4+ or Mn3+, and the reduction area in H2-
TPR could roughly represent the ratios of Mn3+ to Mn4+,50,51

which was 68.3% in Zn-KM, as 1.58 times as KM (43.1%). It
can also demonstrate that there were more Mn4+ in Zn-KM,
which was consistent with the XPS results.

Specifically, DFT calculations were conducted to clearly
clarify the electron densities of Mn atoms to confirm more
Mn4+ species in Zn-KM. Differential charge densities were
calculated to theoretically analyze the charge accumulation and
depletion. As shown in Figure 3b, after Zn2+ exchange of the
K+ in the KM tunnel, the electron cloud surrounding the
manganese atom turned to reduced. This phenomenon
indicated that there were fewer electrons surrounding the
manganese atoms, resulting in more Mn4+ in Zn-KM, which
could act as Lewis acid sites to absorb toluene,52−54 compared
to KM. In addition, the Bader charges of atoms can accurately
demonstrate regarding the gain or loss of electrons and
precisely figure out the electron arrangement at an atomic
level.55,56 To investigate the exact loss-gain number of
electrons, we calculated the Bader charges of Mn, O, and Zn
atoms. The results are shown in Figure 3c, and the average
Bader charge for oxygen atom reduced from −0.904 to −0.934.
Meanwhile, the manganese average Bader charge had a rise
from 1.695 to 1.735. In Zn-KM, after the Zn2+ exchanged the

Figure 2. (a) In situ DRIFTS analysis of toluene adsorption without
H2O and (b) DFT calculations of adsorption energies of toluene
without H2O on Zn-KM and KM.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c05307
J. Phys. Chem. C 2024, 128, 16522−16531

16525

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05307/suppl_file/jp4c05307_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05307/suppl_file/jp4c05307_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05307/suppl_file/jp4c05307_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05307/suppl_file/jp4c05307_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05307?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05307?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05307?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05307?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


K+ in the tunnel, electrons around the O atoms increased,
while the electrons around the Mn atoms decreased, further
leading to richer Mn4+ in Zn-KM. Furthermore, the pyridine
infrared (Py-IR) spectra were used to investigate the Lewis
acid sites. In Figure 3d, three peaks at 1445, 1575, and 1607
cm−1 corresponded to the Lewis acid sites.57,58 As summarized
in Table S1, the Lewis acid site amount of Zn-KM was 59.24
μmol·g−1, which was richer than that of KM, Therefore, the
doped Zn2+ attached to the tunnel of K-OMS-2 by replacing
K+ generated richer Mn4+ species in Zn-KM, which acted as
the Lewis acid sites to promote toluene adsorption.
3.4. H2O-Promoted Effect. The adsorption and oxidation

of toluene on the photocatalyst is related to the humidity,
which is affected by the surface hydrophilicity, and thus, the
H2O adsorption ability on photocatalysts was determined by
the water contact angles and DFT calculations. Figure S6
displays the water contact angles of KM and Zn-KM. It could
be observed that compared with KM, the Zn-KM photocatalyst
displayed a higher water contact angle, increasing from 19.8°
to 36.3°, which meant that H2O was harder to be adsorbed on
Zn-KM than that on KM. In addition, we calculated the
adsorption energies of H2O on Zn-KM and KM samples. In
Figure 4a, after doping Zn2+ into the tunnel of KM, the H2O
adsorption energies on Zn-KM and KM were −0.54 and −1.19
eV, respectively, combined with the toluene adsorption
energies on Zn-KM (−3.38 eV) and KM (−0.22 eV). The
result showed that under the condition of H2O or toluene, KM
was preferential for the adsorption of H2O, not toluene, which
inhibited the toluene adsorption and oxidation. While, on Zn-

KM, due to its appropriate hydrophilicity, it is much easier to
adsorb toluene than H2O.

Furthermore, the toluene adsorption abilities in the presence
of H2O on KM and Zn-KM photocatalysts were also
determined by in situ DRIFTS and DFT calculations in
comparison. In the in situ DRIFTS of toluene adsorption under
humidity condition (Figure 4b), the band at approximately
1130 cm−1 might be aroused by stronger dimer toluene
molecule interactions with H2O, which was estimated as the
interplanar distance of the forming dimers via the substantial
π−π interactions between the aromatic rings of toluene,59,60

and a theoretical work61 had demonstrated that the π system of
heterocycles can interact with H2O to serve as proton
acceptors. Herein, the signal at 1130 cm−1 of Zn-KM was
stronger than that of KM, which meant that the introduction of
H2O did not disturb the adsorption of toluene, but promoted
it. In addition, the peak at 1436 cm−1 attributed to toluene
adsorption was blue shifted slightly at humidity, compared to
that at dry condition, which might be caused by the hydrogen
bond interaction between H2O and toluene. Moreover, we
conducted DFT calculations to confirm the H2O effect on the
toluene adsorption of Zn-KM (Figure 4c). It was found that in
the presence of H2O, there was a decreased energy (from
−3.38 eV to −3.72 eV) of toluene adsorption on Zn-KM,
while the value on KM rose from −0.22 to 2.80 eV. Therefore,
on the Zn-KM photocatalyst, the H2O molecule significantly
reduced the adsorption energy of toluene on Zn-KM via the
hydrogen bond interaction, whereas the strongly hydrophilic
KM photocatalyst had easier H2O adsorption (−1.19 eV),
inhibiting toluene adsorption and oxidation. As analyzed

Figure 3. (a) XPS spectra of Mn 2p3/2 for KM and Zn-KM. (b) Differential charge densities of Zn-KM (yellow: charge accumulation; green: charge
depletion). (c) The average Bader charge. (d) Py-IR spectra of KM and Zn-KM.
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above, the appropriate hydrophilicity of Zn-KM led to the
weak competitive adsorption of H2O and toluene; interest-
ingly, instead, its adsorbed H2O can improve the toluene
adsorption through the hydrogen bond. Whereas on KM, H2O
would preemptively occupy the surface and thus further
prevent the adsorption of toluene.

The presence of H2O also affected the Mn−O bond of the
photocatalyst. In Figure 4a, the average Mn−O bond length
(2.20 Å) on Zn-KM surface was shorter with H2O adsorption,
compared with that on KM (2.27 Å), suggesting that the Mn−
O bond on Zn-KM became stronger with the adsorbed H2O.
In general, the enhancement of the Mn−O bond promotes the
electron transfer between the surface Lewis acid sites
(manganese cations) and the adsorption reaction intermedi-
ates,19 which can donate electrons to oxygen effectively,
thereby forming the driving force for the surface O2

−/−OH
species and accelerating the conversion of the Mn3+/Mn4+

couple.62 As shown in Figure 4d, because of the H2O-
promoted intensive built-in electric field, more electron−hole
pairs in Zn-KM can remain for a longer life cycle. And the PL
and EIS Nyquist spectra (Figures 4d and S7) suggested that
more electron−hole pairs exist on Zn-KM, which can
participate in the reactions.63 Therefore, besides H2O-
promoted toluene adsorption, H2O can also enhance the

built-in electric field on Zn-KM, leading to faster charge
transfer for reactive oxygen species (ROS) generation in
photocatalytic toluene oxidation.

The ROS was further analyzed by the ESR characterization.
The ·OH radical is the main radical to participate in the
toluene ring-opening process.64−66 As shown in Figure 4e, the ·
OH signal of Zn-KM is stronger than that of KM, owing to
better electron−hole separation and more sufficient light
utilization (Figures 4d and S7−S8). Furthermore, the higher
intensity of ·O2

− on Zn-KM illustrated richer photoexcited
electrons and better activation of oxygen. Therefore, the
amount of ·O2

− and ·OH produced by Zn-KM was more than
that of KM, resulting from faster charge transfer in the H2O-
enhanced built-in electric field, leading to better toluene
oxidation.
3.5. Reaction Mechanism. In situ DRIFTS experiments

under light illumination were conducted to analyze the
photocatalytic mechanism of toluene oxidation with H2O. As
shown in Figure 5a,c, the typical characteristic peaks of toluene
aromatic ring vibrations appeared at 1506 and 1540 cm−1,
indicating toluene adsorption.40 With the increase in
illumination time, various new species appeared, including
the C−O vibration of the benzyloxy group with different
adsorption models (1056, 1124, 1164, and 1184 cm−1), COO−

Figure 4. (a) Adsorption energy and the average Mn−O bond length with H2O. (b) In situ DRIFTS analysis of toluene adsorption with H2O. (c)
DFT calculations of the adsorption energy of toluene with H2O. (d) PL and (e) DMPO ESR spectra under light irradiation for 10 min for ·O2

− and
·OH on KM and Zn-KM.
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asymmetry and symmetry vibrations of benzoate (1427 and
1550 cm−1), aldehyde species (1670, 1685, 1700, and 1845
cm−1), and O−H stretching vibrations of the surface hydroxyl

groups (3000−4000 cm−1). First, the bands at 1124, 1164, and
1184 cm−1 appeared; it could be attributed to the benzyl
alcohol conversed from the adsorbed toluene, which appeared

Figure 5. In situ DRIFTS of toluene oxidation on (a, b) KM and (c, d) Zn-KM under the condition of H2O in light.

Figure 6. Possible degradation route of toluene over KM and Zn-KM catalysts.
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earlier in Zn-KM, suggesting that the conversion of toluene
into benzyl alcohol was easier than KM. In addition, more
dominant intermediates of benzaldehyde (1670, 1685, and
1700 cm−1) and benzoic acid (1550 and 1427 cm−1) were
observed in Zn-KM, than in KM, suggesting that the routes of
benzyl alcohol to benzaldehyde and benzoic acid were faster
with the help of better redox ability of Zn-KM. Moreover, as
shown in Figure 5b, it is worth noting that the band at 1056
cm−1 attributed to alkoxide species appeared only in Zn-KM,41

further illustrating that Zn-KM owned better ability of opening
the ring of toluene. Therefore, owing to better toluene
adsorption, faster charge transfer in H2O enhanced built-in
electric field, and the larger amount of ROS species, Zn-KM
performed better catalytic activity of toluene oxidation under
the condition of H2O. While as shown in Figure 5d, the band
at 1845 cm−1 of stretching vibration of aldehyde groups was
only observed from Zn-KM. As the better electron pair
separation profited from the inner electric field created by H2O
adsorption, the larger amount of ROS species, and better
utilization of light, Zn-KM performed better catalytic activity
of toluene oxidation under the condition of H2O.

In all, the toluene oxidation route in the presence of H2O on
Zn-KM and KM are shown in Figure 6, respectively. On Zn-
KM: (1) First, the introduction of H2O promoted the
adsorption of toluene under the hydrogen bonding interaction
and the surface −OH groups were generated. (2) Under
illumination, the photogenerated charge transferred faster in
the H2O-enhanced built-in electric field, and richer active
oxygen species (·O2

− and ·OH radicals) accelerated the
oxidation reaction, and then, the adsorbed toluene was
oxidated into benzyl alcohol, benzaldehyde, and benzoic acid.
(3) Furthermore, the ring-opened generated key intermediate
of alkoxide species was generated, which finally mineralized
carbon dioxide and water. While, on KM, owing to its surface
hydrophilicity, H2O preferentially adsorbed on its surface,
preventing the adsorption and oxidation of toluene, leading to
less key ring-opened intermediate and poorer photocatalytic
performance.

4. CONCLUSIONS
In this work, the synthesized Zn2+-doped K-OMS-2 (Zn-KM
photocatalyst) exhibited improved photocatalytic performance
of toluene oxidation in the RH from 10% to 50%, and Zn-KM
had better conversion and stability than KM. The doped Zn2+

generated more Mn4+ in Zn-KM, which acted as Lewis acid
sites for toluene adsorption. Importantly, on Zn-KM, the
reaction conditions with H2O promoted toluene adsorption
under hydrogen bonding and the intensive built-in electric
field, leading to faster charge transfer for more active oxygen-
containing radicals, and thus, toluene degradation was
enhanced. Whereas, too strong H2O adsorption on KM
inhibited toluene oxidation.
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