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ABSTRACT: The photocatalytic degradation of pollutants is an
effective and sustainable way to solve environmental problems, and
the key is to develop an efficient, low-cost, and stable photocatalyst.
Polymeric potassium poly(heptazine imide) (K-PHI), as a new
member of the carbon nitride family, is a promising candidate but is
characterized by a high charge recombination rate. To solve this
problem, K-PHI was in-situ composited with MXene Ti3C2-derived
TiO2 to construct a type-II heterojunction. The morphology and
structure of composite K-PHI/TiO2 photocatalysts were charac-
terized via different technologies, including TEM, XRD, FT-IR, XPS,
and UV−vis reflectance spectra. Robust heterostructures and tight
interactions between the two components of the composite were
verified. Furthermore, the K-PHI/TiO2 photocatalyst showed
excellent activity for Rhodamine 6G removal under visible light
illumination. When the weight percent of K-PHI in the original mixture of K-PHI and Ti3C2 was set to 10%, the prepared K-PHI/
TiO2 composite photocatalyst shows the highest photocatalytic degradation efficiency as high as 96.3%. The electron paramagnetic
resonance characterization indicated that the·OH radical is the active species accounting for the degradation of Rhodamine 6G.

1. INTRODUCTION
The continuous development of industrialization and urban-
ization leads to more and more organic pollutants being
discharged into the water environment. Therefore, the
degradation of organic pollutants is particularly urgent for
aqueous environmental protection. While tremendous efforts
using techniques such as adsorption, membrane process,
biodegradation, and electrochemical degradation have been
used to solve water pollution problems, none of the available
technologies to date provide a satisfactory solution due to their
low efficiency, incapacity of mineralization, and high cost.1−6

Photocatalytic degradation technology otherwise is charac-
terized by mild reaction conditions, and the direct utilization of
renewable solar energy is beneficial for energy saving and
pollution control.7−11 The key of photodegradation technology
fundamentally requires the development of stable, efficient,
and low-cost photocatalysts.12

In recent years, two-dimensional (2D) carbon nitride (CN)
photocatalysts, such as α-C3N4, β-C3N4, and g-C3N4 have been
widely used owing to their chemical stability, structural
tunability, and facile synthesis from low-cost and abundant
precursors.13−15 Therefore, many studies have focused on the
use of CN materials in the fields of photocatalytic water
splitting and photodegradation of organic pollutants.16,17

Moreover, in order to improve the catalytic activity of bulk

C3N4, the preparation of mesoporous graphitic carbon nitride
(mpg-C3N4) and the formation of a heterojunction composite
are developed.18,19 However, the conventional CN is limited
by its slow charge transport, high recombination rate, and poor
dispersion, which substantially damage its photocatalytic
performance.20

Recently, poly (heptazine imide) (PHI) has stood out as a
new member of the CN family.21−25 The interesting aspect of
PHI is that each heptazine unit in PHI is connected to three
secondary amines, which obviously differs from conventional
CNs. In addition, unlike traditional CN materials, PHI can
promote electrical conduction and accelerate charge transport
by introducing the desired metal cations.26−28 Recent studies
have found that alkali ion-doped PHI exhibited enhanced
photocatalytic activity, owing to improved charge carrier
separation and migration properties.29,30 For example,
potassium poly(heptazine imide) (K-PHI) with good photo-
catalytic activity was obtained through the substitution of 1, 2,
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4-triazole derivatives via heating in LiCl/KCl eutectic, where
the negative PHI 2D-layers were charge-compensated by K+

cations.31 The molten salt drove the interunit arrangement by
increasing the intermolecular forces. More interestingly, the
polymer can intercalate free ions from molten salts, which will
strengthen the frameworks of polymer crystals.32 Despite that
PHI is highly attractive in the field of photocatalysis because of
its unique structure, tunable optical property, and high charge
transport nature, its fast photogenerated electron−hole
recombination rate restricts its photocatalytic performance.33

In recent years, 2D MXene, as a precursor of in-situ formed
TiO2, is used to form heterojunction composites with other
photoactive materials to improve the overall photocatalytic
performance.34−40 Studies have shown that Ti3C2 nanosheets
are unstable and can be transformed into semiconductor TiO2
in an oxidizing atmosphere.41,42 For example, Gao et al.42

prepared TiO2/Ti3C2 heterojunction photocatalysts via an in
situ hydrothermal method using MXene-Ti3C2 as the sole raw
material. The TiO2/Ti3C2 heterojunction photocatalysts
demonstrated enhanced photocatalytic performance for CO2
reduction. Yang et al.36 reported that Ti3C2 was used as the
TiO2 precursor to construct a TiO2/g-C3N4 photocatalyst,
which exhibited an enhanced performance for photocatalytic
hydrogen production. In addition, the obtained TiO2 retained
the 2D structure characteristics of MXene, which was
beneficial to the photocatalytic reaction.43,44 To the best of
our knowledge, studies on the combination of MXene-derived
TiO2 with K-PHI to form a K-PHI/TiO2 composite photo-
catalyst that are seldom reported.

In this study, to solve the problem of the high recombination
rate for the PHI photocatalyst, an MXene-derived TiO2-
modified K-PHI composite (K-PHI/TiO2) was successfully
prepared and their photocatalytic performance was evaluated
by degrading Rhodamine 6G dye. Rhodamine 6G is selected as
a representative pollutant because it is a kind of industrial
synthetic dye that is widely used in the printing, dyeing, and
paper industry. It has been reported that skin contact with
Rhodamine dyes or human ingestion of the substance will
cause chronic or acute poisoning. In addition, animal
experiments have found that Rhodamine dyes can induce cell
cancerization or deformity.45

First, K-PHI/TiO2 was prepared by a facile in-situ
compositing method, in which the MXene-Ti3C2 was used as
a natural Ti resource to generate TiO2. Then, several
characterizations, such as TEM, XRD, FT-IR, XPS, and UV−
vis, were performed to determine the morphology, composite
structure, and band structure. The characterization results
confirmed the robust heterostructures and tight interactions
between the two components of K-PHI and TiO2. Then, the
photocatalytic performance of K-PHI/TiO2 for degradation of
Rhodamine 6G is evaluated. The further mechanism
investigation indicated that the construction of type-II
heterojunction between K-PHI and TiO2 accounts for the
high photocatalytic activity of the composite.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. In this study, 3-amino-

1,2,4-triazole-5-thiol (C2H4N4S, ≥98%), lithium fluoride (LiF,
≥99%), potassium chloride (KCl, ≥99%), lithium chloride
(LiCl, ≥99%), titanium aluminum carbide (Ti3AlC2), and
Rhodamine 6G (≥95%) were purchased from Shanghai
Aladdin Biochemical Technology Co. Ltd. Hydrochloric acid
(HCl) was provided by Sinopharm.

2.2. Synthesis of K-PHI, Ti3C2, and K-PHI/TiO2. K-PHI
was synthesized via a bottom-up ionic thermal method using
triazole as the precursor.31 First, 3-amino-1,2,4-triazole-5-thiol
(0.9 g) was mixed with salts of LiCl (2 g) and KCl (2.5 g) and
then fully ground. Subsequently, the mixture was heated under
a nitrogen atmosphere at 550 °C for 5 h. After the samples
were cooled down, they were washed with deionized water and
filtered, and this purification process was done additionally
four times. At last, the samples were dried in a vacuum oven
overnight at 50 °C to finally obtain the K-PHI products.

Layered Ti3C2 was prepared via the etching−intercalation
method using Ti3AlC2 as the precursor.46 First, LiF (1.6 g) was
slowly added to 36% HCl (20 mL), and then, Ti3AlC2 (1 g)
powder was slowly added to the mixture. Afterward, the
obtained black solution was centrifuged for 24 h at 45 °C and
washed repeatedly with dilute hydrochloric acid. The solution
was then repeatedly washed with deionized water and
centrifuged to a pH of 6. The suspension was sonicated for
2 h (ice bath) and then centrifuged for 30 min at 3500 rpm.
The final collected suspension was freeze-dried and collected.

For synthesis of K-PHI/TiO2 photocatalysts, a certain
amount of K-PHI and Ti3C2 and several drops of alcohol
were mixed and then fully ground. Afterward, the mixture of K-
PHI and Ti3C2 was treated at 450 °C for 4 h. This heat
treatment allows the in-situ transformation of Ti3C2 to TiO2
and then closely contacts with K-PHI to finally obtain the K-
PHI/TiO2 composites. The weight percent of K-PHI in the
original mixture of K-PHI and Ti3C2 was set to 5, 10, 20, and
25%, and these final K-PHI/TiO2 samples are denoted as 5 K-
PHI/TiO2, 10 K-PHI/TiO2, 20 K-PHI/TiO2, and 25 K-PHI/
TiO2, respectively. For control, pristine K-PHI and TiO2 were
also prepared under the same heat treatment condition.

2.3. Characterizations. The scanning transmission elec-
tron microscopy−high-angle annular dark-field (STEM-
HAADF) and energy-dispersive X-ray spectroscopy images
were recorded using a field-emission scanning transmission
electron microscope (HD-2300A, Hitachi Ltd., Japan). X-ray
diffraction (XRD) spectra were measured using an X-ray
diffractometer (Bruker D8 Advance). The ultraviolet−visible
(UV−vis) spectra of K-PHI and K-PHI/TiO2 samples were
recorded using a UV−vis spectrophotometer (Persee, TU-
1900, Beijing Persee Instruments Co., China). The Fourier-
transform infrared (FT-IR) spectra were collected on a Nicolet
6700 spectrometer (Thermo Fisher Scientific Inc., USA). X-ray
photoelectron spectroscopy (XPS) was conducted using an X-
ray photoelectron spectrometer (Thermo Fisher, ESCALAB
250Xi, USA). Electron paramagnetic resonance (EPR) spectra
for detection of reactive species were collected using a
spectrometer (Bruker, A300, Germany) equipped with a
cylindrical resonator. The mineralization degree of Rhodamine
6G was characterized by determining the total organic carbon
(TOC) removed, which was determined using a Shimadzu
TOC-L (Japan). The photoluminescence (PL) spectra were
evaluated on a fluorophotometer (Edinburgh FLS1000,
Britain).

2.4. Photocatalytic Degradation Experiments. Photo-
degradation of Rhodamine 6G was performed in a cylindrical
reactor, and the reaction temperature was controlled via water
circulation through the outer jacket of the reactor. A 300 W
xenon lamp with a 420 nm filter (filtering ultraviolet light) was
used as a visible light source. The distance between the lamp
and the reactor is approximately 1 cm. In the degradation
reaction experiment, 100 mg of catalyst was added to 50 mL of
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a Rhodamine 6G solution with a concentration of 20 mg/L,
and the initial pH of the solution was ∼7. The catalyst was
stirred under dark conditions for 30 min to achieve full contact
with Rhodamine 6G molecules and adsorption−desorption
equilibrium. The reaction solution (1 mL) was taken at a fixed
interval, and the catalyst was separated out via centrifugation.
Then, the solution was analyzed by UV−vis to monitor the
degradation process.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of K-PHI/TiO2

Composite Samples. The overall preparation route of the K-
PHI/TiO2 composite is illustrated in Scheme 1. K-PHI was
first synthesized via a bottom-up ionic thermal method, in
which the precursor of 3-amino-1,2,4-triazole-5-thiol was
heated in LiCl/KCl at 550 °C for 5 h.31 Figure 1a shows the
TEM image of K-PHI, and the K-PHI displayed a distinct
sheet-like morphology. Ultrathin Ti3C2 nanosheets were

Scheme 1. Preparation Process of the K-PHI/TiO2 Composite Samples

Figure 1. TEM images of K-PHI (a) and MXene (b) samples. TEM (c), high-resolution TEM, (d) and elemental mapping (e) of Ti, K, and N for
the K-PHI/TiO2 photocatalyst.

Figure 2. XRD patterns (a) and FTIR spectra (b) of K-PHI, TiO2, and K-PHI/TiO2 photocatalysts.
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prepared via an etching−intercalation method, in which the
accordion-like MAX-phase Ti3AlC2 was transformed to Ti3C2
nanosheets in the presence of HCl and LiF.46,47 The TEM
image in Figure 1b shows that the obtained Ti3C2 featured an
ultrathin nanosheet morphology. Finally, for synthesis of the
K-PHI/TiO2 composite, the as-prepared K-PHI and Ti3C2
were fully mixed and ground and then heat-treated at 450 °C
for 4 h. In this heat treatment process, the TiO2 nanosheets
were in situ formed from oxidation of Ti3C2 and composited
with K-PHI to form K-PHI/TiO2. Figure 1c depicts the
microstructure of the formed K-PHI/TiO2 composite. The K-
PHI/TiO2 composite exhibited an obvious sheet-like morphol-
ogy with some amorphous structures owing to the lamellar
nature of K-PHI. To further investigate the structure of the
photocatalyst, the K-PHI/TiO2 composite photocatalyst was
analyzed via high-resolution TEM (Figure 1d). The HRTEM
images showed the clear lattice fringes of the TiO2 (101) plane
with a spacing distance of 0.35 nm, and TiO2 was in close
contact with the component of K-PHI43. Moreover, the
elemental mapping images (Figure 1e) showed that N, K,
and Ti were well-defined, which confirms that TiO2 was
attached to K-PHI.

The XRD patterns of K-PHI, TiO2, and K-PHI/TiO2 are
shown in Figure 2a. The K-PHI pattern featured two peaks,
which indicates that triazole was successfully transformed into
K-PHI. The strong peak at 27.3° corresponded to the (002)
plane and resulted from the interlayer stacking structure of K-
PHI.31,48 The minor XRD peak at 8° is related to the (1̅10)
plane, stemming from the increased in-plane periodicity of K-
PHI32. The distinct diffraction peaks of TiO2 at 2θ = 25.3, 38.0,
48.0, 54.0, 55.1, 62.8, 70.2, and 75.2° can be ascribed to the
(101), (004), (200), (105), (211), (204), (116), and (220)
planes of anatase TiO2, respectively.43 The obtained XRD
patterns indicate that MXene-Ti3C2 was completely converted
into the anatase phase of TiO2 via calcination.38,49 As for the

K-PHI/TiO2 sample, the XRD pattern contains the character-
istic diffraction peaks of K-PHI and TiO2. However, the XRD
peak of K-PHI at 8° disappeared in that of K-PHI/TiO2, and
this is because the structure in the periodic plane of K-PHI is
disrupted during the in-situ composite of Ti3C2-dervied TiO2
with K-PHI. In addition, compared with pure K-PHI, the
(002) diffraction peak of K-PHI/TiO2 shifted to the right to a
certain extent, indicating that the interaction between the two
components resulted in smaller packing distance and lower
packing degree of K-PHI nanosheets.43,50 These results
demonstrate the successful formation of the K-PHI/TiO2
heterojunction composite during the calcination of a mixture
of K-PHI and MXene-Ti3C2.

The FTIR spectra of the prepared samples were further
collected, and the results are shown in Figure 2b. From the
FTIR spectrum of the K-PHI sample, several characteristic
signals of K-PHI, such as the out-plane bending vibration of
heptazine rings around 804 cm−1, the vibration mode of the
C−N at 910 and 993 cm−1, and the stretching vibration of
cyano units (C�N) at 2182 cm−1, can be observed.51,52 The
FTIR spectrum of Ti3C2-derived TiO2 featured a peak of the
stretching vibration mode of the Ti−O−Ti bond at ∼470
cm−1. Another distinct peak at ∼1621 cm−1 that corresponded
to O−H bending vibration of hydroxyl groups on the TiO2
surface can also be observed.20,53 From the FT-IR curve K-
PHI/TiO2, the characteristic peaks of K-PHI and TiO2 can be
observed, which substantiates the successful formation of the
composite between K-PHI and TiO2.

K-PHI/TiO2 was further characterized via X-ray photo-
electron spectroscopy (XPS). The resultant XPS curves and
the corresponding devolution peaks for C 1s, N 1s, and Ti 2p
are shown in Figure 3. The survey XPS spectrum of K-PHI/
TiO2 in Figure 3a shows that all signal peaks can be assigned to
elements of Ti, O, N, K, and C, and no peaks of any other
elements were observed. Figure 3b shows the C 1s XPS spectra

Figure 3. (a) Full survey spectrum of K-PHI/TiO2; (b) C 1s spectra of K-PHI and K-PHI/TiO2 photocatalysts; (c) N 1s spectra of K-PHI and K-
PHI/TiO2 photocatalysts; (d) Ti 2p spectra of TiO2 and K-PHI/TiO2 photocatalysts.
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of K-PHI and K-PHI/TiO2. For the C 1s XPS spectrum of K-
PHI, the peak with a binding energy (BE) of 288.3 eV is
assigned to C from CN3 bonds of the heterocycle ring; the
peak at 286.8 eV corresponded to C from the hydroxylated
surface carbon (C−OH), and the peak at 285 eV was related
to the adventitious C31. For composite K-PHI/TiO2, the BE of
the adventitious carbon peak at 285 eV is the same as that of
K-PHI. However, a new minor peak assigned to C−O appears
in the spectrum of K-PHI/TiO2, which may relate to the
oxygen-containing groups of the calcination residue of Ti3C2.
In addition, the C 1s peak of K-PHI/TiO2 at 288.6 eV is 0.3
eV higher than that of the peak in the K-PHI spectrum,
indicating the occurrence of electron transfer between the two
constituents due to the formation of heterostructures.34

For the high-resolution XPS spectrum of N 1s (Figure 3c),
the peaks at 398.6, 399.4, and 400.9 eV in the spectrum of K-
PHI are attributable to the sp2-hybridized N of the C�N−C,
N−(C)3, and N−H groups, respectively.31 Compared with the
N 1s XPS peaks of K-PHI, these three peaks of K-PHI/TiO2
were shifted to higher BE regions, indicating that the electrons
were transferred from K-PHI to TiO2 through N−Ti

interactions.54 In addition, the K-PHI/TiO2 spectrum featured
a new peak related to Ti-N at 397.4 eV, confirming the
formation of chemical bonds between K-PHI and TiO2 during
the thermal calcination process.

The Ti 2p XPS spectrum of the TiO2 sample (Figure 3d)
subjected to 4 h of calcination featured Ti−O bond XPS peaks
at 458.7 and 464.4 eV, which corresponded to the Ti 2p3/2 and
Ti 2p1/2 orbitals of TiO2, respectively. This confirmed that the
precursor of MXene-Ti3C2 can be successfully transformed
into TiO2 after calcination in air.43 The Ti 2p spectra of
composite K-PHI/TiO2 were similar to those of the TiO2
sample and featured peaks at 458.2 and 463.9 eV. However,
both the Ti 2p XPS peaks of the K-PHI/TiO2 sample shifted
by 0.5 eV to a lower BE, which resulted from the change in the
chemical environment of Ti after compositing between K-PHI
and TiO2.

50,55 The high-resolution K 2p XPS spectra of both
K-PHI/TiO2 and K-PHI (Figure S1) featured peaks at 292.9
and 295.7 eV, indicating the incorporation of potassium ions in
the composites.31 In summary, the obtained results from the
XPS characterization verified the robust contact and
interaction between the components of K-PHI and TiO2,

Figure 4. UV−vis diffused reflectance spectra of K-PHI and TiO2(a); (αhν)2 vs hν Tauc plots of K-PHI (b) and TiO2(c); valence band XPS
spectra of K-PHI and TiO2 (d).

Figure 5. (a) Band structure of the K-PHI/TiO2 composite photocatalyst; (b) PL spectra of K-PHI and K-PHI/TiO2 photocatalysts.
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which will guarantee the facile transfer and enhanced
separation of the charge carriers in the photocatalytic process.

3.2. Determination of Band Structures of K-PHI and
TiO2. After the structural characterization of the composite,
the band structure of the sample was further determined. The
UV−vis diffused reflectance spectroscopy of individual K-PHI
and TiO2 are shown in Figure 4a. From the corresponding
Tauc plots (Figure 4b,c) of the UV−vis diffused reflectance
spectra, the band gap (Eg) values of the K-PHI and TiO2 were
estimated. The obtained Eg values of K-PHI and TiO2 were
2.63 and 3.04 eV, respectively. Then, the valence band (VB)
edges of K-PHI and TiO2 were determined via VB-XPS
(Figure 4d). The values of the VB edge (EVB‑XPS) of K-PHI and
TiO2 are 1.78 and 2.3 eV, respectively. According to the
equation EVB‑NHE = φ + EVB‑XPS − 4.44 (work function φ is
4.49), the VB edges relative to the normal hydrogen electrode
(EVB‑NHE) of K-PHI and TiO2 are 1.83 and 2.35 V (vs NHE),
respectively. Then, following the formula ECB‑NHE = EVB‑NHE −
Eg, the conduction band edge of K-PHI and TiO2 were
calculated to be −0.8 and −0.69 V (vs NHE), respectively.56

From these obtained EVB‑NHE, ECB‑NHE, and Eg, we can depict
the band structure of the K-PHI/TiO2 composite. As shown in
Figure 5a, a type-II heterojunction was formed between K-PHI
and TiO2, in which the CB and VB positions of K-PHI
straddled those of TiO2. Thus, under light excitation, the
photoinduced charge carriers of electrons on the CB of K-PHI
could be facilely transferred to the CB of TiO2, and TiO2 acted
as a sink of electrons, improving charge separation for the K-
PHI/TiO2 composite.53,57 This charge separation effect can be
proved by measuring the PL spectra of pure K-PHI and
composite K-PHI/TiO2 (see Figure 5b). It can be seen from

Figure 5b that, compared with pure K-PHI, the PL intensity of
composite K-PHI/TiO2 is significantly decreased, indicating
the efficient separation of photogenerated electrons and holes
after the formation of composite between K-PHI and TiO2.

3.3. Evaluation of the Photocatalytic Degradation
Performance and Determination of Active Species. After
the preparation and characterization of K-PHI/TiO2 compo-
sites, their photocatalytic degradation performance was further
investigated using Rhodamine 6G as a pollutant probe. Figure
6a shows the degradation curves of the composite photo-
catalysts as well as pure K-PHI and TiO2. It was found that the
Ti3C2-derived TiO2 has negligible removal activity for the
degradation of Rhodamine 6G because the wide-bandgap TiO2
cannot be excited under visible light. Compared with pristine
K-PHI, all the K-PHI/TiO2 composites exhibit better
degradation performance. Among the K-PHI/TiO2 with
different contents of K-PHI, 10 K-PHI/TiO2 shows the
highest degradation activity, and the degradation degree of
Rhodamine 6G within 40 min reaches 96.3%. The reason may
be that when the content of K-PHI is too low, the K-PHI in K-
PHI/TiO2 cannot provide sufficient photoinduced carriers,
resulting in the reduced degradation rate for Rhodamine 6G;
on the other hand, when the content of K-PHI is too high, the
photoinduced electrons of K-PHI cannot be timely transferred
into the insufficient amount of TiO2, which may decrease the
charge separation efficiency and lower the photodegradation
activity. Furthermore, we find that the pH of the solution has a
significant effect on the photodegradation efficiency (Figure
S2). When the pH value (pH = 5 and 7) is nearby the pHzpc
value (6.4) of 10 K-PHI/TiO2, the balance between the
absorption of dye and the production of active species can be

Figure 6. (a) Photocatalytic degradation curves of K-PHI/TiO2 samples under visible light (λ > 420 nm) illumination. For control, the curves of
pure K-PHI and TiO2 are also included; (b) Reusability of the 10-K-PHI/TiO2 composite photocatalyst for degradation of Rhodamine 6G.

Figure 7. (a) Electron paramagnetic resonance spectra obtained in the presence of K-PHI, TiO2, and K-PHI/TiO2 under light illumination; (b)
Degradation results when TBA was used as the trapping agent.
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obtained to achieve the optimal degradation efficiency. In
addition, to investigate the extent of dye mineralization in the
photodegradation process, the TOC content of the dye
solution was further determined. As an example, a typical
TOC removal curve in the presence of the 10 K-PHI/TiO2
photocatalyst is shown in Figure S3, which shows that
Rhodamine 6G dye can be totally mineralized by the prepared
composite photocatalyst after 60 min irradiation.

To investigate the stability of the prepared K-PHI/TiO2
sample, recycling experiment was conducted, and the results
are shown in Figure 6b. The results show that, after three
cycles, the degradation degree of Rhodamine 6G slightly
decreases from 96.3 to 90.8, and 94.3% of the degradation
activity is still maintained. Further structural characterization
(Figure S4) shows that the XRD pattern shows little changes
after three cycles, and no new peaks appear, indicating the
good structural stability of the composite sample.

Finally, to identify the active species accounting for the
degradation of Rhodamine 6G in the presence of K-PHI/TiO2,
electron paramagnetic resonance tests were performed. The
test result showed that ·OH was the main active species in
degrading Rhodamine 6G (Figure 7a). To confirm this point,
the trapping experiments that used TBA as the trapping agent
of OH was carried out. The results in Figure 7b show that the
degradation degree of Rhodamine 6G falls from 96.3 to 6.9%,
when the trapping agent TBA was added, and this degradation
degree value of 6.9% is close to the value of 5.0% under the
dark condition. Therefore, both the EPR and trapping
experiment indicated that the OH played a major role in the
degradation process in the presence of K-PHI/TiO2 photo-
catalysts. From comparison, the composite exhibited a stronger
·OH signal than pure K-PHI and TiO2, which means that K-
PHI/TiO2 can produce more active species of ·OH to attack
the pollutant and achieve higher activity.

3.4. Photocatalytic Mechanisms. According to the above
characterization and performance test results, we propose the
reaction mechanism of Rhodamine 6G degradation using the
K-PHI/TiO2 photocatalyst under light conditions (Figure 8).

Through in-situ transformation of MXene-Ti3C2 to TiO2
under calcination, tight contact between K-PHI and TiO2
can be formed, resulting in the successful preparation of a
novel K-PHI/TiO2 composite photocatalyst (see Figures 123).
Under illumination of visible light, the K-PHI component in K-
PHI/TiO2 is excited to generate charge carriers of electrons
and holes due to its narrow band gaps (see Figure 4).
Subsequently, due to the suitable band structure of K-PHI and

TiO2 and the formed type-II heterostructure (see Figure 5a),
the photoinduced electrons can facilely flow from the CB of K-
PHI to that of TiO2, in which TiO2 acted as the electron sink.
This oriented flow of electrons from K-PHI to TiO2 effectively
separates the photogenerated electrons and holes (see Figure
5b) and facilitates their immigration (see Figure S5). Next, the
separated electrons and holes can generate highly reactive
species of ·OH via various pathways (see Figure 7). At last,
these reactive ·OH can unselectively attack and finally degrade
the substrate of Rhodamine 6G.

4. CONCLUSIONS
Through in situ compositing method, an efficient K-PHI/TiO2
composite was prepared using MXene-Ti3C2 as the precursor
of TiO2. This K-PHI/TiO2 composite shows high efficiency for
photocatalytic degradation of Rhodamine 6G. The enhanced
activity of K-PHI/TiO2 can be attributed to the following: (1)
the in-situ transformation of MXene-Ti3C2 to TiO2 and then
compositing with K-PHI, leading to robust contact between K-
PHI and TiO2; (2) the formation of a type-II heterojunction
between K-PHI and TiO2, resulting in the promoted
separation and the inhibited recombination of photogenerated
charge carriers. This study provides a strategy for strengthening
the heterostructure of non-metal PHI-based materials to
develop efficient, low-cost, and environmentally friendly
photocatalysts.
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