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A B S T R A C T

In the development of two-dimension (2D) materials, constructing orderly layer-by-layered heterostructure has
been a formidable challenge for a long time. In this work, a convenient nitriding-pretreatment route has been
applied to engineer the C vacancy defects in Ti3C2Tx MXene, which often results in the structural instability.
Based on the above defect engineering, the 2D skeleton is maintained in the following Ti3C2Tx oxidation for the
formation of TiO2 and carbon layers. Successfully, a “from 2D to 2D” structure and functional transformation is
realized and TiO2 nanoplates are in-situ grown between carbon layers, which greatly boost photogenerated
carrier’s separation and electron’s transmission. As a result, this TiO2/C superstructure exhibits an efficient
photocatalytic ability in water-splitting process under visible light without any cocatalyst (87.2 μmol g−1 h−1,
28.1 times of disordered TiO2/C sample). The defect engineering for MXene provides a new strategy for the
highly orderly layer-by-layer superstructure.

1. Introduction

Recently, two-dimension (2D) structured materials (also called van
der Waals heterostructures), such as graphene [1,2], graphyne [3,4],
borophene [5,6], germanene [7,8], black phosphorus [9,10] and
MXene [11,12], have attracted largely attention due to their widely
known thermal and electrical conductivity. These novel materials also
exhibit extensively potential applications, such as photovoltaics, semi-
conductors, electrodes and water purification. However, to date the
efficient integration of 2D functional layers with three-dimensional
(3D) systems remains a significant challenge, limiting device perfor-
mance and circuit design [13]. This needs a convenient and effective
post-treat method to solve the above problem. Layer-by-layer self-as-
sembling method is obviously suitable for the anticipated functionali-
zation and complexity. In order to bypass the complex and susceptible
process in currently widely used bottom-up method, a “from 2D to 2D”
strategy emerges in front of us clearly. In this work, as an attempt,
Ti3C2Tx MXene is selected as the initial 2D skeleton to construct a new
layer-by-layer TiO2/C superstructure, which undoubtedly possesses
excellent carrier’s separation ability to greatly enhance photocatalytic
performance of semiconductor TiO2.

As a representative of photocatalysts, TiO2 has been widely re-
cognized as one of the most promising materials due to its rich reserves
in nature, friendly environmental, and economical price [14–17].
However, individual TiO2 still has two main disadvantages that are
difficult to overcome, including wide band gap (3.2 eV for anatase) and
high photogenerated carrier recombination rate [18–20]. According to
previous reports, approximately 90 % of the photoelectrons and holes
recombine within ∼10 ns [21,22], resulting in a low photocatalytic
efficiency. In the past decades, many valuable efforts have been con-
tributed to overcome the above problems, such as scale-downing the
particle size to nanometer, doping with metal or non-metal and con-
structing heterostructure [23–32]. Among those, carbon modified TiO2

composites exhibit outstanding solar-driven H2 evolution activities duo
to the relatively robust separation and transfer of photo-excited carriers
depended on the superior conductivities of carbon materials [33–40].
More important, in evaluating photocatalytic efficiency of TiO2-based
materials, light carbon doesn’t have excessive additional mass effects.
However, though simple core/shell TiO2/C structures have been ob-
tained in the above works, a sufficient electron/hole separation assisted
by carbon layer is still on the way. Compared with them, layer-by-
layered superstructure for TiO2/C system undoubtedly will further
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improve the carrier’s separation and promote the corresponding cata-
lytic ability.

Directed by the above analysis, we have successfully designed and
realized a convenient in situ route to synthesize highly ordered layer-
by-layered superstructure composed of TiO2 and carbon layer. This
process involves two critical steps: I) Defect engineering of Ti3C2Tx-
MXene for N-Ti3C2Tx through a nitriding-pretreatment, which
strengthens the 2D skeleton and facilitates the following “from 2D to
2D” structural transformation; Π) CO2 oxidation of N-Ti3C2Tx, which
results in the in situ growth of TiO2 between MXene’s layers and the
eventual TiO2/C layer-by-layered superstructure (NPT-TiO2/C), as
shown in Scheme 1. The intercalation superstructure could efficiently
strengthen the photoexcited carrier’s separation and transfer more
electrons into suitable photocatalytic sites, thus facilitating the hy-
drogen reduction through water splitting. The as-obtained NPT-TiO2/C
superstructure exhibits a highest H2 evolution rate up to 87.2 and
425.6 μmol g−1 h−1 respectively under visible-light and simulated
sunlight without any co-catalyst, which are about 28.1 times and 8.2
times of those of simple TiO2/C composite.

2. Experimental section

2.1. Synthesis of Ti3C2Tx-MXene

1g of Ti3AlC2 powder was divided into multiple portions and then
slowly added to HF solution with a 49 % concentration. Then the above
suspension was placed in a magnetic stirrer to maintain at 40 °C for
36 h. After that the mixture was washed with deionized water by
multiple high-speed centrifugation (5000 rpm) until the pH of the su-
pernatant was up to approximately 7. Finally, the sample was kept in a
vacuum oven (60 °C) for 12 h.

2.2. Synthesis of N-Ti3C2Tx

The above as-prepared Ti3C2Tx MXene powder was transferred into
a tube furnace and kept in argon gas stream for 1 h. After that, the tube
furnace was continuously fed with ammonia gas (100mLmin−1) for 2 h
at 300 °C.

2.3. Synthesis of disordered TiO2/C and NPT-TiO2/C superstructure

The as-synthesized N-Ti3C2Tx MXene powder was putted into a tube
furnace under carbon dioxide atmosphere (100mLmin−1) for 2 h at
700 °C and then naturally cooled to room temperature. The disordered
TiO2/C sample was fabricated in the same condition, in which only N-
Ti3C2Tx powder is replaced by Ti3C2Tx MXene powder.

3. Results and discussion

3.1. Defect engineering of Ti3C2Tx MXene through a nitriding-pretreatment

It is well known that there are many residual defects, such as C
vacancy defect, Ti defect and redundant functional groups (such as -F
and −OH) existed in Ti3C2Tx MXene [41–44], which often initiate
structural instability and variable property in the following chemical
treatment. So in this work, a nitriding-pretreatment of Ti3C2Tx

MXene is firstly conducted to engineer the C vacancy defect. As il-
lustrated in Figs. 1a–c and S1a, b, the morphologies of the Ti3AlC2-MAX
precursor, the as-obtained Ti3C2Tx-MXene and N-Ti3C2Tx samples are
observed by SEM examinations. It is seen that the Ti3C2Tx-MXene ob-
tained by HF etching of the Ti3AlC2-MAX precursor presents a distinct
stacked 2D layered structure. It is also noted that N-Ti3C2Tx (Fig. 1c)
obtained by an ammonia nitriding-pretreatment maintains almost a
similar layered structure to Ti3C2Tx. Microstructural differences are
observed in their XRD patterns, as shown in Figs. 1d and S2. It is seen
that the (002) diffraction peak belonged to the stacked Ti-C layers,
shifts from 9.03° to 7.22°, which means that the layer spacing is in-
creased from 19.5 Å to 24.6 Å. Therefore, the introduction of N into
MXene not only maintains the 2D-skeleton, but also increases the in-
terlayer spacing by 5.1 Å, which is favorable for the following inter-
calation of TiO2. Fig. 1e and Table S1 show the N 1s XPS spectra and
corresponding peak analyses of Ti3C2Tx-MXene before and after ni-
triding-pretreatment. The appearance of N-Ti at 396.6 eV and N-Ti-O at
399.5 eV suggests that N atoms have been successfully introduced
[45–48]. And interestingly the former agrees with the N 1s XPS spec-
trum in the Ti4N3Tx-MXene [49], which means that partial N atoms are
introduced into C atom sites in Ti3C2Tx-MXene. And the latter (Ne-

TiOe) suggests that the residual eF and −OH on surface are sub-
stituted and dramatically reduced (Fig. S3a, 4 and Table S2). The pre-
sence of carbon vacancy defects in Ti3C2Tx-MXene is also confirmed by
EPR spectra (Fig. 1f), in which a strong signal at g= 2.004 is exhibited
[50,51]. After the nitriding-pretreatment of the MXene, the above
signal completely disappeared, which testifies the elimination of carbon
vacancies after N remediation, agreed with the above XPS results of the
N-Ti3C2Tx sample. In addition, the XPS survey, C 1s spectra and the
corresponding analyses of Ti3C2Tx and N-Ti3C2Tx (Fig. S3, Table S2 and
S3) identify that the atom ratio of C/Ti doesn’t change before and after
the nitriding-pretreatment. Only the binding energy of C-Ti bond is
reduced. All the above results confirm that the carbon vacancy defects
in Ti3C2Tx-MXene are engineered through a nitrogen-remedying,
without replacing the carbon atoms by N atoms. The N-remedying is
further verified by the Raman spectra (Fig. S4), in which the Ti-N peaks
are very similar to those of Ti4N3Tx MXene [52].

3.2. CO2 oxidation of N-Ti3C2Tx

Using the above Ti3C2Tx and N-Ti3C2Tx samples as Ti sources for

Scheme 1. Preparation process from Ti3C2Tx-MAX to Ti3C2Tx-MXene, N-Ti3C2Tx and layer-by-layered NPT-TiO2/C samples.
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TiO2, same CO2 oxidation treatments are performed on them and the as-
obtained samples are named as TiO2/C and NPT-TiO2/C, respectively.
Fig. S5 displays their XRD patterns, in which distinct diffraction peaks
of anatase and rutile TiO2 are observed and no other peaks are found. It
is obvious that both Ti3C2Tx and N-Ti3C2Tx are completely converted to
TiO2 after oxidation. The detailed morphologies and microstructures of
them are further investigated by SEM, TEM, HRTEM, SAED and EDX
mapping examinations.

It is seen from the low-resolution SEM image and TEM image
(Fig. 2a and b) that the NPT-TiO2/C sample maintains a well layered
structure with many nanoparticles dispersed in them. Differently, the
TiO2/C sample without nitriding-pretreatment displays that many large
particles (TiO2) are concentrated on the edge of layers, as depicted in
Fig. S6. A typical HRTEM image is shown in Fig. 2c, in which a TiO2/C
layer-by-layer superstructure is observed. An orderly 4.8 nm layer-
spacing between carbon layers is detected. In order to further char-
acterize the superstructure, a strong ultrasonic treatment with a long-
time was conducted to obtain individual sheets. As exhibited in Fig. 2d,
it is observed that TiO2 nanoplates with exposed (101) crystal plane lie
on the bulky amorphous carbon layer. The anatase phase of TiO2 is also
demonstrated by its SAED result (Fig. S7). A piece of typical NPT-TiO2/
C superstructure with a tilted angle is also examined in detail by
HRTEM, as shown in Fig. 2e–h. Clearly, TiO2 nanoplates are inter-
calated between carbon layers. All the above results adequately prove
that TiO2 nanoplates have been successfully intercalated between
carbon layers and orderly layer-by-layered TiO2/C superstructure
forms, as illustrated in its structural schematic (Fig. S8). This stacking
superstructure will undoubtedly greatly promote the separation of
photogenerated carriers. Correspondingly, their low-angle XRD ex-
aminations (Fig. 2i) affirm that there is uniform sized pores (∼4.8 nm)
existed in the NPT-TiO2/C sample, as seen in its HRTEM image
(Fig. 2c). This result is also verified by their following BET

measurements. As shown in Fig. 2j, it is clearly seen from the pore size
distributions that the NPT-TiO2/C sample has a highly ordered porous
structure (concentrated at 4.8 nm), which agrees well with its above
results. However, the pore size of the disordered TiO2/C sample is
widely distributed between 5 nm and 50 nm. At the same time, the NPT-
TiO2/C sample displays a larger surface area (59.10 m2 g−1) than that
of TiO2/C (48.83 m2 g−1), as exhibited in Fig. S9. So the engineering of
C vacancy defect through the nitriding-pretreatment of Ti3C2Tx MXene
is critical to the “from 2D to 2D” evolution and the eventual 2D su-
perstructure.

Afterwards, its EDS elemental mappings in Fig. 2k–n further reveal
the element composition: the tiny particle contains Ti and O elements
and the bulky sheet is composed of C elements. The composition is
further confirmed by Raman tests (Fig. S10). The peaks ascribed to TiO2

are found in both the TiO2/C sample and NPT-TiO2/C sample in the
100−750 cm−1 range (Fig. S10a). The D and G peaks of carbon layers
(Fig. S10b) are also observed with a different ID/IG value, which proves
the better structural integrality in NPT-TiO2/C superstructure. Their
corresponding XPS and FT-IR results also testify the existence of TiO2

and amorphous carbon, as well as the complete disappearance of N-
Ti3C2Tx in NPT-TiO2/C, as shown in Figs. S11–S13 and Table S4.

3.3. Optical and electrical properties

The UV–vis DRS measurements were firstly applied to explore the
optical absorption performance and band structures of disordered TiO2/
C and NPT-TiO2/C superstructure with the same test amount. It is
clearly seen in Fig. 3a that compared with the TiO2/C sample, light
absorption of NPT-TiO2/C sample is significantly enhanced from UV
range to the visible-light range. One of the main reasons is its orderly
porous structure, which results in the multiple reflection and sufficient
contact between incident light and NPT-TiO2/C sample. Based on the

Fig. 1. SEM images of Ti3AlC2-MAX (a), Ti3C2Tx-MXene (b) and N-Ti3C2Tx (c). (d) Amplified (002) peak in XRD patterns, (e) N 1s XPS spectra and (f) EPR spectra of
Ti3C2Tx-MXene and N-Ti3C2Tx samples.
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transformed plot of UV–vis DRS by Kubelka-Munk formula, the band
gaps of P25-TiO2, TiO2/C and NPT-TiO2/C superstructure are calcu-
lated as 3.27, 3.39 and 2.71 eV respectively (Fig. S14 and inset of
Fig. 3a) with a 0.68 eV difference. The narrowed band gap of the NPT-
TiO2/C sample should be owing to the superior contact between con-
ductive carbon layer and TiO2 nanoplates in the layer-by-layered su-
perstructure. This is also confirmed by their valence band (VB) spectra.
It is seen in Fig. 3b that the approximate VB tops of TiO2/C and NPT-
TiO2/C are 2.55 and 2.34 eV, respectively. Therefore, the band-gap
narrowing mainly derives from the 0.47 eV change of the conduction
band (CB) affected by the contacted carbon layers, as exhibited in
Fig. 3c. Their conductivity is analyzed through electrochemical im-
pedance experiments under dark and light illumination conditions, as
shown in Figs. S15a and 3 d. In the semicircular Nyquist plots, the NPT-
TiO2/C sample’s resistance is much smaller than that of disordered
TiO2/C, implying its preferable conductivity [53,54]. This is beneficial
to its carrier’s transportation and separation. And the NPT-TiO2/C
sample displays a better ability for electron transmission even in the
dark (Fig. S15a). It is observed from the Mott-Schottky plots of TiO2/C
and NPT-TiO2/C (Fig. S15b) that the positive slopes in the both curves
identify their nature as n-type semiconductor. In addition, through the
above Mott-Schottky plots, the carrier densities (Supplementary
Method 4) of TiO2/C and NPT-TiO2/C superstructure are calculated as
9.21×1017 and 39.49×1017 cm−3 respectively, which indicates that
the NPT-TiO2/C superstructure has a remarkably improved carrier

density (about 4.3 times) compared with the disordered TiO2/C.
Then the photo current responses of two samples were performed

under visible-light irritation. As illustrated in Fig. 3e, the transient
photocurrent density of NPT-TiO2/C is up to 75 μA cm−2, which is 5
times of TiO2/C (15 μA cm−2). The outstanding performance is mainly
due to the better visible-light absorption ability and its effective
transportation of photoproduced carriers, as proved above. To further
identify their carrier’s separation efficiency, PL examinations were ap-
plied later with the same test amount. It is seen in Fig. 3f that the
fluorescence intensity of TiO2/C is much higher than that of NPT-TiO2/
C sample at a 320 nm excitation wavelength, which demonstrates the
lower carrier’s recombination ratio in the orderly superstructure. Si-
milar phenomena are also found in other PL spectra with 300, 340 and
360 nm excitation wavelengths (Fig. S16). The better carrier’s separa-
tion ability of NPT-TiO2/C superstructure was also confirmed by the
fluorescence lifetime examinations (Supplementary Method 4, Figs. 3g
and S17). Compared with TiO2/C (τa= 0.67 ns), the NPT-TiO2/C su-
perstructure has a long carrier lifetime (τa= 1.61 ns), which indicates
that the recombination rate of carrier in the superstructure is greatly
slowed down. All the above results demonstrate that the orderly su-
perstructure dramatically accelerates the electron transfer and effec-
tively suppresses the recombination of electron-holes compared with
disordered TiO2/C, which are significantly boost to its photocatalytic
ability. The schematic diagram of light-excited and photocarrier’s se-
paration of NPT-TiO2/C superstructure is exhibited in Fig. 3h.

Fig. 2. (a) SEM image, (b)-(h) TEM and HRTEM images of NPT-TiO2/C sample. (i) Low-angle XRD patterns and (j) Pore size distribution curves of the TiO2/C and
NPT-TiO2/C samples. (k)-(n) HAADF-STEM image of NPT-TiO2/C sample and its corresponding EDS mappings. Scale bars, (f)-(h) 1 nm.
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Fig. 3. Optical and electrical measurements of the TiO2/C and NPT-TiO2/C samples: (a) UV–vis DRS and their corresponding Tauc/Davis-Mott plots in the inset. (b)
and (c) The VB XPS spectra and the band-gap structures. (d) and (e) EIS Nyquist plots under light irradiation and transient photocurrent density curves. (f) and (g).
Photoluminescence emission curves and time-resolved transient PL decay curves. (h) Photocatalytic schematic diagram of layer-by-layered NPT-TiO2/C super-
structure.

Fig. 4. Typical time course of hydrogen generation for Ti3C2Tx-MXene, N-Ti3C2Tx, TiO2/C and NPT-TiO2/C samples under visible light (a) and simulated sunlight (b).
(c) Average hydrogen evolution rates of four samples.

X. Kong, et al. Applied Catalysis A, General 590 (2020) 117341

5



3.4. Photocatalytic hydrogen evolution

It is seen from the results of hydrogen generation (Fig. 4a) that there
is almost no hydrogen overflow during the illumination in the Ti3C2Tx

MXene and N-Ti3C2Tx samples. However, the H2 production rates of
NPT-TiO2/C superstructure under visible light and simulated sunlight
(Fig. 4a–c) without any co-catalyst are up to 87.2 and 425.6 μmol g−1

h−1 respectively, which are about 28.1 times and 8.2 times of TiO2/C
(ca. 3.1 and 51.9 μmol g−1 h−1 respectively). Moreover, the quantum
efficiency of the superstructure is up to 1.61 % at 420 nm (Supple-
mentary Method 4, Fig. S18a). The greatly enhanced quantum effi-
ciency at 365, 420 and 450 nm, are exhibited in the inset (Fig. S18a)
relative to that of the disordered TiO2/C sample (only 0.11 % at 420 nm
and close to zero beyond 450 nm). Meanwhile, the NPT-TiO2/C su-
perstructure maintains a prominent generation rate of H2 (ca.
87 μmol g−1 h−1) with a robust stability after recycled 240 h under
visible-light illumination (Fig. S18b). It is notable that no obvious
changes are found about the composition, pore structure and optical
property of NPT-TiO2/C sample after hydrogen production test with 40
cycles, as exhibited in Fig. S19.

4. Conclusions

In conclusion, we have rationally designed and applied a nitriding-
pretreatment method to remedy the C vacancy defects in Ti3C2Tx

MXene, which guarantees the following “from 2D to 2D” structural
transformation for layer-by-layered TiO2/C superstructure. The as-ob-
tained orderly NPT-TiO2/C superstructure displays strengthened light-
absorption property and excellent photogenerated carrier’s separation
ability, which result in its efficient photocatalytic ability in water-
splitting process under visible light without any cocatalyst
(87.2 μmol g−1 h−1, 28.1 times of disordered TiO2/C sample). This
work opens a new window to efficiently integrate 2D structures into 3D
functional superstructure.
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