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ABSTRACT: Although the physicochemical properties of
niobium carbide (Nb2C) have been widely investigated, their
exploration in the field of photoelectronics is still at the infancy
stage with many potential applications that remain to be
exploited. Hence, it is demonstrated here that few-layer Nb2C
MXene can serve as an excellent building block for both
photoelectrochemical-type photodetectors (PDs) and mode-
lockers. We show that the photoresponse performance can be
readily adjusted by external conditions and that Nb2C NSs
exhibit a great potential for narrow-band PDs. The demon-
strated mechanism was further confirmed by work functions
predicted by density functional theory calculations. In addition,
as an optical switch for passively mode-locked fiber lasers,
ultrastable pulses can be demonstrated in the telecommunication and mid-infrared regions for Nb2C MXene, and as high as
the 69th harmonic order with 411 MHz at the center wavelength of 1882 nm can be achieved. These intriguing results indicate
that few-layer Nb2C nanosheets can be used as building blocks for various photoelectronic devices, further broadening the
application prospects of two-dimensional MXenes.
KEYWORDS: Nb2C, MXene, photodetector, mode-locker, density functional theory calculations

Two dimensional (2D) materials have attracted
tremendous attention since the discovery of graphene
in 2004.1 Owing to the interesting nanostructure,

atomically thin 2D materials exhibit intriguing physicochemical
properties compared with their bulk counterparts, such as
enhanced optical transparency, excellent conductivity, and
outstanding mechanical strength.2−5 So far, more than 20
different 2D materials have been developed based on not only
a single element (e.g., Si, Ge, Te, Bi, and P) but also on
compounds (e.g. graphitic carbon nitride, transition-metal
dichalcogenides, and layered double hydroxides), facilitating
their vast applications in the fields of chemistry, materials
science, and nanotechnology.6−9

Among these 2D materials, transition-metal carbides and/or
nitrides (known as MXenes) have emerged as a rising star and
triggered significant interest owing to their exciting properties
and solution processability.10−12 Unlike other 2D materials,
MXenes are mainly obtained by removal of the A layer from
their ternary “MAX” precursors by selective etching, where M
refers to an early transition metal, A represents an element
from groups 13 or 14 in the periodic table, and X is carbon
and/or nitrogen. Therefore, the as-prepared MXenes have a

general formula of Mn+1XnTx (n = 1−4), where Tx corresponds
to the various surface terminations such as −F, −OH, −O,
−Br, and −Cl. Due to the diversities of M and X elements,
over 30 kinds of MXenes have been experimentally
synthesized, while hundreds of possible compositions have
been theoretically predicted.13 As a thriving family of 2D
materials, MXenes have been widely investigated and applied
in various fields, such as energy storage and conversion,
biomedicine, sensors, catalysts, and nonlinear photonic
devices.14−17

As a second representative of the MXene family, niobium
carbide (Nb2C) has been widely investigated both exper-
imentally and by theoretical simulations in recent years. The
research of Nb2C can be traced back to 2013 when Naguib et
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al. synthesized the Nb2AlC ceramic.18 The Nb2CTx MXene
was prepared by treating Nb2AlC with 50% hydrofluoric acid
(HF) and the as-synthesized multilayer Nb2C exhibited good
reversible capacity for electrodes in lithium-ion batteries.
Moreover, the cyclability and lithium capacities can be further
enhanced by transferring the multilayer Nb2C to ultrathin
Nb2C nanosheets (NSs) via an amine-assisted delamination
process.19 First principle calculations also demonstrate that
bare Nb2C has an extremely high capacitance of lithium atoms
which can be considerably influenced by surface termina-
tions.20 In addition, Lin et al. found that the Nb2C NSs exhibit
outstanding photothermal conversion efficiencies with ex-
cellent stability in both NIR-I and NIR-II windows, providing
great potential in tumor eradication.21 With one-step CO2
oxidation, Nb2O5/C/Nb2C composites were successfully
synthesized by Su et al., which showed excellent performance
as photocatalysts for hydrogen evolution.22

Very recently, more attention has been paid on the
photoelectronic properties of Nb2C NSs, while their potential
applications are still at the infancy stage. For instance, surface-
group-dependent superconductivity of Nb2C was observed by
Kamysbayev et al., where various surface terminations or bare
samples can be achieved by covalent modification in molten
inorganic salts.23 An apparent reduction of lattice thermal
conductivity in Nb2C was calculated by Huang et al. owing to
the abnormal strong electron−phonon scatterings.24 In
addition, the nonlinear response of few-layer Nb2C NSs has
been systematically investigated in our previous work,
predicting that their ultrafast relaxation dynamics can be
ascribed to the symmetric structure and metallic feature.25

Undoubtedly, these intriguing findings of Nb2C NSs are the
fundamentals for their potential use in practical applications in

various fields, which though require more efforts to realize. In
view of this, we synthesized high-quality 2D few-layer Nb2C
NSs by a facile and scalable two-step method combining acidic
etching and intercalation procedures. Their potentials in
photoelectrochemical (PEC)-type photodetectors (PDs) and
mode-lockers were thoroughly explored by a three-electrode
PEC system and a fiber laser, respectively. Various external
effects on the photoresponse performance of Nb2C-based PDs
were systematically investigated, such as power intensity of the
incident light, the concentration of electrolyte, and the bias
potential. The wavelength-dependent photoresponse of Nb2C
NSs was observed, indicating a great potential of Nb2C NSs in
narrow-band PDs. Density functional theory (DFT) calcu-
lations were also carried out to shed more light on the working
mechanisms of the Nb2C-based PDs and to guide the design of
Nb2C-based devices with high performance. In addition,
broadband optical absorption properties of Nb2C denote a
potential application in ultrafast fiber lasers in the mid-infrared
(MIR) region, with applications in diverse fields like
spectroscopy,26 surgery27 and MIR supercontinuum gener-
ation.28 Hence, the use of few-layer Nb2C NSs as a saturable
absorber (SA) in passively mode-locked (PML) fiber lasers for
different wavelengths needs to be explored. We envisage that
this work will significantly broaden the application prospects of
2D MXenes, especially for photoelectronic devices.

RESULTS AND DISCUSSION
Synthesis and Characterization of Few-Layer Nb2C

NSs. To date, most of the experimentally obtained MXenes are
fabricated by a top-down approach, especially by selective
etching from their MAX phases. Due to the high chemical
activity of the metallic Nb−C bonds, Nb2C MXene can be

Figure 1. (a) SEM image of HF-etched Nb2C powder. (b) TEM image of few-layer Nb2C NSs. (c) HRTEM image of few-layer Nb2C NSs. The
inset image shows the corresponding SAED pattern. (d) Statistical size distribution of few-layer Nb2C NSs according to the TEM image. (e)
AFM image of few-layer Nb2C NSs with marked height profiles. (f) UV−vis-NIR spectra of selective etched Nb2C powder and few-layer
Nb2C NSs. The inset is the Tyndall effect of the few-layer Nb2C NSs in ethanol.
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obtained by soaking Nb2AlC powders in HF aqueous solution
at room temperature. Figure 1a shows the SEM image of the
as-synthesized Nb2C MXene which exhibits an accordion-like
structure. The multilayer feature indicates the successful
removal of Al layers from the MAX phase. In order to obtain
thin 2D Nb2C NSs, tetrapropylammonium ions (TPA+) were
used to intercalate the multilayer Nb2C MXene which was
robustly agitated in tetrapropylammonium hydroxide
(TPAOH) aqueous solution. Due to the ion exchange between
protons (H+) and TPA+, multilayer Nb2C can be efficiently
swelled and delaminated.29 As can be seen in Figure 1b, the
exfoliated Nb2C NSs show a typical 2D morphology and the
transparent feature indicates an ultrathin characteristic of the
obtained Nb2C MXene. The crystal structure of Nb2C NSs was
further confirmed by the high-resolution transmission electron
microscopy (HRTEM) image, which shows a uniform
hexagonal feature (Figure 1c). In addition, the hexagonal
symmetry structure was also verified by the selected area
electron diffraction (SAED) pattern, as shown in the inset of
Figure 1c. The chemical composition of the Nb2C NSs was
investigated by energy-dispersive X-ray spectroscopy (EDS),
where the Nb and C elements originating from the interior of
the material and the F and O elements can be assigned to the
surface terminations of the Nb2C flakes (Figure S1). In
addition, X-ray photoelectron spectroscopy (XPS) was also
applied to confirm the composition and surface terminations
(Figure S2). Compared with the Nb2AlC precursor, the
disappearance of the Al element after the HF-etching indicates
the successful removal of the Al layer, while the observation of
O and F elements reveal that the surface of the obtained Nb2C
NSs is terminated with −OH and −F groups.

Figure 1d summarizes the size distribution of few-layer
Nb2C NSs according to the TEM image with a value ranging
from 30 to 270 nm. The dashed blue line indicates the fitted
result, and their average size is calculated to be 112 nm. The
broad distribution can be attributed to the collection process,
where both the small and large flakes are collected by
centrifugation. In order to verify the thickness of the as-
prepared Nb2C MXene, AFM was performed by spin coating
the samples on the silicon wafer. As can be seen in Figure 1e,
the Nb2C NSs exhibit an apparent 2D structure, while some of
them are overlapped and folded owing to the sampling process.
The inserted solid lines represent the height profiles of each
flake with the estimated height marked beside. The thickness
distribution of the Nb2C NSs is relatively narrow with the
value ranging from 2.4 to 2.9 nm, indicating a composition of
approximately five layers. Interestingly, the observed sizes from
AFM are a bit larger than those by TEM, which can be
ascribed to the different imaging mechanisms or the various
sampling processes. Figure 1f shows the UV−vis-NIR spectra
of Nb2C MXene in ethanol before and after exfoliation. In the
short wavelength region, the absorbance of unexfoliated Nb2C
powder slightly increases with the increment of wavelength,
and it becomes almost unchanged after 1200 nm. It should be
noted that the unexfoliated Nb2C powders would settle down
during the measurement, probably resulting in an under-
estimation for the NIR region. Compared with the unexfoliated
Nb2C, Nb2C NSs exhibit a stronger absorbance owing to the
changed morphology and significantly decreased size, which is
similar to the observation between Mo2C MXene and
Mo2Ga2C MAX.30 The optical absorption of Nb2C NSs in
the region of 200−1400 nm is in agreement with the reported
results,21,25,31 which exhibit strong absorption in the UV region

Figure 2. (a) LSV curve of Nb2C-based PDs in various electrolytes under the irradiation of simulated light (118 mW/cm2) and inset is a
schematic diagram of the PEC-type PDs. (b) Photoresponse behavior of Nb2C-based PDs in 1.0 M KOH electrolyte at different bias
potentials (0−0.8 V). (c) The calculated Pph in various conditions as a function of light power density. (d) The recorded EIS of Nb2C-based
PDs in various KOH electrolytes at 0 V without light. (e) The calculated Pph as a function of the bias potential (0, 0.3, 0.6, 0.8 V) in KOH
electrolyte with various concentrations (0.1, 0.5, and 1.0 M KOH). Inset is the extracted constants according to eq 2. (f) The calculated Rph
in various conditions as a function of light power density.
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and a broadband absorption in the vis-NIR region. In addition,
the exfoliated Nb2C NSs show enhanced absorption at ∼1500
and 1950 nm, which should be related to the intrinsic property
of Nb2C NSs and also can be influenced by the morphology
and size. Moreover, a negative absorption peak around 1660
nm was observed in both Nb2C NSs and Nb2C-exfoliated
powder, which can be probably ascribed to the test equipment
and environment. The strong absorptions in 200−400 nm
indicate a great potential of Nb2C NSs for a narrow-band
photodetector, while those at the NIR and MIR region are
beneficial for the application of femtosecond mode-locked fiber
lasers. It should be noted that the as-prepared Nb2C NSs can
be well dispersed in ethanol for several weeks, as confirmed by
the Tyndall effect (inset in Figure 1f), which ensures the
following investigations in photodetectors and mode-lockers.

Photoelectrochemical Photodetector Based on Few-
Layer Nb2C NSs. Our previous work has revealed that the
few-layer Nb2C NSs exhibit ultrafast carrier dynamics with a
relaxation time faster than those of state-of-the-art materials,
such as graphene, graphdiyne, and Ti3C2 MXene.25 In
addition, the optical absorption demonstrates that the few-
layer Nb2C NSs have obvious absorptions in the UV region.
Therefore, the as-prepared Nb2C NSs were directly used as
active materials for PDs. As shown in Scheme S1, the electrode
based on Nb2C NSs was fabricated by annealing the
concentrated Nb2C NSs solution on ITO glass and applied
as a working electrode in a three-electrode PEC-type
photodetection system.

Figure 2a shows the linear sweep voltammetry (LSV) of
Nb2C-based PDs in various electrolytes at a scan rate of 10
mV/s with the voltage ranging from 0 to 1.0 V. Apparently,
there is no obvious redox peak during the LSV measurement,
indicating that the Nb2C NSs are stable within the applied bias
potential from 0 to 0.8 V. The photoresponse behaviors of
Nb2C-based PDs were systematically investigated under
continuously increased light power density (P� ) and various
bias voltages (below 0.8 V). As can be seen in Figure 2b, the
Nb2C-based PDs display a typical on/off switching response
under the irradiation of simulated light (SL) in 1.0 M KOH,
and the photocurrent gradually increases with the increment of
P� (detailed light power intensities are summarized in Table
S1). Moreover, the observed photocurrent increases with the
increment of applied bias potential, which can be ascribed to
the promoted excitation of electrons by photons under higher
bias potential. For example, there is almost no response under
0 and 0.3 V, while the photoresponse is dramatically enhanced
under the bias potentials of 0.6 or 0.8 V. Similar results are
observed in 0.1 and 0.5 M KOH solutions (Figure S3). To
quantitatively evaluate the photoresponse performance of
Nb2C-based PDs, the parameters of photocurrent density
(Pph) is calculated as follows:

P I I s( )/ph light dark= Š (1)

where Ilight and Idark refer to the photocurrent under light and
dark, and s corresponds to the effective area of coated samples
on ITO glass (∼2 cm2).

Detailed Pph values are summarized in Tables S2−S4, while
their relationships with P� are provided in Figure 2c. As
revealed, the Pph values increase almost linearly as the
increment of P� regardless of the electrolyte and applied bias
voltage. For instance, the Pph is calculated to be 115 nA/cm2 at
level I (∼26.2 mW/cm2) under 0.8 V in 0.5 M KOH, while it
increases to 325 nA/cm2 at level IV (∼118 mW/cm2). In

addition, the Pph values exhibit a dramatic enhancement as the
increment of applied bias potential. In 1.0 M KOH, the Pph
value increases from 8.3 nA/cm2 at 0 V to 850 nA/cm2 at 0.8 V
under a certain P� of ∼118 mW/cm2, indicating an increment
of ∼100 times. Moreover, the Pph also exhibits an obvious
relationship with the concentration of electrolytes, and the
increments of ∼1.6 and ∼4.3 times are observed as the KOH
concentration increases from 0.1 to 0.5 and 1.0 M, respectively.
Generally, the enhancement of photocurrent can be ascribed to
the promoted excitation of electrons since the positive
potential applied on the electrodes can establish a potential
gradient within Nb2C NSs. As the external potential increases,
the excitation of electrons will be promoted, while the
recombination can be efficiently suppressed. Hence, the Pph
increases with the increment of applied bias potential until
most photogenerated electrons either react with an electron
scavenger at the surface of the electrode or transfer to the
cathode under the influence of the external electric field,
enhancing the optical current density of the Nb2C-based PDs.
Although the surface of Nb2C MXene is partially terminated
with −OH and −F groups, there are still some vacancies
remaining in the crystal during the fabrication procedure,
resulting in adsorption of negative OH− ions from the
electrolyte. In this contribution, KOH was selected as an
electrolyte to improve the stability of the Nb2C-based PDs and
further modulate their photoresponse performances by tuning
the KOH concentrations. The aforementioned photoresponse
behavior can be interpreted as following: The bias potential
can promote the excitation of electrons, while the increased
KOH concentration contributes to a more effective PEC
reaction. In addition, the transportation of electrons can be
significantly enhanced in a high KOH concentration owing to
the increased ion concentration, resulting in an improvement
of photocurrent. As can be found in the electrochemical
impedance spectrum (EIS) results, the interfacial resistance
gradually decreases with the increment of KOH concentration
(Figure 2d), which is beneficial to enhance the transport of
electrons and improve the Pph value.

In order to make the above explanations more convincing,
the experimental results are fitted by the following exponential
asymptotic function to further explore the relationship between
Pph and bias potential (V):

P P AeV
ph 0

/= + · �
(2)

where the 1/� represents the growth factor of Pph and P0, and
A and � are constants which can be extracted by the above
equation. As can be seen in Figure 2e, the Pph dramatically
increases with the increment of applied bias potential from 0 to
0.8 V, and the fitted results are inserted in Figure 2.
Interestingly, both of the A and � values increase with the
decrement of KOH concentration. Meanwhile, the growth
factor is calculated to be 9.09, 6.25, and 3.85 for 1.0, 0.5, and
0.1 M KOH, respectively. The fitted results indicate that the
photoresponse performance of Nb2C-based PDs can be
enhanced by increasing either the external bias potential or
the KOH concentration, where the external bias potential
seems to be more significant.

Photoresponsivity (Rph) is another parameter to describe the
photoresponse behavior of PDs, which can be expressed by the
following equation:

R P P/ph ph= � (3)
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Detailed Rph values are summarized in Tables S5−S7. Figure
2f summarizes the Rph of Nb2C-based PDs along the P� under
various conditions. Unlike the tendency between Pph and P� ,
the calculated Rph values decrease with the increment of P�
regardless of the test conditions. Similar KOH concentration
and bias potential effects are observed in Rph, where the Rph
value can be improved by increasing either the KOH
concentration or the applied bias potential. Under the
irradiation of 26.2 mW/cm2, the Rph increases from 2.67 to
11.45 � A/W as the KOH concentration increases from 0.1 to
1.0 M at 0.8 V, about 4.3 times enhancement. Furthermore, the
increment is about 88 times (from 0.13 to 11.45 � A/W) as the
bias potential increases from 0 to 0.8 V in 1.0 M KOH under
level I, indicating that the bias potential effect on Rph is more
significant than that of KOH concentration.

Since the SL is a mixture of light with wavelengths ranging
from 350 to 800 nm, various wavelengths can be achieved by
using an optical filter. Figure 3a shows the on/off signal of
Nb2C-based PDs under the irradiation of various wavelengths
(including 350, 365, 380, 400, and 475 nm) at level IV in 1.0
M KOH with the applied bias potential of 0.6 V, while the
results under other longer wavelengths (including 520, 550,
600, 650, 700, 750, and 800 nm) are summarized in Figure

S4a. Also, the photoresponse of Nb2C NSs-based electrode
under deep-ultraviolet of 254 nm was investigated by using
another UV lamp. In addition, pristine ITO glass shows no
response under the same conditions (Figure S4b), indicating
that the detected photoresponse of PDs totally comes from the
Nb2C NSs. As revealed, the signals under various wavelengths
are much lower than that under SL, which can be attributed to
the decreased P� (Table S1), since most of the light is
intercepted by the filter. Interestingly, an apparent on/off
signal can be observed from 350 to 400 nm, while it becomes
weak at 475 nm. In addition, there is no photoresponse under
the irradiation of longer wavelengths ranging from 520 to 800
nm and deep-ultraviolet wavelength of 254 nm. Figure 3b
summarizes the relationships of Pph (blue square) and Rph (red
circle) against the wavelength. Both of the Pph and Rph first
increase then decrease with the increment of wavelength, and a
peak value at around 365 nm can be observed which is
inconsistent with the UV−vis spectrum in Figure 1f. It should
be noted that the Nb2C NSs were casted on ITO glass at a
solid state and tested in KOH solution. Therefore, the UV−vis
spectra of KOH aqueous solutions and solid-state Nb2C NSs
on ITO glass are recorded (Figure S5). Unlike the
phenomenon in solution, the absorbance of Nb2C in deep-

Figure 3. (a) On/off switching behavior of Nb2C-based PDs in 1.0 M KOH under the irradiation of various wavelengths (350−475 nm) with
level IV at 0.6 V. (b) The calculated Pph and Rph of Nb2C-based PDs at level IV and 0.6 V as a function of wavelength. The shaded region
indicates the potential response range. (c) Calculated absorption spectra of Nb2C−OH NSs. (d) Calculated absorption spectra of Nb2C−F
NSs. (e) Calculated absorption spectra of Nb2C−O NSs. (f) Calculated electrostatic potential of Nb2C along the c-direction. (g) Calculated
electrostatic potential of Nb2C(OH)1.0 along the c-direction. (h) Calculated electrostatic potential of Nb2C(OH)0.25 along the c-direction. (i)
The measured tres and trec of Nb2C-based PDs in 1.0 M KOH under the irradiation of various wavelengths at level IV and 0.6 V.
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ultraviolet region (200−300 nm) is lower than that in the
visible light region (Figure S5a). On the ITO glass, the
absorbance at ∼375 nm is the maximum (Figure S5b), which
is in good agreement with the observed Rph-wavelength
relationship. In addition, the absorbance on ITO is noisy in
the 200−300 nm region, which can be ascribed to the
scattering of deep-ultraviolet light in ITO glass. Interestingly, a
strong absorbance in the deep-ultraviolet region was observed
in KOH solution (Figure S5c), which can significantly weaken
the response of Nb2C NSs-based PDs to deep-ultraviolet light.
Therefore, the undetectable photoresponse to 254 nm light
should be a comprehensive result from the absorbance of KOH
solution and ITO glass as well as the scattering of deep-
ultraviolet light. Although the Pph values under various
wavelengths are much lower than that under SL, the calculated
Rph are significantly higher than that under SL. For instance,
the Rph values are calculated to be 8.90, 12.6, 9.51, and 3.74
� A/W under the wavelength of 350, 365, 380, and 400 nm,
respectively, while that under SL is only 1.27 � A/W. It is worth
noting that obvious photoresponse behavior is only observed
in the wavelength of 350−400 nm, indicating that the Nb2C
NSs are promising materials for designing narrow-band PDs,
especially for the UV region as marked in Figure 3b.

In order to shed more light on the mechanism of Nb2C-
based narrow-band PDs, DFT calculations were carried out.
The calculated optical absorption spectra of few-layer Nb2C
NSs with various terminations can be found in Figure 3c−e.
Similar to the simulation demonstrated by Jhon et al.,32 three
typical terminations of OH, F, and O are used for the
theoretical calculations. As revealed, the results in x-direction
are similar to those in y-direction (solid red lines) owing to the
symmetry of the atomic structure in these two directions. The
absorption coefficients of terminated Nb2C NSs are a bit
weaker in 2−3 eV than the bare Nb2C NSs (Figure S6), which
are more consistent with the experimental UV−vis-NIR
spectrum (although the experimental data shows much lower
absorbance in this region). The deviations between calculated
and experimental results can be probably ascribed to the states
of environment and the Nb2C NSs themselves. For instance,
the NSs are fixed during the DFT calculation with light
shedding on a certain direction (such as x-, y-, and z-
directions), while the irradiated directions on NSs are random
during the experimental measurement. In addition, there
should be various terminations on the surface of as-prepared
Nb2C NSs, and the corresponding UV−vis-NIR spectrum was
recorded in ethanol, resulting in the difference between
calculated and experimental results. Although the calculated
absorption spectra of terminated Nb2C NSs are not exactly the
same as that of the experimental UV−vis-NIR spectrum, the
calculated variation tendencies of Nb2C−OH and Nb2C−F
seem to be more similar to the experimental result than that of
Nb2C−O. As can be seen in Figure 3c,d, the calculated
absorption coefficients in x-/y-directions significantly increase
after ∼4 eV and reach a platform after ∼5 eV, which is very
similar to the experimental tendency. These results indicate
that the Nb2C NSs are mostly terminated with OH and F
groups, which is in good agreement with the experimental
procedure of HF-etching process and the XPS results in Figure
S2. In addition, the optical DFT calculations of few-layer Nb2C
NSs with various terminations in the terahertz (THz) region
have also been carried out (Figure S6). Unlike the revealed
high absorption of Ti3C2 MXene in THz region (∼160,000
cm−1),32 the calculated absorption of few-layer Nb2C NSs are

about three orders lower (∼100 cm−1), indicating that the
Nb2C MXene can hardly be applied for THz PDs. However,
the strong adsorptions at 1500 and 1950 nm in Figure 1f
provide the possibilities of Nb2C NSs for optoelectronic
devices in NIR region, which will be discussed in the following
experiments.

Although the UV−vis-NIR spectrum indicates a large
absorbance in 200−400 nm, it is still hard to explain the
narrow-band (350−400 nm) feature of Nb2C-based PDs. In
this experiment, the energy for the excitation of the electron is
provided by the photon, and the resultant Rph can be affected
by the number and speed of the excited electrons. Since the
direction of the excited electrons is random, the total current
of the excited electrons should be zero. Therefore, the effect of
the number of excited electrons is the main concern. In
addition, the light intensity for various wavelengths can be
ignored as the Rph is normalized by P� . Generally, light with
longer wavelength possesses more photons with lower energy
than short wavelength light. For the light with an extremely
short wavelength, the number of photons is much less, and the
amount of excited electrons decreases. Hence, Rph decreases
with the decrement of wavelength since part of the photon
energy has been “wasted”. On the other hand, the electron may
absorb two photons through excited-state absorption and can
so be simultaneously excited by the light with wavelength
longer than a critical value, also resulting in a lower Rph. Similar
results have been observed in our previous work, where the
double photon absorption effect contributes to the reverse
saturation absorption of few-layer Nb2C NSs.25

It is supposed that the energy of critical wavelength should
be the same as the work function (Wf) of few-layer Nb2C NSs.
Therefore, the Wf of Nb2C NSs with various terminations were
calculated according to the results of electronic self-consistent
field calculation (see First Principle Calculation section for
detailed parameters). The Wf is the lowest energy to overcome
for a bound electron, and then the electron can subsequently
move to the surface of the material. Generally, Wf can be
calculated as follows:

W E Ef vacuum Fermi= Š (4)

where Evacuum refers to the energy of vacuum level, and EFermi is
the energy of the Fermi level. Generally, the vacuum level is
regarded as the electrostatic potential at the surface of the
material, which can be determined by the distribution of
electrons near the surface of the material.33,34 The electrostatic
potentials of five-layer Nb2C NSs with various concentrations
of OH groups (bare Nb2C, Nb2C(OH)1.0, and Nb2C(OH)0.25)
are plotted along the c-direction, as shown in Figure 3f−h. The
shaded regions refer to the calculated electrostatic potentials in
the second layer of Nb2C NSs with arrows indicating the c-
direction. As revealed, the Wf is calculated to be 4.59 eV for the
bare Nb2C MXene according to the Evacuum of 9.47 eV and
EFermi of 4.88 eV (Figure 3f). For the MXene adsorbed with
one OH per unit cell, the Evacuum and EFermi are calculated to be
9.78 and 5.42 eV, respectively, indicating a Wf of 4.36 eV
(Figure 3g). However, these values are a bit higher than the
photon energy of the observed critical wavelength (∼3.40 eV,
at 365 nm in Figure 3b). Interestingly, the Wf of MXene with
one OH per four unit cells is calculated to be 3.33 eV (Figure
3h, Evacuum and EFermi of 8.84 and 5.51 eV, respectively), which
is in good agreement with the photon energy of critical
wavelength. Therefore, it can be concluded that the OH group
concentration on the surface of MXene is about one per four
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unit cells in the alkaline electrolyte. The calculation of Wf
seems to be a feasible method to estimate the concentration of
adsorbed irons on the surface of the materials. It should be
noted that the Wf has no apparent linear relationship with the
concentration of adsorbed irons owing to both changes of
Evacuum and EFermi.

In addition to the Pph and Rph, the response (tres, rise from
10% to 90%) and recovery times (trec, decay from 90% to 10%)
are other important parameters for PDs. Figure 3i demon-
strates the tres/trec of Nb2C-based PDs under the irradiation of
350, 365, 380, and 400 nm at level IV in 1.0 M KOH with 0.6
V. Both tres and trec are estimated to be lower than 0.15 s, which
are faster than most of the currently reported PEC-type PDs,
such as black phosphorus NSs, InSe NSs, Te@Se nanotubes
(NTs), and Bi2Se3/Te@Se NTs. It can also be found that the
trec time is a bit lower than that of tres, indicating a faster
recombination of electrons in the dark condition than the
excitation of electrons under irradiation. In addition, there are
no big differences for tres/trec among the tested wavelengths,
illustrating a fast photoresponse behavior of the Nb2C-based
PDs under various wavelengths. The effects of KOH
concentration and applied bias potential on tres/trec are also
investigated, which can be found in Figure S7. The tres/trec
values are estimated to be similar in various KOH
concentrations, indicating that the influence of the KOH
concentration can be neglected. However, both tres and trec
decrease with the increment of applied bias potential. This can
be attributed to the separation and recombination speed of
electrons, which are proportional to the external electronic
field. Moreover, the baseline noise also contributes to the large
tres/trec values, especially for the relatively weak on/off signal at
low bias potential.

Moreover, a field effect transistor (FET)-type PD has also
been successfully established by drop-casting the Nb2C NSs on
300 nm SiO2/Si substrate. As can be seen in Figure S8, the

apparent on/off signals can be observed in the applied P�
ranging from 101.9 to 509 mW/cm2. The relationships of Pph−
P� and Rph−P� are similar to those observed in PEC-type PDs.
Although the applied P� for FET-type PDs are about two
orders higher, the Pph and Rph in FET-type PDs are ∼6 and ∼4
orders higher than those of PEC-type PDs (Table S8).
However, the tres/trec for FET-type PDs are about 2.95/3.82 s
and significantly longer than a PEC-type one, which can be
ascribed to the noisy of photocurrent and the probable
oxidation of exposed Nb2C NSs. Generally, the long-term
stability of the PDs is of great importance for their practical
applications. The cycling stability of Nb2C-based PEC-type
PDs was carried out in 1.0 M KOH under the irradiation of SL
(level IV) at 0.6 V (Figure S9a). Figure S9b shows the selected
enlarged regions of the long-term stability test. It can be found
that the on/off signal is clearly observed at each selected region
and remained after the whole test. Moreover, there is no big
decrement of Pph during the cycling test, and the decrement is
calculated to be 0.015% per cycle for the measured 1000
cycles, indicating a good stability of Nb2C-based PDs. The
surface of Nb2C NSs can be functionalized with −OH groups
owing to the high KOH concentration, which in-turn enhances
the stability of Nb2C-based PDs. Combining with the excellent
photoresponse performance, it is anticipated that 2D Nb2C
NSs have a huge potential toward narrow-band PDs with high
performance, which can be adjusted by the external conditions
such as applied bias potential and concentration of electrolyte.

Few-Layer Nb2C Saturable Absorbers for Near-Infra-
red and Mid-Infrared Ultrashort Pulses Generation. As
shown in Figure 1f, Nb2C NSs exhibit strong absorptions near
1.55 and 2 � m, holding the potential application in ultrafast
laser systems at the NIR and MIR region. Hence, the capacities
of few-layer Nb2C NSs as SA for PML fiber lasers were
systematically investigated in such wavelengths. The schematic
illustration of an Er-doped PML fiber laser based on Nb2C NSs

Figure 4. (a) Experimental setup of an Er-doped PML fiber laser. WDM, wavelength division multiplexer; EDF, erbium-doped fiber; OC,
optical coupler; PC, polarization controller. (b) Output mode-locked spectrum. (c) Oscilloscope trains. Insert: Pulse trains with 3 � s. (d)
Radio frequency of the mode-locked pulses. (e) Autocorrelation trace fitted by a sech2 profile.
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is shown in Figure 4a. A 2.1 m Er-doped gain fiber is pump by
the 980 nm laser diode via a 980/1550 nm wavelength division
multiplexer. The rest of the fiber consists of a single-mode fiber
with 14.3 m, corresponding to the −0.373 ps2 total cavity
group velocity dispersion. The intracavity birefringence can be
slightly tuned by adjusting the polarization controller (PC).
The polarization-independent isolator ensures the light
propagates in one direction. The MXene (Nb2C)-SA is
inserted into the laser cavity via a homemade tapered fiber.
A 10:90 optical coupler is used to output the laser.

By rotating the PCs in the cavity, the mode-locked operation
can be recorded at the pump power of 70 mW. Figure 4b,c
denote the experimental results from the PML fiber laser using
Nb2C-based SA. Figure 4b shows the typical soliton-like pulse
shapes with Kelly sideband peaks optical spectrum. The central
wavelength and 3 dB bandwidth are 1559.98 and 4.6 nm,

respectively. The pulse separation is estimated to be 80.25 ns,
as shown in Figure 4c, and the inset figure depicts a broadband
time range of 3 � s from the oscilloscope, indicating that the
pulse train is ultrastable in the laser cavity. As shown in Figure
4d, the fundamental repetition rate is 12.54 MHz, which
matches well with the total cavity length. The signal-to-noise
ratio (SNR) is more than 45 dB, further confirming that the
fundamental soliton is stable. Figure 4e exhibits that the full
width at half-maximum is 603 fs as fitted by the sech2 profile.
The time bandwidth product (TBP) is 0.341, which is a bit
larger than the theoretical limit value (0.315), reflecting the
output pulse has slightly chirped. In order to verify the long
time stability of the Nb2C-based laser, the output spectra were
recorded continuously at a 2 h interval over 16 h (Figure
S10a). The maximum output power is 9.8 mW with increasing
the pump power to 310 mW. Once the pump power is beyond

Figure 5. (a) Experimental setup of Tm-doped PML fiber laser based on Nb2C SA. TDF, thulium-doped fiber. (b) Output spectrum. (c)
Typical oscilloscope trains. Insert: Pulse trains with 8 � s. (d) Radio frequency of the mode-locked pulses. (e) Autocorrelation trace fitted by
a sech2 profile.

Table 1. Output Performance of Passively Mode-Locked Fiber Lasers Based on Various MXene SAs

output performance

materials methods operation region wavelength (nm) power (mW) pulse width (fs) repetition Rate (MHz) refs

Nb2CTx tapered fiber (12 � m) soliton 1559.98 9.8 603 12.54 this work
Nb2CTx tapered fiber (12 � m) soliton 1882.9 41.3 4300 411 this work
Ti3CN side-polished fiber soliton 1557 0.05 660 15.4 38
Ti2CTx D-shaped fiber soliton 1565.4 − 5300 8.5 39
Ti3C2Tx tapered fiber (N/A) soliton 1556.1 − 993 6.09 40
Ti3C2Tx side-polished fiber soliton 1567.3 − 946 8.4 41
Ti3C2Tx tapered fiber (12 � m) soliton 1556.9 6.95 850 218.4 42
Ti3C2Tx tapered fiber soliton 1564.24 0.283 597.8 17.9 43
Ti3C2Tx tapered fiber (13 � m) dispersion managed 1550 9.2 114 11.76 44
Ti3C2Tx D-shaped fiber dispersion managed 1550 3 159 7.28 45
Ti3C2Tx tapered fiber (12 � m) dispersion managed 1550 1.3 104 20.03 43
V2CTx tapered fiber (13 � m) soliton 1559.1 − 3210 4.9 46
Ti3C2Tx tapered fiber (15 � m) soliton 1891.82 57.6 2180 5.97 47
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this threshold, the excessive nonlinear shift cannot compensate
well in the laser cavity, and the soliton energy quantization
effect and pulse peak clamping effect leads to the multisoliton
generation.35−37 Therefore, bound state solitons can also be
observed in our experiment. Figure S10b−d displays the
experimental results of bound state solitons with more detail.
Table 1 summarizes the recent progress of PML fiber lasers
based on various MXene SAs. At the soliton operation region,
ultrafast fiber lasers based on Nb2C can obtain the higher
output power pulses than other MXene SAs. Moreover, the
pulse duration is shorter than most of the MXenes. It
demonstrated that the Nb2C-based SA is more desirable
compared with other MXene SAs in a telecommunication
band.

Although the broadband nonlinear optics properties of
MXene have already been demonstrated,38,44,48 few works of
MXene SA based PML fiber lasers have been realized in 2
� m.47 Considering the absorption of Nb2C NSs at ∼2 � m
(Figure 1f), the ultrafast fiber lasers based on Nb2C NSs are
investigated in the MIR region. The schematic illustration of
the Tm-doped PML fiber laser using Nb2C SA is shown in
Figure 5a. The total fiber length is around 32 m, and the gain
fiber is around 1.9 m. The continuous wave emission appears
at the pump of 310 mW, and the mode-locked operation can
be achieved with a pump power increase to 600 mW. The
average output power is around 12.3 mW. The output
performance is shown in Figure 5b−e. Figure 5b exhibits a
stable output spectrum with central wavelength and 3 dB
bandwidth of 1882.13 and 2.16 nm, respectively. Strong Kelly
sidebands can be observed since the total cavity dispersion is in
the anomalous regime. Furthermore, there are typical
characteristic dips coming from the strong water absorption
lines in atmospheric air, which are located near 1.9 � m spectral
region.49 The pulse interval is estimated to be 158 ns, as
recorded with the oscilloscope (Figure 5c). The repetition rate
is 6.28 MHz which also matches the total cavity length. It
should be noted that the SNR is more than 60 dB, indicating
that this fundamental soliton is ultrastable (Figure 5d). Figure
5e exhibits that the pulse duration is 2.27 ps, as detected by the
intensity autocorrelation. TBP is 0.442, indicating that the
output pulse has a weak chirp. Furthermore, the harmonic
mode-locked operation can be obtained in the laser system by
increasing the pump power. The maximum harmonic order
can reach 69th at a pump power of 1.13 W, corresponding to
411 MHz repetition rate. Detailed information can be found in
Figure S11. As revealed, harmonic mode-locked operation has
been achieved in the MIR region based on MXene SAs,
indicating that Nb2C can serve as an excellent mode-locker in
MIR ultrafast laser systems.

CONCLUSION
In this work, Nb2C MXene was successfully obtained by
combing HF acid etching and TPAOH-assisted exfoliation.
The as-prepared Nb2C NSs contain five layers of Nb2C with an
average lateral dimension of 112 nm. Owing to the absorption
in the UV and NIR regions, the as-prepared Nb2C NSs can be
applied in PEC-type PDs and mode-lockers. As an active
material in working electrodes, the Nb2C NSs exhibit
satisfactory photocurrent density and outstanding stability
under the illumination of SL. In addition, the external effects
on the photoresponse behavior of Nb2C-based PDs were
demonstrated, where their performance can be enhanced by
increasing the light power intensity and electrolyte concen-

tration as well as by the applied bias potential. Moreover, the
wavelength effect on the photoresponse performance of Nb2C
NSs was investigated and found to be in good agreement with
the UV−vis-NIR results. It should be noted that the Nb2C NSs
are sensitive to 350−400 nm light, while no on/off signal is
observed between 520 and 800 nm, indicating their huge
potential toward narrow-band PDs. The capability of an
outstanding broadband optical switch is strongly demonstrated
utilizing Nb2C as saturable SAs for mode-locked operation at
1559 and 1882 nm, respectively. Femtosecond pulses with
pulse duration as short as 603 fs can be obtained in the
telecommunication band. Furthermore, a harmonic mode-
locked operation with 411 MHz repetition rate has been
investigated for 1882 nm based on MXene SAs. These
interesting results suggest that few-layer Nb2C NSs can be
applied as building blocks for various photoelectronic devices
with high performance, holding the potential for breakthrough
developments in narrow-band PDs and mode-locked devices.

EXPERIMENTAL SECTION
Materials. The MAX precursor Nb2AlC (∼600 mesh) was

purchased from Forsman Scientific Co., Ltd. Hydrofluoric aqueous
solution (HF, 40%), dimethylformamide (DMF, 99.9%), and ethanol
(99.9%) were purchased from Macklin Inc. TPAOH aqueous solution
(25%) was purchased from J&K Scientific Co., Ltd., and poly-
(vinylidene fluoride) (PVDF, Mn = 71 000 Da) was purchased from
Sigma-Aldrich., Inc. All these chemical reagents were used as-received,
and deionized (DI) water was utilized in the whole synthetic process.

Synthesis of Multilayer Nb2C MXene. Five g Nb2AlC powder
was immersed in 30 mL of 40% HF aqueous solution for 48 h at room
temperature. After the acidic etching, superfluous HF was removed by
repeated washing with DI water and centrifuging at 3000 rpm until
the pH reached ∼6. The portion of MXene suspension was collected
by filtration through a cellulose membrane (40 mm diameter with a
pore size of 0.2 � m) and washed with DI water for several times.

Preparation of Few-Layer Nb2C NSs. To obtain delaminated
Nb2C NSs, the as-synthesized multilayer Nb2C MXene was dispersed
in 30 mL of 25% TPAOH solution and vigorously stirred for 72 h at
room temperature. Then the mixture was washed with DI water and
centrifuged at 15,000 rpm for 10 min to remove TPAOH. The
precipitate was redispersed in DI water and centrifuged at 3000 rpm
for 10 min to separate Nb2C colloidal from undelaminated MXene
particles. DI water was removed by freeze-drying to obtain Nb2C NSs
powder for XPS measurement. For the applications of PDs and mode-
lockers, the DI water in suspension was replaced with DMF and
ethanol, respectively. The obtained few-layer MXenes were dispersed
in a certain solvent and stored at refrigerator (∼ 5 °C) for further
applications.

Characterization. SEM was carried out in a field emission Hitachi
SU800 microscope. TEM was recorded in FEI Tecnai G2 F30 (300
kV) as well as the EDS spectrum, HRTEM image, and SAED pattern.
AFM was acquired in a Bruker Dimension machine with 512-pixel
resolution. XPS was performed on a PHI-5000 Versa Probe II
instrument using monochromatic Al K� radiation. UV−vis-NIR
absorption spectra were recorded in a UV-3150 Shimadzu UV−vis-
NIR absorbance spectrometer with a spectral range between 200 and
2000 nm. The few-layer Nb2C was dispersed in ethanol before UV−
vis-NIR measurement.

PEC-Type PDs. The photoresponse behavior of few-layer Nb2C
NSs was investigated by a fiber light source (PLS-FX300HU, Beijing
Perfectlight Technology Co., Ltd.) and a PEC system containing an
electrochemical workstation (Scheme S1). The optical spectrum of
Xenon lamp in PLS-FX300HU can be found in Figure S12, and the
light source can support SL (mixed wavelengths from 350 to 800 nm)
and light with certain wavelength obtained by optical filter. Few-layer
Nb2C NSs in DMF were concentrated by centrifugation, and PVDF
was added as a binder with a mass ratio of 0.1% (wt %). DMF was
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evaporated under vacuum at 60 °C for 12 h. Nb2C-coated ITO glass
acted as a working electrode, while the platinum wire and saturated
calomel electrode (Ag/AgCl) were assigned as a counter electrode
and reference electrode, respectively. KOH aqueous solutions with
three concentrations (0.1, 0.5, and 1.0 mol/L) were adopted as
various electrolytes. The Nb2C-based electrode was irradiated with SL
and light with various wavelengths (350, 365, 380, 400, 475, 520, 550,
600, 650, 700, 750, and 800 nm). LSV was recorded with the applied
bias potential ranging from 0 to 1.0 V with a scanning rate of 10 mV/
s. EIS were carried out with a frequency ranging from 1 to 105 Hz at
an amplitude of 0.005 V. Amperometric current−time (I−t)
measurements were recorded at various bias potentials (0−0.8 V)
with interval of 5 s. All applied bias potentials were versus Ag/AgCl
(vs Ag/AgCl) during PEC test.

FET-Type PDs. Parallel Cr/Au electrodes with thicknesses of 10/
60 nm were deposited on the 300 nm SiO2/Si substrate via ultraviolet
lithography and electron beam evaporation. Then Nb2C NSs solution
was dropped on the substrate and dried at 50 °C under vacuum for 12
h before measurement. The effective area is ∼2 × 10−6 cm2 (size
parameter of 10 × 20 � m) for the FET-type PDs. Two conducting
probes were inserted into the metal electrodes, and the sample was
illuminated with 405 nm light with intensity of 20, 40, 60, 80, and 100
mW (PGL-V-H-405). The on/off cycling performances (at 1.0 V with
interval of 5 s) and I−V curves were recorded by semiconductor
characteristic analyzer system (Keithley, 4200 SCS).

Preparation of Nb2C NS-Based Saturable Absorber. Satu-
rable absorber was fabricated by depositing Nb2C NSs on the tapered
fiber. The tapered fiber was homemade with a single-mode fiber. The
length of the tapered fiber was about 5 mm with a waist diameter of
12 � m. A 120 mW 980 nm pump laser was used in the fabrication
process, and the power meter was monitored the power change in real
time. Real-time observation of the loss of the fiber facilitates was used
to control the depth of deposition which took about 3 min.

Experimental Devices for Femtosecond Mode-Locked Fiber
Laser. The PML fiber lasers based on MXene Nb2C NSs were
systematically measured by a suit of equipment, consisting of an
optical spectrum analyzer (Yokogawa AQ6375B), an oscilloscope
(Keysight DSOS104 A), and a radio frequency analyzer (Keysight
N9010B) with a high-speed photodetector. Femtochrome FR-103XL
and APE pulseCheck were used to measure the output pulse duration
at 1.5 and 2 � m.

First Principle Calculation. Calculations are performed in the
DFT framework as implemented in the VASP package.50 Exchange−
correlation energies were treated using generalized gradient
approximation with the Perdew−Burke−Ernzerhof function.51,52

Projector-augmented wave53 potentials were used to describe ion−
electron interaction, and the plane wave cutoff energy was set as 400
eV. All structures are optimized until the force of each atom
converged to 0.02 eV/Å. The convergence criterion for energy was set
as 10−4 eV in relaxation, static, and zero-point energy calculations.
The vacuum layer was set to 20 Å. The Brillouin zone of the k-point
meshes was set to 15 × 15 × 1. The DFT-D2 approach was used to
clarify the weak van der Waals interaction between layers of Nb2C
NSs.
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