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Green, HF-Free Synthesis of MXene Quantum Dots and
their Photocatalytic Activity for Hydrogen Evolution

Rubén Ramírez, Arianna Melillo, Silvio Osella, Abdullah M. Asiri, Hermenegildo Garcia,*
and Ana Primo*

A general methodology to prepare MXene quantum dots (MxQDs) with yields
over 20% by liquid-phase laser ablation of the MAX phase is reported.
Mechanical and thermal shock by 532 nm laser pulses (7 ns fwhp, 50 mJ ×
pulse−1, 1 Hz pulse frequency) produces MAX
etching and exfoliation to form MXene QDs, avoiding the use of HF. The
process can be followed by absorption and emission spectroscopy and by
dynamic laser scattering and it appears to be general, being applied to
Ti3AlC2, Ti2AlC, Nb2AlC, and V2AlC MAX phases. Density functional theory
calculations indicate that, depending on the surface terminal groups, the
diminution of the MXene size to the nanometric scale makes it possible to
control the band gap of the MXene. The photocatalytic activity of these MXene
QDs for hydrogen evolution has been observed, reaching an H2 production
for the most efficient Ti3C2 QDs as high as 2.02 mmol × g−1 × h−1.

1. Introduction

MXenes are 2D materials of a few atoms’ thicknesses constituted
by alternate layers of a metal (M) and a carbon or carbon-nitride
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layer (X), the latter always internal
and sandwiched between two metal
sheets.[1–3] MXenes can be obtained by
etching of the A element and delamina-
tion of the corresponding MAX phase
by the removal of Al3+ with HF.[2,4–7]

Due to the corrosive and hazardous risks
associated with the use of concentrated
aqueous HF solutions, there is a need to
develop alternative green delamination
procedures.

The properties of the MXenes depend
on a number of compositional and struc-
tural parameters, including the nature of
the M and X elements, the nature of the
surface terminal groups, and the num-
ber of atom layers among others.[7–12] To
enlarge the range of applications of MX-
enes, it would be convenient to apply

the versatility offered by MXenes to tune their optoelectronic
properties.[13–16] In particular, for application in photocatalysis,
it is necessary to control the band gap of these materials and to
align the energy of the conduction and valence bands to the opti-
mal potentials to promote a particular chemical reaction.[15,17–20]

Considering the two commented problems of MXene synthe-
sis, that is, the use of concentrated HF solutions to etch the MAX
phase and the control of the semiconducting properties of MX-
enes, it occurred to us that innovative preparation procedures
could be used to avoid HF while transforming a conductive MX-
ene into a semiconductor material for its use in photocatalysis.[21]

Herein it is reported that laser ablation of the MAX phases is
a general procedure to prepare MXene quantum dots (MxQDs)
that are able to evolve hydrogen photocatalytically upon irradia-
tion with Vis light.

Quantum dots (QDs) are particles below 10 nm that exhibit
remarkable properties due to the confinement of electrons in a
small volume of nanometric dimension.[22–33] We reported that
laser ablation of graphitic carbons in aqueous suspension is a
general way to produce graphene QDs.[31] The energy of a Nd-
YAG pulsed laser beam focused on a small area of nanometric
dimension delivered in a short nanosecond pulse provides high
power on a small volume of the particle. This energy in a short
time is able to cause sufficient mechanical and thermal stress,
producing delamination of the loosely-packed graphene sheets of
the graphitic carbon. Other layered materials, such as MoS2, also
form 2D quantum dots upon laser ablation of the bulk crystals.[34]

It occurred to us that similar laser ablation with pulsed laser
beams could also produce the unprecedented formation of
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MXene QDs (MxQDs), although, in the case of graphite and bulk
MoS2, the interaction between the layers by van der Waals forces
are much weaker than the reticular bonds of MAX phases.

The formation of MxQDs has been recently reported.[35] How-
ever, the properties of these novel materials, except perhaps
photoluminescence,[35] remain essentially unexplored as well as
general methods in which these MxQDs can be formed.[35,36]

The first reference in the bibliography about MxQDs was prob-
ably in 2017 by Zhi et al. who synthesized for cellular imaging
photoluminescent Ti3C2 QDs prepared after etching the corre-
sponding MAX phase with concentrated aqueous HF, followed
by hydrothermal treatment to diminish the particle size.[35] In
the same year, another publication by Liu et al. synthetized F-
free MxQDs from the MAX phase by strong ultrasonication, fol-
lowed by treatment with corrosive tetrabutylammonium hydrox-
ide as Al3+ etching agent.[37] Most of the subsequent reports on
MxQDs still use hazardous HF as an exfoliating agent, followed
by an additional treatment under hydrothermal conditions or
sonication.[38] Until now, MxQDs have been mostly employed in
biomedical applications, due to their emission properties, result-
ing in multicolored cellular imaging.[35,36,39–41]

Herein it is reported that ns pulses of Nd-YAG laser produce
ablation of various MAX phases resulting in the generation of
MxQDs. The method reported here presents several advantages
with respect to the current state of the art. On one hand, the pro-
cess avoids the use of noxious concentrated HF and leads to the
presence of surface oxygenated terminal groups. On the other
hand, the method is applied to the MAX phase, resulting in the
direct formation of the corresponding MxQDs from MAX in a
single step. The method is environmentally friendly, does not re-
quire any chemical reagent, and appears to be general for the four
MAX phases tested. In comparison, a recent precedent used MX-
ene targets as precursors of MxQDs formed by femtosecond laser
irradiation, but these Mxenes were obtained by conventional ex-
foliation using a strongly corrosive mixture of LiF in 9 M HCl
solution.[42] The laser beam was used just to break MXene sheets
into smaller pieces.[42] Exfoliation of the MAX phase avoiding the
use of HF, as it is reported herein, still remained to be achieved.

Due to the small dimensions, MxQDs should exhibit semi-
conducting properties.[43,44] However, the photocatalytic activity
of these MxQDs remains unexplored. Herein, we report data on
the activity of a series of MxQDs for photocatalytic hydrogen gen-
eration. Given the large variety of compositions and the possibil-
ity to have a certain control on the average lateral QD size, the
present result opens research to find the most efficient MxQD as
a photocatalyst for solar fuels production.

2. Results and Discussion

2.1. Preparation of Ti3C2 QDs

Scheme 1 illustrates the procedure followed to prepare MxQDs
from the corresponding MAX phases. Briefly, the method is
based on the 532 nm laser pulse irradiation (7 ns fwhp, 50 mJ ×
pulse−1, 1 Hz pulse frequency) of the corresponding MAX phase
suspended in aqueous solution within a fluorescence quartz cu-
vette (4 mL) under inert atmosphere. The high power of the laser
pulse hitting the MAX nanoparticles should provoke enough me-
chanical/thermal shock to produce particle damage that would

Scheme 1. MxQDs preparation procedure by laser ablation in liquid
phase from the corresponding MAX phases in the absence of any chemi-
cal.

lead to the formation of MxQDs as debris. Due to the short du-
ration of the laser pulse (7 ns), its high energy, and the small
area, the laser energy could probably destroy the MAX particles
through an explosive mass ejection mechanism as proposed in
other cases.[45] As indicated in the introduction, an analogous
laser ablation process has been successful for the formation of
small particles of chemical elements and other solids,[23] includ-
ing graphene quantum dots from graphitic carbon particles[14c]

and MoS2 quantum dots from bulk MoS2 crystals.[15] It was an-
ticipated that the same process could take place from the MAX
phase affording MxQDs.

Initial studies were performed using Ti3AlC2 MAX solid as a
precursor in pure water suspension. The course of Ti3C2 QDs
evolution was followed by optical absorption spectroscopy moni-
toring periodically the UV–vis spectrum of the suspension after
sedimentation of the large particles, whereby the growth of the
baseline with higher absorption in the UV part of the spectrum
was observed. Similar continuous absorption with growing ab-
sorptivity towards the UV has been recorded for graphene QDs
and other carbon-based QDs. Although it will be commented in
larger detail later when discussing the photophysical properties,
the growth of photoluminescence intensity upon excitation at
350 nm also revealed the increased concentration of QDs. As in-
dicated in Section 1, photoluminescence is a hallmark character-
istic of QDs in general and MxQDs in particular and photolumi-
nescence intensity growth can be used to follow the increase in
the Ti3C2 QD concentration in the suspension upon prolonged
laser irradiation. Representative absorption spectra and photolu-
minescence growth are presented in Figure 1.

Dynamic laser scattering (DLS) is a routine technique to
monitor and determine the size distribution of particles in
suspensions.[24] DLS also detected the generation of particles in
the suspension upon laser treatment with a distribution of parti-
cles with defined particle sizes, the largest particles having about
150 nm and the smallest of only a few nm. The particle size was
changed during the treatment. In general, the concentration in
the aqueous suspension of the smallest particles increases with
the time of the laser ablation, suggesting that suspended parti-
cles of larger size undergo a subsequent transformation during
the process, as observed in the case of Au nanoparticles.[25] At
long irradiation times, DLS measurements reveal that the sus-
pension contains particles of only a few particle sizes. It is pro-
posed that the size distribution and the fact of having a defined
particle size are related to the laser beam dimension and its spa-
tial energy distribution.[23a] Figure 1 presents representative DLS
data on the nanoparticles appearing in the laser ablation and on
the zeta potential of the colloidal system.
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Figure 1. a) UV–vis spectra of Ti3AlC2 suspensions after 1) 10, 2) 30, and 3) 90 min laser ablation; b) Emission spectra (𝜆exc = 350 nm) of Ti3AlC2
suspensions recorded at 1) 10, 2) 15, 3) 30, and 4) 90 min laser ablation. Size distribution of Ti3C2 nanoparticles measured by c) dynamic laser scattering
and corresponding d) Z potential from the supernatant after 90 min laser ablation treatment. Reaction conditions: 3 mg of Ti3C2Al suspended in a
septum-capped 1 × 1 cm2 fluorescence quartz cuvette containing 4 mL of MilliQ water. The suspension was purged with Ar (1 mL × min−1) at least
15 min prior to irradiation. Laser ablation was performed with the second harmonic of an Nd YAG (50 mJ × pulse−1).

After 2 h irradiation of the suspended MAX phase with 532 nm
laser pulses at 1 Hz, the solids were decanted and the resulting
suspension was submitted to a two-step centrifugation process,
first at 4000 rpm for 4 h and then at 13 000 rpm for 1 h, to remove
suspended micrometric particles. After centrifugation, only the
smallest nanometric particles remain in the aqueous supernatant
dispersion. Estimation by weighing the suspended MxQDs in the
final supernatant after exhaustive centrifugation gave a mass of
0.7 mg after 2 h laser treatment starting from 3 mg of MAX phase,
corresponding to over 23 wt % of yield. Under our operation con-
ditions, longer reaction times than the optimal (2 h) do not in-
crease the yield of MxQDs, probably due to laser scattering and
screening of the formed MxQDs to the remaining MAX particles.

Control experiments in the absence of any MAX phase, sub-
mitting to an analogous laser irradiation pure water, did not re-
sult in changes in the UV–vis spectra, detection of photolumi-
nescence, or observation of particles by DLS. Although the previ-
ously commented studies were carried out in pure water, similar
experiments were carried out also in other liquids, such as DMF,
observing the same general behavior and the evolution of Ti3C2
QDs upon laser ablation of the MAX phase. This could open the
door for simultaneous surface functionalization with a variety of
terminal groups depending on the solvent used.

Besides indirect evidence of the presence of Ti3C2 QD by pho-
toluminescence and DLS, the morphology and particle size of
the nanoparticles present in the supernatant after two-step high-
speed centrifugation were visualized by high-resolution trans-
mission electron microscopy (HR-TEM) and by atomic force mi-
croscopy (AFM). Deposition of a microdrop of the supernatant

on a holey carbon-coated copper sample holder allowed observ-
ing by TEM the presence of nanometric QDs in the supernatant
with size dispersion between 1 and 20 nm and an average of
about 5 nm. Figure 2 shows some representative images taken
from the supernatant after extended laser ablation of MAX and
subsequent centrifugation. HR-TEM images at the highest reso-
lution showed that they are crystalline nanoparticles with fringes
of 0.261 nm corresponding to the expected lattice value for 110
plane of Ti3C2 MXene,[26] except that, in contrast to previous stud-
ies, the lateral size average in the present Ti3C2 sample is only
of a few nm. Selected area electron diffraction (SAED) of these
nanoparticles also indicates that they are crystalline, as deduced
from the observation of well-defined bright spots in the diffrac-
tograms of the nanoparticles at the nm length scale.

AFM is a very important technique regarding the character-
ization of 2D materials since it can provide the thickness of
nanoparticles.[27] Although due to the probing tip diameter, the
lateral size of nanoparticles cannot be measured with accuracy,
AFM gives a very accurate measurement in the vertical scale with
subnanometric resolution, when the sample is deposited on an
atomically flat surface such as mica, silicon, graphite, and oth-
ers. For determination of the MxQDs lateral size distribution, dy-
namic laser scattering in suspension (Figure 1c) or TEM in dry
samples (Figure 2a) are the appropriate techniques. AFM images
of the supernatant after centrifugation with the procedure indi-
cated earlier of the suspension resulting from Ti3C2Al irradiation
were in agreement with the information provided by HR-TEM,
indicating that the clear supernatant formed after laser ablation
contains a multitude of nanoparticles of apparent lateral size up
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Figure 2. a,b) HR TEM of Ti3C2 MXenes formed by laser ablation. Statistical MxQDs particle size gives an average dimension of 5 nm; c) Frontal AFM
image of Ti3C2 MxQDs and AFM thickness profiles of those nanoparticles circled in different colors in the most left frame corresponding to Ti3C2 d)
thicker and e) thinner nanoparticles.

to 50 nm and dispersion between 50 and less than 10 nm. Fig-
ure 2 presents some frontal views of the Ti3C2 QDs formed in the
process. Importantly, although the lateral size measurements are
not accurate due to the tip size, the thickness of a series of more
than 50 nanoparticles showed that they have a narrow height dis-
tribution between 1.5 and 4 nm. Figure 2 shows the thickness
profile of about ten of these Ti3C2 QD nanoparticles showing the
narrow thickness distribution of the nanoparticles derived from
the laser ablation. The estimated thickness of the Ti3C2 mono-
layer was reported to be 0.95[28] or 1.5[29] nm and, therefore most
of the nanoparticles formed in the laser ablation process per-
formed here correspond to stacks of 2 to 4 Ti3C2 layers, although
observation of Ti3C2 monolayers of about 1 nm thickness in the
laser ablated dispersion was frequent as seen in Figure 2.

Survey XPS spectra revealed the presence of Ti, C, and O, as
well as some minor, residual Al in the solid sample after drying
the Ti3C2 QDs present in the suspension (see Figure S7, Sup-
porting Information). Analysis of the high-resolution XPS peaks
of Ti3C2 agrees with the presence of Ti–OH and peripheral Ti
and C in agreement with the small particle size of MxQDs. Thus,
the corresponding Ti 2p of Ti3C2 shows a doublet at 455.7 and
461.4 eV attributable, respectively, to the Ti 2p3/2 and 2p1/2 with
four individual components at 459.3, 456.8, 456.0, and 455.4 eV

that can be assigned to Ti atoms C–Ti–OH, C–Ti=O, C—Ti-
defects, and C-Ti at the periphery.[30] The high-resolution XPS
C 1s peak was deconvoluted into three components appearing at
282.3, 283.9, and 285.7 eV that agree with C atoms in C–Ti–O
coordination, graphitic C (9 at.%) and peripheral C=O (12 at.%),
respectively. XPS O1s peak exhibits four components at 531.2,
530.0, 529.3, and 527.9 eV that can be ascribed to O atoms in Ti–
OH, Ti=O, C=O, and peripheral Ti=O, respectively. Figure S7,
Supporting Information and Figure 3b show the survey and high-
resolution XPS spectra of Ti3C2 QDs formed by the laser ablation
for which similar conclusions about the residual presence of Al
and distribution of components due to the peripheral elements
(C=O at 286.5 eV, O atoms in C=O at 529.0 eV, and Ti at 457.3 eV)
and C–Ti–OH groups (Ti component at 459.0 eV and O atoms at
531.3 eV) can be drawn.

While the XPS analysis of Nb2C is analogous to those just com-
mented for Ti3C2 and Ti2C QDs, with the Nb3d and O1s peaks
agreeing with the presence of C–Nb–OH and Nb=O and periph-
eral C=O, the analysis of these three MxQDs contrasts with that
of V2C for which the high-resolution O1s peak is far much nar-
rower than those of the other three MxQDs in the series with a
prevalent, almost-unique component at 532.3 eV that agrees well
with the expected binding energy for V=O. Figures S5 and S6,
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Figure 3. XPS deconvolution of the high-resolution C 1s, Ti 2p, and O1s peaks for dry a) Ti3C2 and b) Ti2C QDs formed by laser ablation.

Figure 4. IR spectra of the different MXene QDs prepared in the present study marking a) the Ti-O bond vibration and b) stretching O–H region.
Differences among Ti3C2 and Ti2C QD samples with Nb2C and V2C QDs would indicate the prevalence of surface terminal OH groups in the Ti QDs
and O groups in the Nb2C and V2C QD, respectively.

Supporting Information shows the high-resolution XPS analysis
of Nb2C and V2C and the best deconvolution to individual com-
ponents of each peak.

As commented in the introduction, MXenes can be generally
obtained by the dealumination of the MAX phase in HF solutions
of appropriate concentrations and conditions. This procedure re-
sults in the presence of F atoms as surface terminal groups. In
the present case, however, exfoliation was performed in an aque-
ous suspension in the absence of any fluorinated compound.
We presumed that the surface terminal groups should be oxy-
genated functional groups coming from the water that has also

been frequently detected by XPS even for Ti3C2 samples pre-
pared in HF as defects.[30,31] Overall XPS data provides firm sup-
port to the presence of oxygenated functional groups as terminal
groups, with a prevalence for double-bonded oxygen in the case
of V2C and both hydroxyls and double-bonded O for the other
three MsQDs.

To provide further experimental evidence in support of the
presence of hydroxyl groups in Ti3C2 QDs, IR spectra of the Ti3C2
QD samples after the removal of H2O and dehydration were
recorded. They are presented in Figure 4 where three stretch-
ing O–H bands in the 3200–2700 cm−1 region were recorded,
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Figure 5. The emission spectrum of Ti3C2 MXene QDs (𝜆exc = 350 nm,
pink) and excitation spectra monitoring photoluminescence at 430 (black)
and 540 (blue) nm.

indicating the presence of O-H groups in dried Ti3C2 QDs. The
O–H stretching vibration was accompanied by peaks at about
1750, 1380, and 800 cm−1. The vibration peak at 1380 cm−1 can
be due to O–H bending,[46] while that at 800 cm−1 is character-
istic of the Ti–O bond vibration.[47] These spectra lend support
to the presence of –OH and O as surface terminal groups in the
present case.

As commented in the introduction one of the most char-
acteristic features of QDs, including chalcogenide QDs, car-
bon dots, graphene dots, and so on. is the observation of
photoluminescence.[14a,32] Photoluminescence has been already
indicated as a convenient quantitative technique to follow the in-
crease in the concentration of suspended MxQDs in the laser ab-
lation synthesis (Figure 1b). In the case of C-dots, due to the var-
ied distribution of trapping sites, the emission spectra are known
to change as a function of the excitation wavelength.[33] The emis-
sion has also been observed in the scarce precedents of MxQDs
reported in the literature.[16,17,21,22] While Ti3C2 is a conductive
MXene with a small 0.1 V bandgap and it is a non-emissive ma-
terial, diminution of the lateral size to the nanometric regime
introduces photoluminescence for Ti3C2 QDs. Although the na-
ture of the emitting species is unclear and it may derive from de-
fects, trapping sites, and confinement, the emission is observed
in semiconducting materials. In the case of Ti3C2 QD, it has
been shown in Figure 1 that photoluminescence intensity upon
350 nm excitation increases along with the time of the laser abla-
tion of Ti3C2Al suspension until a stationary luminescence inten-
sity is reached. Figure 5 shows the emission spectrum recorded
from Ti3C2 QDs, while Figures S1 and S2, Supporting Informa-
tion show the emission and excitation spectra for Ti3C2 QDs and
Ti2C QDs.

In the literature, the photoluminescence of Ti3C2 QDs has
been frequently reported as a broad emission from 400 to
700 nm, with the emission maxima shifting toward the red as the
excitation wavelength increases.[34] This excitation wavelength-
dependence photoluminescence has been also observed for other
QDs.[35] In the present case, upon excitation at 350 nm, the emis-
sion spectrum of Ti3C2 QD exhibits two emission bands with rel-

ative 𝜆em at 430 and 540 nm. Observation of more than one emis-
sion band is uncommon and needs to be understood.[36] The rel-
ative intensity of the two emission peaks changed along the ab-
lation time, with the intensity of the emission peak at 430 nm
increasing faster with respect to the 540 nm emission (see Fig-
ure 1). This would be compatible with the existence of differ-
ent emission centers for each emission band. To support that
the sites for the short (430 nm) and long (540 nm) photolumi-
nescence are different, excitation spectra monitoring at 430 or
540 nm were recorded. The different excitation spectra confirm
that the two emissions derive from different chromophores, the
maximum emissions at 540 and 430 nm are reached at 350–400
nm and below 300 nm, respectively.

The photoluminescence emitted by the Ti3C2 QDs can be vi-
sually observed by fluorescence microscopy and this property is
the base of the use of QDs in cell imaging. In accordance with
the broad emission spanning from 400 to 650 nm, optical flu-
orescence microscopy of the Ti3C2 QDs with excitation at 368,
487, and 587 nm shows blue, green, and red images of these par-
ticles, respectively. Figure 6 presents selected fluorescence im-
ages of exactly the same field, showing the spatial coincidence of
this multicolor emission due to Ti3C2 QDs located at the circular
halo of a suspension drop after solvent evaporation. Figures S8–
S10, Supporting Information show an analogous comparison of
white light and fluorescence images for the other three MxQDs
under study.

While photoluminescence corresponding to the relaxation of
an excited state indicates the semiconducting properties of Ti3C2
QDs, the optical absorption spectrum was used to determine the
bandgap. The absorption spectrum of Ti3C2 QDs has been pre-
sented in Figure 1 characterized by a continuously growing ab-
sorption with an onset absorption at about 500 nm and with an
absorption maximum near 400 nm. A blue shift in the absorption
maximum was observed as the laser irradiation time increased,
in agreement with a gradual decrease in the average lateral size
of the Ti3C2 QDs. From the linear part of the Tauc plot of the
reflectivity, the bandgap energy could be estimated as 1.94 eV.

2.2. General Applicability of the Laser Ablation Method

The previous paragraphs refer to the preparation and characteri-
zation of Ti3C2 QDs from the Ti3C2Al by laser ablation in aque-
ous suspensions. This material was selected because it probably
corresponds to the first and most researched MXene, with nu-
merous experimental and theoretical studies reporting its prop-
erties and uses. However, the purpose of the present study was
to show that the laser ablation procedure is a general method to
obtain MxQDs and it can be extended to the synthesis of other
MxQDs. This is an important contribution to the field since de-
pending on the nature of the MXene, dealumination requires
very different etching conditions, HF concentrations, and etch-
ing time and some MAX phases are reluctant to undergo dealu-
mination. Aimed at the purpose of showing the general validity
of the laser ablation to form MxQDs, three other MAX materials
were submitted to analogous treatment as just described for the
preparation of Ti3C2 QDs in suspension. Specifically, the other
three MAX phases were Ti2CAl, Nb2CAl, and V2CAl. It should
be commented that at least in the case of Ti2CAl, the exfoliation

Small Methods 2023, 7, 2300063 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300063 (6 of 12)
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Figure 6. a) Optical and fluorescence microscopy images of Ti3C2 MXene QDs upon excitation at b) 368, c) 487, and d) 587 nm, respectively.

conditions have to be compatible with the lesser stability of the re-
sulting Ti2C. It was observed that similarly to Ti3C2Al, the three
MAX phases do form the corresponding MxQD upon 532 nm
pulsed laser ablation under the conditions used for Ti3C2Al (see
Figures S1—S14 in the supporting information). In all cases,
the process of QD formation in the suspension could be ade-
quately followed by UV–vis absorption spectroscopy, photolumi-
nescence, and DLS measurements in the suspension. Supporting
information provides characterization data for these other three
MxQDs. As in the case of Ti3C2 QDs, two-step centrifugation first
at 4000 rpm and then at 13 000 rpm renders MxQDs that were
characterized by TEM, HR-TEM, and AFM. In every case, small
QDs of average sizes between 5 and 7 nm were observed by HR-
TEM with thicknesses measured by AFM of 5 nm or lower, corre-
sponding to less than five layers of particles to monolayers. The
QDs were highly crystalline and the fringes measured in the HR-
TEM images corresponding to each expected MXene lattice, 0.22
for 103 of Ti2C,[37] 0.23 for 006 plane of Nb2C,[38] and 0.22 nm
for the 103 plane of V2C,[38] as reported in the literature. Particles
of 1 nm height corresponding to single-layer MXene in the three
cases were again frequently observed in AFM. The IR spectrum
of Ti2C QD shown in Figure 4 was almost coincident with that
of Ti3C2 QD, showing vibration bands that are compatible with
the presence of Ti-OH groups. Interestingly, although of lower
overall intensity, OH groups were monitored also for Nb2C in the
3200–2700 cm−1 region with a sharper band at about 1000 cm−1.
O–H groups were absent in the case of V2C QD. For V2C QD
the presence of two bands at 1000 and 500 cm−1 was observed.
In agreement with V chemistry,[39] it is proposed that in the lat-
ter case, it should be =O groups, rather than O–H, the surface
terminal groups present in the material. In the case of Nb2C, an

intermediate situation with both O–H and =O groups could be
present as surface terminal groups.[40]

These three MxQDs exhibit also photoluminescence with two
relative emissions at 𝜆em wavelengths of about 430 and 540 nm,
almost coincident with those previously commented in the case
of Ti3C2. Variations in the relative intensity of the two emission
maxima and differences in the excitation spectra for each of the
two bands were observed and recorded, these features being co-
incident with those already commented on in detail earlier for
the case of Ti3C2 QDs.

UV–vis absorption spectra of the MxQDs were also similar to
that recorded for Ti3C2 QDs, with absorption onset about 500 nm
increasing in intensity towards UV, although in the cases of Nb2C
QDs and V2C QDs, the relative absorption maxima in the UV
region were more clear appearing at about 260 nm. From these
absorption spectra, the corresponding Tauc plots assuming an
indirect semiconductor nature3 were used to estimate the corre-
sponding bandgaps. Table 1 summarizes the four MxQDs pre-
pared in the present study directly from the corresponding MAX
phase without chemical etching agents and some data related to
the average particle size and thickness, as well as bandgap energy
value.

2.3. Theoretical Calculations

One of the consequences of decreasing the particle size to the
nanometric dimension is the opening of a gap between occu-
pied and unoccupied orbitals, as it can be experimentally proved
by observation of photoluminescence. To gain insights into the
influence of the particle size on the appearance of a band gap,

Small Methods 2023, 7, 2300063 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300063 (7 of 12)
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Table 1. MxQDs prepared in the present by laser ablation in suspension
and some relevant characterization data..

MxQDs Average particle
size [nm]a)

Average
thickness [nm]b)

Band-gap [eV]

Ti3C2 4.0 ± 0.2 3.2 1.94

Ti2C 6.2 ± 0.4 2.9 2.2

V2C 3.0 ± 0.2 7.2 2.12

Nb2C 7.1 ± 0.2 3.0 1.98

a)
Average particle sizes were obtained from the histograms of particle size distribu-

tion measured by HR-TEM.
b)

Estimated error 0.2 nm.

Figure 7. Computed trend of the energy gap with increasing size of the
MxQDs with different terminations. Note that PBE potentials used in the
present calculations underestimate the bandgap energy that should be
higher than the estimated values. However, the calculation reproduces cor-
rectly the experimental trend.

theoretical calculations at the DFT level of theory on model Ti2C
QDs with increasing size and different terminations (F, OH, and
O) were performed. Models based on Ti2C were selected since
they are computationally less costly due to the lesser number
of atoms required, but they should provide a valid understand-
ing also for other MxQDs. Models of three different sizes were
considered, namely, 0.5, 1.1, and 1.7 nm. Larger sizes were not
affordable due to the high computational cost, but the trends
shown by these three models with different terminal groups
should also be applicable to larger sizes.

As expected, the presence of a finite system generates the
opening of an energy gap which constantly increases while de-
creasing the size of the MxQDs, and it strongly depends on the
termination considered (Figure 7). In particular, a fast decrease
in the energy gap is observed for both F and O terminations, go-
ing from 2.67 (2.86) eV for the smallest QD considered of 0.5 nm,
to 1.57 (1.31) eV for systems with 1.7 nm size for the F (O) sub-
stituents. Interestingly, this bandgap energy diminution with the
particle size is notably less pronounced when the OH termina-
tion is considered. In this case, the energy gap decreases from
2.4 to 2.0 eV for the same size range, suggesting higher stabil-
ity of the OH-terminated MxQD. As can be seen in Figure 7, the
present calculations indicate a dependence of the bandgap en-
ergy with the particle dimension, the bandgap increasing as the

Figure 8. Energy of the valence band maximum (VB) and conduction band
minimum (CB) for a) Ti3C2, b) Ti2C, c) Nb2C, and d) V2C MxQDs.

particle size decreases and varying depending on the surface ter-
minal groups. These results agree with previous calculations re-
ported in the literature.[41] Regarding the actual absolute value of
the bandgap energy, it is also known that although PBE potential
underestimates the bandgap energy (compare bandgap energies
in Figure 7 with Table 1), these calculations provide a correct de-
scription of the bandgap energy trend as a function of structural
parameters.[42]

For the purpose of the present research, the present calcula-
tions confirm the importance of the surface terminal groups (O
and OH) compared to the more common F groups as well as the
importance of the particle size control. In this way, it could be
possible to further control and fine-tune the bandgap of MxQDs
to adjust the band energy potentials of the highest occupied and
lowest unoccupied electronic states to match the desired values
for a given photocatalytic reaction.

2.4. Photocatalytic Hydrogen Generation Activity

Considering the semiconducting nature of the MxQDs and the
tunability of the bandgap with the particle dimension in the QD
regime, these nanoparticles are good candidates as photocata-
lysts for hydrogen evolution reactions. To establish the thermo-
dynamic feasibility of the process, we initially determine experi-
mentally the redox potential of the valence and conduction band
of the MxQDs to know how they are aligned with the oxidation
and reduction potential of water. The valence band for each ma-
terial was calculated by extrapolating the linear fitting of the first
peak appearing in the XPS spectrum to zero intensity corrected
by the work function of the instrument (see Figures S11—S14,
Supporting Information). Starting with this value, the conduc-
tion band was estimated by adding the value of the band gap
previously calculated from the Tauc plot (Figures S11—S14, Sup-
porting Information). Figure 8 presents a diagram of the valence
and conduction band energy values of the MxQDs where it is
observed that the potentials of the corresponding MxQDs are
well aligned to promote hydrogen and oxygen evolution reactions
from water. Ti3C2 and Nb2C MXQDs are the MxQDs with the
best-aligned conduction and valence band potentials (Figure 8),
coinciding with those that give the best response in the photocat-
alytic reaction, as can be seen later.

Small Methods 2023, 7, 2300063 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300063 (8 of 12)
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Figure 9. a) H2 evolution reaction curve for ■) Ti3C2; ▼) Nb2C; ●) Ti2C; and ◊) V2C); and b) reuses of Ti3C2 MxQDs.

Then, the photocatalytic activity for H2 generation was eval-
uated for the corresponding MxQDs, in the presence of tri-
ethanolamine (TEOA) as a sacrificial electron donor with visible
light (𝜆 > 450 nm) by filtering the output of a 300 W Xe lamp.
Suspensions (20 mL) of the four MxQDs at the same 0.2 optical
density at 300 nm were irradiated through quartz in a photore-
actor (51 mL) in an H2O:TEOA 4:1 mixture. H2 evolution was
observed for the four MxQD samples. The reactions were car-
ried out in quadruplicate with differences lesser than 10% among
them. The temporal H2 evolution is presented in Figure 9. These
temporal profiles show that the rate of H2 evolution decreases
over time, a fact that is commonly observed and can be attributed
to the depletion of the sacrificial agent, formation of by-products
from the sacrificial agent acting as poisons, and the reverse reac-
tion of H2 formation with photogenerated holes oxidizing H2 to
H+.[48] As can be seen there, the H2 production at 24 h irradia-
tion follows the order V2C < Ti2C < Nb2C < Ti3C2. It was inter-
esting to note that the performance of Ti3C2 and Nb2C QDs as
H2 evolution photocatalysts is similar, rendering values that are
among the highest ever reported for H2 evolution reaction using
visible light. Table S1, Supporting Information provides a com-
parison with the literature. As can be seen there, the photocat-
alytic activity of Ti3C2 QDs (2.02 mmol g−1 h−1) is among the best-
performing material with a H2 production rate similar to that of
Pt/g-C3N4 (2.5 mmol g−1 h−1) and Pt/C-dots@UiO-66(Zr)-NH2-
g-C3N4 (2.95 mmol g−1 h−1), but these photocatalysts contain Pt
as co-catalyst, while Ti3C2 QDs is noble metal free. Regarding
the much higher photocatalytic performance indicated in Table
S1, Supporting Information for CdS, it should be remarked the
lack of stability of this sulfide due to photocorrosion and the pres-
ence of a toxic transition metal. Worth commenting on is the only
precedent in which Y2CF2 Mxene was used as a semiconductor,
finding that it was not stable in water in 10 h runs and producing
H2 in acetonitrile and TEOA at an initial rate of 9 μmol × g−1 ×
h−1 using Pt as co-catalyst. In the present case, the MxQDs were
stable exhibiting much higher photocatalytic activity and without
Pt as a co-catalyst.[49]

The stability of Ti3C2 QDs as a photocatalyst was tested by a se-
ries of seven consecutive uses. An apparent gradual increase in
the photocatalytic activity of the material was observed reaching
a final H2 productivity at 24 h of 48.6 mmolsH2 × g−1. To fur-
ther assess the stability of Ti3C2 QDs the seven-times used ma-

terial was characterized by TEM and AFM (Figures S15 and S16,
Supporting Information). No differences between the used and
fresh samples in terms of particle morphology, size distribution,
or crystallinity were observed by TEM. However, both TEM and
AFM, indicate an apparent agglomeration of the MxQDs with an
increase in thickness. It could be that the stress during the pho-
tocatalytic reactions, with continued charge separation, leads to
a re-stacking of the nanometric thick QDs and their aggregation
as a consequence of the particle charge. However, this agglomer-
ation does not influence the photocatalytic hydrogen evolution.

To provide some support to the generation of a photoinduced
charge separation state upon QD irradiation, methyl viologen
(MV2+) was used as a visual probe of photoinduced electron trans-
fer. Upon single electron reduction, MV2+ gives rise to the corre-
sponding MV·+ radical cation that in the absence of oxygen be-
haves as a long-lived species in the aqueous phase. MV·+ can be
characterized conventional optical absorption spectroscopy by its
characteristic UV–vis absorption spectrum responsible for the
visual blue/green color developed in solution. A blank control
irradiation MV2+ in the same conditions, but in the absence of
Ti3C2 QDs did not result in the observation of MV·+. In contrast,
when an aqueous suspension of Ti3C2 QDs containing 10−3 M of
MVCl2 and a few drops of methanol as an electron donor was ir-
radiated, the solution become increasingly blue and the UV–vis
spectrum of the resulting suspension shown in Figure 10 indi-
cates the formation of MV·+ radical cation. Generation of MV·+

upon irradiation is a strong experimental evidence of the pho-
toinduced electron transfer from Ti3C2 QD in its excited state to
MV2+ resulting in the generation of MV·+ and a positive electron
hole on the Ti3C2 QD. This positive electron hole on Ti3C2 QD
will be quenched by methanol as an electron donor.

3. Conclusion

While most of the general procedures for MXene synthesis re-
quire HF or strong Lewis acids, there is a need to develop alter-
native green procedures. Herein, we have reported that 532 nm
laser ablation in liquid suspension in the absence of any aggres-
sive reagent produces MXene QDs. It has been shown that the
method of laser ablation in aqueous suspension is quite general
for the formation of MxQDs from the MAX phases. Other sol-
vents can equally be employed. The process of MxQD formation

Small Methods 2023, 7, 2300063 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300063 (9 of 12)
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Figure 10. UV–vis spectrum of Ti3C2 suspension in the presence of MV2+

as an electron acceptor in H2O with a few methanol drops: a) before and
b) after xenon lamp irradiation.

can be conveniently followed by the increase in the optical ab-
sorption in the UV and photoluminescence intensity as well as
by dynamic laser scattering of the suspension. HR-TEM imag-
ing confirms the crystallinity of the materials and their MXene
structure with an average lateral particle size of 5 nm, while ac-
cording to their thickness measured by AFM, most of them are
constituted by a single layer or few layers of MXene QDs. Im-
portantly, the procedure leads to oxygen-terminated MXenes, IR
spectroscopy suggesting the presence in some cases of terminal
O–H (Ti3C2 and Ti2C QD) and O (V2C QD) groups. The trend
in the bandgap energy as a function of the particle size and sur-
face termination of these MxQDs has been estimated by DFT
calculations that in general shows how powerful and simple is
the control of the bandgap in MXenes if the synthesis of sam-
ples is sufficiently precise to provid samples with narrow particle
size distribution, appropriate size, and surface terminal groups.
This strategy should lead to effective band engineering.[43] The
bandgap opening in QDs has allowed us to determine the photo-
catalytic H2 generation activity in the absence of photosensitizing
dyes, giving values in the order of mmolH2 × g−1 that are in the
range of the best photocatalysts, even without further optimiza-
tion. The present study has opened the way to bandgap engineer-
ing of MXenes by controlling their lateral size in the dimensions
of a few nanometers and adequate surface functionalization. The
MxQDs can be easily obtained using laser ablation with beams of
adequate beam spot area and power.

4. Experimental Section
All MAX phases used as precursors (Ti3AlC2, Ti2AlC, Nb2AlC, and V2AlC)
in the laser ablation in the liquid phase were supplied by Nanochemazone
and used without further purification.

Material Preparation: The preparation of MxQDs was carried out by
suspending the MAX phase (3 mg) in water (4 mL). The suspension was
sonicated in order to obtain a persistent dispersion, transferred in a 10 ×
10 mm, 4 mL quartz cuvette capped with a septum, and bubbled through
a needle for 15 min with argon before photolysis. The dispersion was irra-

diated with the second harmonic of a Q-switched Nd:YAG laser (Quantel
Brilliant, 532 nm, 50 mJ pulse−1, 5 ns fwhm, frequency 1 Hz). Laser power
was measured with a power meter, placing the probe head at the sample
holder. Formation of MxQD from the MAX phase, due to the mechani-
cal shock induced by the laser hit on the particle was followed by mea-
suring periodically the optical absorption and photoluminescence (𝜆ex =
350 nm) of the cuvette, directly. Alternatively, the particle size evolution
of MXenes in suspension and stability of the suspension was determined
from a 0.2 mL aliquot that was analyzed by dynamic laser scattering and
zeta potential. Ablation measurements were performed for 2 h. After this
time the MxQDs present in suspension were separated from other par-
ticles by sedimentation of large particles by centrifugation in two stages,
first at 4000 rpm for 4 h and, subsequently, 13 000 rpm for 1 h. MxQDs re-
mained in the supernatant after discarding the sediments in the two cen-
trifugation steps. The solid MxQD material was obtained by freeze-drying
removal of the solvent.

Photocatalytic Experiments: The photocatalytic reactions were carried
out using a suspension of the corresponding MxQDs obtained after
the two-stage centrifugation with the corresponding mass that was re-
dispersed in 16 mL of Milli-Q water adding 4 mL of triethanolamine
(TEOA) as a sacrificial electron donor. The mass of MxQDs was 1 mg.
Before starting the irradiation, the aqueous suspension containing TEOA
and the photocatalyst was purged with Ar for at least 15 min to remove
air from the photoreactor. The suspension was stirred at room tempera-
ture and irradiated with a 300 W Xenon lamp equipped with a cut-off filter
(𝜆 > 450 nm) to ensure irradiation with visible light. Throughout the ex-
periment, the temperature of the system was monitored and the pressure
was analyzed by the manometer adapted to the photoreactor. The evolv-
ing gases were analyzed from the head space connecting directly the pho-
toreactor to an Agilent 490 Micro GC system (Molsieve 5 Å column using
Ar as carrier gas) without manual handling. Hydrogen gas evolution was
quantified using a calibration plot obtained by injecting into the micro-
GC two mixtures of known H2 concentration. The reactions were carried
out four times for each sample with differences lower than 10% in the
values of H2 evolution. Reuses were carried out for Ti3C2 QDs using the
same amounts, volumes, solvents, and conditions as above. After 24 h,
the lamp was switched off and the system was exhaustively purged with
Ar to remove the gases in the reactor headspace until GC analysis did not
detect H2. At that moment, the system was irradiated again without the
removal of the Ti3C2 QDs and the course of the reaction was periodically
analyzed by GC. The same procedure was repeated in each reuse.

Generation of MV·+ was performed by adding 0.4 mL of an aqueous 1 M
MVCl2 solution to 3.6 mL of Ti3C2 QDs suspension in a quartz cuvette. A
few methanol drops were added. The cuvette was capped with a septum,
purged with Ar using needles, and irradiated with visible light from a fil-
tered (> 450 nm) Xe lamp beam. The solution becomes quickly blue and
the optical absorption spectrum periodically recorded coincides with that
reported for MV·+ radical cation.[44]

Characterization: Optical absorption spectra were recorded on the
same cuvette in which the laser ablation treatment was performed using
a Cary 100 UV–vis–NIR spectrophotometer in the transmission mode.

Photoluminescence spectra were recorded in an Edinburgh FLS900 in-
strument. The sample was placed in an appropriate 1 × 1 cm2 quartz
cuvette capped with a septum. The samples were purged with Ar prior
to recording the photoluminescence. For the measurement of the MxQD
evolution upon laser ablation, the same cuvette exposed to the 532 nm
laser pulsed was placed in the spectrophotometer without any treatment,
using 350 nm as excitation wavelength. Excitation spectra were recorded
monitoring either at 430 or 540 nm for MxQDs suspensions that were
submitted to the two-step centrifugation process in a fluorescence quartz
cuvette capped with rubber septum after Ar purging for 15 min.

X-ray photoelectron spectra (XPS) of MxQDs were collected with a
SPECS spectrometer equipped with an MCD-9 detector using a monochro-
matic Al (K𝛼 = 1486.6 eV) X-ray source operating under an ultrahigh vac-
uum at 1.3 × 10−13 atm. The binding energies were corrected for sur-
face charge effects during measurements using the central level of C 1s
(284.5 eV) as the internal reference. CASA software has been employed
for spectra deconvolution.

Small Methods 2023, 7, 2300063 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300063 (10 of 12)
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ICP-OES analysis was used to determine the metal content of MxQDs
after dissolving them in concentrated aqua regia.

ATR-FTIR spectra of MxQDs were measured with a Bruker Tensor 27
instrument. Prior to ATR-FTIR measurements, the solid samples were
heated in an oven at 100 °C overnight to remove physisorbed water.

The morphology and composition of MxQDs were characterized us-
ing a SEM instrument (Zeiss instrument, AURIGA Compact) coupled with
an EDX detector. High-resolution TEM images were acquired on a JEOL
JEM 2100F under an accelerating voltage of 200 kV. Prior to recording the
image, the suspension was sonicated and a microdrop was cast onto a
carbon-coated copper TEM holder and the solvent was allowed to evapo-
rate before inserting into the microscope chamber.

Atomic force microscopy (AFM) was used to determine the thickness
of the samples obtained by laser ablation. In this case, the measurements
were carried out on the tap mode with a Multimode Nanoscope 3A in-
strument that has a vertical subnanometric resolution and a horizontal
resolution of about 5 nm.

Computational Details: To ensure the presence of quantum dots, the
initial structures were inserted in a periodic cell in which all the dimen-
sions were increased to assure the presence of vacuum along the three
directions, in between 1–2.5 nm, to avoid the presence of spurious inter-
actions with image cells. Due to the fast increase in computational cost
with the increase of the size of the MxQD, only dimensions below 2 nm
were considered (i.e., Ti2C-OH with 1.7 nm size consists of 200 atoms).

The geometry optimization of the different MxQDs was performed us-
ing the PBE ultrasoft pseudopotential with the Quantum Espresso 6.5
software.[45–47] A plane wave basis set was used with an energy cutoff of
45, 60, and 50 Ry for the F, OH, and O terminated structures and a charge
cutoff of 360, 480, and 400 Ry, respectively. The geometry optimization
criteria were set to 10−5 eV for energy and to 0.001 eV Å−1 for forces on
each atom. The calculations were performed at the gamma K-point, and
an orbital mixing of 0.4 was applied for the whole calculation. All calcu-
lations were spin-polarized, with initial magnetization on Ti atoms. After
the optimized geometries were obtained, a single point calculation was
performed with the Gaussian16 software, with the CAM-B3LYP functional
and the 6-3G(d) basis set for light elements, while for Ti the Lanl2dz pseu-
dopotential was used.[48]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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