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A B S T R A C T

A novel green, fluoride-free etching method allowing installation of surface groups at will for the preparation 0D 
MXene dots with notable photocatalytic activity is reported. The method consists in the liquid-phase laser 
ablation using a pulsed Nd-YAG laser (532 nm, 7 ns fwhp, 30 mJ pulse− 1, 10 Hz) that produces the physical Al 
etching of the Ti3AlC2 precursor forming nanometric Ti3C2 particles. Simultaneously with etching, the surface of 
the MXene dots become functionalized with organic moieties inherited from the liquid phase as confirmed by 
XPS and in several cases by FT-IR spectroscopy. The lateral particle size of the Ti3C2 dots depends on the viscosity 
of the liquid medium and varies from a few nm to above 50 nm. Crystallinity and structure of the Ti3C2 dot is 
confirmed by high resolution TEM and by selected area electron diffraction of the samples. Ti3C2 dots promote 
photocatalytic overall water splitting into H2 and O2, the activity depending on the nature of the surface terminal 
groups. However, upon reuse the Ti3C2 dots become significantly degraded into amorphous material, decreasing 
gradually in photocatalytic activity. This degradation is proposed to be caused by self-oxidation of Ti3C2 dots by 
the photogenerated holes, as evidenced by the fact that the use of methanol as hole quencher stops deactivation 
during H2 production. In sharp contrast with the decay in photocatalytic activity the presence of hole quenchers, 
the Ti3C2 dots even increase substantially their photocatalytic activity upon reuse, a fact that has been attributed 
to the optimization of the nature of the surface terminal groups during the photocatalytic process.

1. Introduction

MXenes are becoming among the most researched 2D nanomaterials, 
since they offer considerable chemical diversity regarding the elements 
that can be included in their composition, as well as unique physical 
properties such as electrical conductivity, microwave shielding and 
electrocatalytic activity to name a few [1,2]. One of the main drawbacks 
that limit wider MXene application is the negative environmental 
impact regarding the use of HF and fluorinated salts in the etching 
process converting the MAX precursors into the MXene material [3]. 

While the use of fluorine containing agents can be avoided by alternative 
molten salt etching procedures [4], the large excess of the chloride salts, 
as well as Lewis acid metal ions, employed in the molten salt etching 
process still produce large amounts of aqueous wastes that require 
adequate treatment. Therefore, it will be highly convenient to develop 
general physical methods able to convert the MAX phase into the cor
responding MXene without the need of chemicals, thus, avoiding or 
minimizing chemical wastes.

Besides, the environmental impact and safety issues related to 
chemical etching and the use of HF, another problem that still remains 
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unsolved in MXene synthesis is the control of the terminal groups 
installed on the surface of the MXene particles [5]. The nature of the 
surface groups depends on the etching reagent employed during MXene 
preparation and they cannot be selected at will during MXene synthesis. 
After the synthesis, modification of the surface groups requires addi
tional post synthetic reactions that frequently lead to incomplete surface 
termination exchange and need extra workup besides to produce further 
chemical wastes [6]. It would be a significant breakthrough in the 
MXene area if simultaneously to a green MAX etching process the 
wanted surface termination could be introduced. This important 
advance could be possible if a physical etching method is carried out in 
the presence of a variety of nucleophilic agents that provide the surface 
termination. Surface terminal groups are crucial determining many 
properties of the resulting MXene sample, since they control collective 
properties of the material, such as the work function of the material and 
the electron density distribution [7,8].

A third advance in MXene materials will be the control of the lateral 
size down to tens of nanometers in which quantum confinement effects 
can operate [9]. Nanoparticles often exhibit unique properties derived 
from their small dimensions in comparison to larger micrometric par
ticles [10]. Frequently the enhanced nanoparticle performance derives 
from the large surface-to-volume ratio that exposes a larger proportion 
of atoms at the surface and increases the density of defects with under 
coordinated atoms [11]. In addition, electron localization is a small 
space, like in quantum dots or plasmonic nanoparticles, can cause op
toelectronic effects as consequence of confinement [9]. Particularly in 
highly conductive 2D nanomaterials, a decrease of their particle size can 
open a gap between the occupied and unoccupied electronic states, 
converting them into semiconductors [12].

The present study shows how these three parameters, i.e: i) etching 
in the absence of corrosive and hazardous chemicals, ii) flexibility in the 
installment of surface termination, and iii) control of the lateral 
dimension at the nano scale can be achieved by laser ablation of the 
MAX precursor in liquid phase suspension. To illustrate the advantage of 
nanometric 0 D MXene particles whose preparation is described here, we 
will show the photocatalytic activity of these MXene dots for overall 
water splitting into H2 and O2, reaching remarkable photocatalytic ef
ficiency that depends on the nature of the surface terminal group. In 
view of the theoretical predictions is very likely that the nature of sur
face terminal groups has a similar influence on other processes.

2. Results and discussion

2.1. Ti3C2 sample preparation and characterization

The present study has focused on the most widely studied Ti3C2 
MXene to illustrate the potential of laser ablation as a physical etching 
process of general applicability that besides avoiding the use of chem
icals, can introduce arbitrarily at will surface terminations, depending 
on the compound present in the liquid medium during the process. Laser 

ablation was carried out with a pulsed Nd – YAG laser operating at the 
second harmonic wavelength (532 nm) at a frequency of 10 pulse s− 1, 
with an average pulse energy of 30 mJ pulse− 1. In this physical etching 
procedure, the Ti3AlC2 precursor was placed in a 5 mL quartz cuvette 
containing a liquid medium. The cuvette was capped with a septum and 
purged for at least 15 min with Ar before starting the physical etching. 
After the liquid phase laser ablation, any remaining solid was decanted, 
obtaining a persistent suspension. The solvent can be removed under 
reduced pressure. In the specific cases of laser ablation in allyl and 
benzyl alcohols as solvents, occurrence of some oligo-/polymerization of 
these alcohols was evident from the higher mass of the residue. Scheme 
1 presents an illustration of the process. Typical etching time was 10 h. 
Several alcohols were used as liquid media. Besides pure alcohols as 
solvents, a solution of tetrabutylammonium hydroxide (TBAOH) in 
ethanol was also used. TBAOH has been reported as an efficient exfoli
ating agent for multilayer Ti3C2 upon sonication, since it introduces 
surface –OH groups and TBA+ ions on the surface [13,14]. It was ex
pected that the same reactivity could also happen here during the laser 
ablation, thereby possibly promoting exfoliation and increasing hydro
philicity. Table 1 indicates the samples prepared in the present study.

After laser ablation, the samples were characterized by TEM and by 
UV–Vis, IR and X-ray photoelectron spectroscopies. TEM images pro
vided an important information about the structure of the resulting 
material, confirming in every case its crystallinity by observation of the 
characteristic atomic fringe spacing corresponding to Ti3C2 MXenes and 
by the pattern in the selected area electron diffraction of the samples. 
Fig. 1 shows selected images, while Fig. S1 in supporting information 
contains additional TEM images for the other Ti3C2 of the series. Minor 
variations in the fringe distance depending on the surface functionali
zation from 0.253 to 0.269 nm were observed (see Table 1) that prob
ably reflect the structural stress caused by the bonding with the surface 
terminations and/or the influence of the particle thickness of the sam
ple. Worth noting is that this spacing is characteristic of the Ti3C2 and 
similar to the (103) plane of the MAX Ti3AlC2 precursor (0.260 nm).

The average lateral particle size for the various Ti3C2 dots was 
determined by measuring the dimensions of a statistically relevant 
number of particles. In the cases of benzyl, and allyl alcohols, it was 
observed that the primary Ti3C2 particles agglomerate into larger ag
gregates trapped within an organic matrix. However, focusing the 
electron beam in these aggregates removes the organic matter in these 
agglomerates, thereby showing much smaller and crystalline primary 
MXene particles. Table 1 also lists this primary lateral particle size based 
on high resolution TEM images. It can be concluded from these values 
that solvent influences the lateral size of MXene particles. The influence 
of solvent in the ablation process can be understood considering that 
ablation occurs due to mechanical and thermal shock at the MAX par
ticles. Mechanical forces in a liquid medium are related to viscosity. As 
seen in Table 1, low viscosity solvents such as methanol, give particles of 
small lateral average size, while more viscous solvents tend to give in the 
laser ablation process large average lateral dimensions even in the range 

Scheme 1. Pictorial illustration of the preparation of Ti3C2 dots by liquid-phase laser ablation.
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of 50 nm. Thus, methanol and n-butanol have a viscosity of 0.54 and 
2.63 cP, respectively, and the Ti3C2 dots resulting in these two solvents 
have average lateral sizes of 14 ± 8 and 52 ± 13 nm, respectively [15]. 
While viscosity can influence mechanical forces, the thermal stress 
caused also by the laser pulse on the MAX can be related to thermal 
conductivity, heat capacity and boiling point. Generally, viscosity and 
thermal parameters in solvents are also correlated. Thus, physical sol
vent parameters exerts are remarkable physical in the laser ablation 
process due to several effects, as observed in Table 1.

Installment on the MXene surface of terminal groups derived from 
the solvent in which the laser ablation process was carried out was 

clearly revealed in most of the cases by FT-IR spectroscopy. Table 1 lists 
for each sample the most relevant IR vibration peaks. While in some 
cases, like in the cases of methanol and trifluoroethanol, the IR ab
sorption bands of the corresponding Ti3C2 samples were very weak and 
inconclusive, in accordance of the carbon chain length and surface 
termination, the intensity of the IR spectra, gradually increased as the 
alkyl chain length becomes longer, this tendency being clearly illus
trated in the series methanol, ethanol, n-propanol, and n-butanol. Fig. 2
shows the FT-IR spectra of Ti3C2(n-BuOH) and Ti3C2(i-BuOH) together 
with the spectra of the corresponding alcohols, showing convincingly 
the installment on the sample of alkoxy groups on the surface of the 
Ti3C2. Comparison with the FT-IR spectra of pure n- and i-butanol shows 
the absence of -O-H vibration band in the 3500–3200 cm− 1 and 
1260–1000 cm− 1 zones and some notable shifts in the position of the 
characteristic C–H vibrations. The possibility that these FT-IR spectra 
correspond to organic by-products formed in the laser irradiation of n- or 
i-butanol was considered and dismissed. Thus, blank controls in the 
absence of Ti3AlC2 were performed for pure n- or i-butanol solutions, 
whereby no residue was obtained This comparison and blank control 
clearly show that the FT-IR spectra of Ti3C2(n-BuOH) and Ti3C2(i-BuOH) 
do not correspond to n- or i-BuOH or products derived therefrom.

Fig. S2 in the Supporting information shows a collection of FTIR 
spectra for other samples of the series prepared in the present study. In 
most of the cases these spectra provide conclusive evidence that the 
MXene sample contains after the ablation attached to the solid particles 
the alkoxy chains introduced by the solvent. It should be noted that in 
the laser etching in benzyl and allylic alcohols, the process results in 
some oligo-/polymerization of these alcohols and, therefore, even after 
exhaustive washing and careful removal of the organic solvents, the FT- 
IR spectra contained spurious peaks of these organic oligomers. How
ever, blank controls in the absence of MAX precursor indicate that these 
oligomers are not formed for other alcohols. Overall, the FT-IR pectro
scopic study is in agreement with the TEM measurements that revealed 
the presence of organic polymeric matter for Ti3C2(BnOH) and 
Ti3C2(CH2––CHCH2OH)), but no in the other cases.

At this point, preliminary photocatalytic measurements for hydrogen 
generation in the presence of methanol showed differences on the per
formance of these samples, the most active materials being Ti3C2(n- 
C8H17OH), Ti3C2(CF3CH2OH) and Ti3C2(EtOH + TBAOH). Thus, 
although the previous FT-IR spectra have shown the general applica
bility of liquid phase laser ablation as physical etching method to form 
MXene dots from the MAX phase without the use of chemical etchants, 
while at the same time introducing a variety of alkoxy units on the 
MXene surface, further characterization was carried out only for these 
three most active samples. Regarding the reason of the higher activity of 
these three samples, it is worth noting that according to Table 1, 
Ti3C2(CF3CH2OH) and Ti3C2(EtOH + TBAOH) are the MXene dots with 
the smallest lateral size, thereby suggesting a relationship between small 
size and higher photocatalytic activity. In the case of Ti3C2(n-C8H17OH), 
the lateral size was notably higher, but this sample corresponds to the 
longest alkyl chain and, therefore, it is likely to be the most hydrophobic 
surface.

AFM frontal images of these three samples provide a broad field view 
of the particle size distribution. Fig. 3 shows representative AFM images 
and vertical profile measurements for these three most active samples. 
Data on the average thickness of the particle size determined by AFM for 
these three samples are given in Table 1 as footnotes. These AFM mea
surements provide an indication about the number of MXene layers in 
the stacking. Particularly in the case of Ti3C2(CF3CH2OH), the dots are 
mono- or bilayers, while in the case of Ti3C2(EtOH + TBAOH), the 
sample has few layers with an average of 3 or 4. Of the three MXene dots, 
Ti3C2(n-C8H17OH) is the sample with the largest number of monolayers 
in average. Therefore, it is evident that there is a correlation between 
viscosity of the liquid medium in which the ablation takes place and the 
resulting dimensions and average number of layers of the MXene par
ticles. It should be commented at this point that since surface 

Table 1 
List of Ti3C2 dots synthesized by laser ablation in liquid phase suspension of 
Ti3AlC2 using different solvents and relevant spectroscopic and structural 
characterization data.

Solvent Average 
particle size 
(nm)

FT-IR spectroscopy bands 
(cm− 1)†

Fringe 
distance 
(nm) a

Metanol 14 ± 8 2950 - 2800 (C–H-)a 0.261
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​

n-Propanol 16 ± 7 2950–2800 (C–H-)a 0.270
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​

n-Butanol 52 ± 13 2950 - 2800 (C–H-)a 0.258
1260–1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​
~1600 (Ti–OH)d ​
~720 (–CH2– Rocking 
band)e

​

iso-Butanol 53 ± 5 2950–2800 (C–H-)a 0.269
~1600 (Ti–OH)d ​
~1465 (CH2)f ​
~1375 (CH3)g ​
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​
~720 (-CH2 rocking 
band)e

​

Benzyl alcohol 55 ± 2 3020-3000 (C–H-)a 0.261
1600 (Ti–OH)d ​
~1600; ~1475 (-C––C-)h ​
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​
770-730; 715-685 
(monosubstituted 
aromatic)i

​

Allylic alcohol 4.5 ± 0.5 3600 - 3300 (OH-)h 0.269
2950 - 2800 (C–H-)a ​
1690-1630 (-C––C- 
isolated)j

​

~1600 (Ti–OH)d ​
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​

n-Octanol b 27 ± 5 2950 - 2800 (C–H-)a 0.261
~1600 (Ti–OH)d ​
~1465 (CH2)f ​
~1375 (CH3)g ​
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​
~720 (-CH2 Rocking 
band)e

​

2,2,2- 
Trifluoroethanol 
c

7.2 ± 0.5 2950 - 2800 (C–H-)a 0.253
1260 - 1000 (C–O-)b ​
800 - 500 (Ti–O-)c ​

Ethanol + TBAOH 
d

3.14 ± 0.07 2950 - 2800 (C–H-)a 0.269
1260 - 1000 (C–O-)b ​

1 The letters in superscript after the wavenumber and assignment correspond to 
the bands labelled with the same letter in the corresponding FT-IR spectra shown 
either in Fig. 2 or Fig. S2 in the supporting information.

a Determined by high resolution TEM.
b Bandgap and average thickness 1.91 eV and 6.5 ± 0.8 nm.
c Bandgap and average thickness 1.75 eV and 1.6 ± 0.1 nm.
d Bandgap and average thickness 1.71 eV and 3.5 ± 0.3 nm.
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functionalization of Ti3C2(n-C8H17OH) contains a long alkyl chain, the 
exact number of average layers cannot be determined from the particle 
thickness with the current data. Nevertheless, from the increment in the 
interlayer distance reported in the literature as a function of the surface 
termination in other cases [16], it can be expected a monolayer thick
ness around 1.1 nm and, therefore, a reasonable average number of 
stacking MXene sheets for Ti3C2(n-C8H17OH)should be 6.

XPS analyses of the Ti3C2(n-C8H17OH), Ti3C2(CF3CH2OH) and 

Ti3C2(EtOH + TBAOH) samples revealed the presence of the expected 
Ti, C and O elements, as well as F and N in the last two samples. Fig. 4
presents the analysis of selected XPS peaks for these samples, while 
Fig. S3 in supporting information shows additional XPS data. For 
Ti3C2(n-C8H17OH), the Ti2p core level splits into two peaks due to spin- 
orbit coupling, each of them having components corresponding to Ti–C 
(460.7 eV for Ti2p1/2) and Ti–O (464.2 eV for Ti2p1/2). The XPS Ti2p 
peak of Ti3C2(EtOH + TBAOH) exhibits the same components. In 

Fig. 1. High-resolution TEM of Ti3C2 MXenes prepared by laser ablation in a, b) EtOH + TBAOH, c, d) n-octanol and e, f) 2,2,2-trifluoroethanol suspension. The 
insets in frames a, c and d show histograms of the lateral particle size distribution, while the insets of images b, d and e correspond to the selected area electron 
diffraction confirming the crystallinity of the MXene dots.
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comparison, Ti2p signal for Ti3C2(CF3CH2OH) was more complex. The 
experimental XPS Ti2p peak exhibits three relative maxima at 458.9 eV, 
460.2 eV (Ti–C) and 464.22 eV (Ti–O). The new Ti component at 458.9 
eV can be attributed to Ti–F. In fact for Ti3C2(CF3CH2OH) an XPS F1s 
peak with three individual components at 685.0, 686.6 and 688.3 eV 
attributable to C–Ti–F, AlFx and Al(OF)x, respectively, was also recor
ded. These XPS data indicate the generation of HF during the laser 
ablation in CF3CH2OH and it results in the preferent Ti binding with 
generated F. Also in the case of Ti3C2(EtOH + TBAOH), the presence of N 
was detected in the XPS elemental analyses. The corresponding XPS N1s 
peak was deconvoluted in two components appearing at 399.8 and 
402.3 eV that can be assigned to N atoms bonded to Ti–N and N–H, 

respectively.
Regarding analysis of the XPS C1s peak for these three samples, the 

experimental spectra showed some common traits with components at 
284.5 eV and 287.3 eV that can be assigned to C atoms bonded to C and 
O, respectively. In addition, the XPS C1s for Ti3C2(n-C8H17OH) and 
Ti3C2(CF3CH2OH) presented an additional component at 282.2 eV cor
responding to Ti–C, but this component was absent in Ti3C2(EtOH +
TBAOH). It should be commented that the intensity of the 282.2 eV peak 
for C–Ti is known to depend on the preparation method of the MXene, 
being for instance, much lower for materials prepared by the molten salt 
etching in comparison to those Ti3C2 samples prepared using fluorinated 
etching agents [17]. It has been reported that the XPS C1s peak of MXene 

Fig. 2. Comparison of the FT-IR spectra of the solvent and those of the Ti3C2 samples prepared in it: a) n-butanol and Ti3C2(BuOH), and b) i-butanol and Ti3C2(i- 
BuOH). The letters indicate the bands whose wavenumbers are listed in Table 1 in the corresponding column.

Fig. 3. Thickness profiles of a) Ti3C2(n-C8H17OH), b) Ti3C2(CF3CH2OH) and c) Ti3C2(EtOH + TBAOH) analyzed by AFM. Each color in the right panels correspond to 
the height of a different nanoparticle of the right panel. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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dots do not have a separate 282.2 eV peak, but a component at this 
binding energy value [18]. The same situation seems to be observed 
here. Although more data are necessary to fully clarify this point 
regarding the XPS C–Ti component at 282.2 eV, it has to be noted that 
herein we are dealing with small 0 D MXene particles of a few nm of 
lateral dimensions in which the relevant proportion of peripheral atoms 
vs. the in plane basal atoms must be considerably higher than in con
ventional micrometric MXene flakes. In any case, it is worth noting that 
notable differences in XPS data depending on the preparation procedure 
have been already noted in MXenes [17].

In addition, the presence of residual Al was also detected in these 
three samples as a peak with a single component at 74.1 eV matching 
well with the binding energy of Al–O for Ti3C2(n-C8H17OH) and 
Ti3C2(EtOH + TBAOH) [19] or as a single component appearing at 76.0 
eV attributable to Al–F in the Ti3C2(CF3CH2OH) (Fig. S3) [20].

Summing up the information of XPS it can be concluded that due to 
the presence of alkyl chains on the surface, the C1s has a negligible C–Ti 
component at 282.2 eV, but this type of bond is deduced from the 
analysis of Ti2p core level. Also, Al is detected as Al2O3 or as Al–F, but 
not as in the Ti3AlC2 precursor. But, the XPS data is crucial to determine 
that the ablation in CF3CH2OH, generates fluoride that is the species 
preferentially installed on the Ti3C2(CF3CH2OH) surface rather than the 
poor nucleophilic alcohol. It is proposed that this in situ generated 
fluoride species could be an attractive alternative to the current HF 
etching procedures that employ a large excess of this acid.

The fact that the samples prepared by laser ablation correspond to 
MXene and not to the MAX precursor is firmly supported by TEM images 
and selected area electron diffraction of all the MXene dots. In the case of 
Ti3C2(EtOH), the MXene nature of the sample after laser ablation was 
double checked by PXRD. Fig. S4 shows a comparison of the diffraction 
pattern of Ti3AlC2 MAX precursor with that of the Ti3C2(EtOH) after 
laser ablation.

2.2. Photocatalytic overall water splitting

Regarding the photochemical properties of the Ti3C2 dots, one 
important property is the optical absorption spectrum of the samples, 
since it gives direct information on the electron excitation wavelength 
and bandgap energy of the material. The UV–Vis absorption spectra for 
the Ti3C2 dots show an almost neutral absorption throughout the UV–Vis 
spectral range with an abrupt absorption in the deep UV region, below 
250 nm, the onset appearing at about 300 nm in the case of Ti3C2(n- 
C8H17OH). For Ti3C2(CF3CH2OH), a weak and broad plasmon band with 
an absorption maximum at 500 nm was recorded. Fig. 5 shows some 
illustrative UV–Vis absorption spectra, while Fig. S5 in supporting in
formation presents a more complete set of diffuse-reflectance UV–Vis 
absorption spectra for the other Ti3C2 dots. As a general trend, a red-shift 
in the onset was observed with the increase of the alkyl chain length. In 
the case of Ti3C2(BnOH) and Ti3C2(CH2––CHCH2OH) similar optical 
spectra with two defined shoulders in the UV region with relative ab
sorption maxima at 220 and 270 nm were recorded, but they could 

Fig. 4. XPS analysis of Ti3C2(EtOH + TBAOH) with high-resolution a) Ti2p, b) C1s, c) O1s and d) N1s core levels.

Fig. 5. UV–vis absorption spectra of Ti3C2(n-C8H17OH), Ti3C2(CF3CH2OH) and 
Ti3C2(EtOH + TBAOH).
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correspond to the organic polymers present in these samples. Also, 
remarkably different was the case of Ti3C2(CF3CH2OH) that exhibits an 
absorption band at 290 nm and onset at 390 nm. It is proposed that these 
significant changes in the absorption spectra derive from differences in 
the surface terminal groups and on the lateral size of the MXene parti
cles. In any case, the results show the possibility to have a certain control 
on the optoelectronic properties of the resulting MXene by appropriate 
selection of the laser ablation media and conditions.

MXenes have been reported among the best electrocatalysts for 
hydrogen evolution reaction and oxygen reduction reaction [21]. Be
sides as electrocatalysts, MXenes are increasingly used as photocatalysts, 
either acting as co-catalysts in combination with organic dye photo
sensitizers or even with intrinsic photocatalytic activities [22]. We have 
previously shown that MXene dots exhibit photocatalytic activity for 
hydrogen evolution and CO2 reduction [18,23], there being of interest to 
extend further the knowledge on the photocatalytic activity of these 
materials. Herein, we provide experimental information about the in
fluence of surface functional groups on the photocatalytic activity. It is 
well known from DFT calculations that the nature of the surface func
tional groups play an important role on the electronic properties of 
MXenes, including electrical conductivity and the shift from conductive 
to semiconducting materials [24]. In particular, photocatalytic activity 
of MXenes depend on the surface terminal groups due a combination of 
factors including: i) variation of bandgap and, therefore, optical ab
sorption and light harvesting; ii) charge separation efficiency due to 
surface sites acting as charge carrier trap sites, and iii) charge carrier 
migration length. All these photophysical parameters, as well as the 
presence of vacancies and gas evolution sites depend on the nature of 
surface terminations. Therefore, it is important to determine for MXene 
dots prepared under analogous conditions, in which extent the surface 
terminal groups influence the photochemical properties. Due to its 
current importance, the present study is focused on the photocatalytic 
overall water splitting and H2 evolution.

Preliminary studies irradiating with the full UV–Vis output of a 150 
W Xe lamp showed that, although these MXene dots were able to pro
mote overall photocatalytic water splitting, their activity was low in 
most of the cases. The three most active samples were, as indicated 
previously, Ti3C2(n-C8H17OH), Ti3C2(CF3CH2OH) and Ti3C2(EtOH +
TBAOH) that were selected for further studies. Fig. 6 presents the tem
poral profile of H2 and O2 evolution upon irradiation using these three 
samples as photocatalysts. The relative activity follows the order 

Ti3C2(EtOH + TBAOH) > Ti3C2(CF3CH2OH) > Ti3C2(n-C8H17OH). 
Notable values of H2 evolution were obtained, particularly for 
Ti3C2(EtOH + TBAOH) that reached in overall water splitting for the 
fresh material a H2 productivity of 5 mmol g− 1 in 24 h. Control exper
iments showed that the photocatalytic activity of Ti3C2(EtOH) or 
Ti3C2(TBAOH) was considerably lower and, therefore, the combination 
of TBAOH during the laser ablation in ethanol is crucial for the observed 
performance. TBAOH has been reported in the etching procedure as a 
way to install –OH groups on the Ti3C2 surface [25,26] and we have 
found here by XPS analyses the presence also N-alkyl groups, while the 
low boiling point and viscosity of CH3CH2OH is favorable for producing 
dots of small lateral size.

To put the results shown in Fig. 6 into a broader context, Table S1
summarizes data reported in the literature for other Ti photocatalysts. 
Although comparison with reported data from other laboratories should 
be made with caution, Table S1 shows that the performance of 
Ti3C2(EtOH + TBAOH) compares favorable with that other other Ti 
photocatalysts. It should be noted that Ti3C2(EtOH + TBAOH) is a single 
component photocatalyst and does not contain noble or semiprecious 
metal nanoparticles, such as Pt, Au or Ag.

Having established the role of the surface terminal groups on the 
photocatalytic activity, one important part of the study was to determine 
MXene stability under the photocatalytic conditions. For the three 
samples, a considerable degree of deactivation upon reuse was observed. 
These data are presented in Fig. S6. In the case of Ti3C2(EtOH + TBAOH) 
the photocatalytic activity decreased from 5 mmol g− 1 in 24 h irradia
tion for the fresh sample to 0.8 mmol g− 1 for the same time in the third 
use.

To understand the origin of this deactivation upon reuse, the three- 
times used Ti3C2(EtOH + TBAOH) dots were characterized by TEM, 
AFM and XPS. AFM images show the occurrence of particle aggregation 
during the photocatalytic process resulting in larger and thicker parti
cles. TEM images show a considerable degree of amorphization of the 
particles that have lost their crystallinity in a large extent. As an 
example, Fig. S7 shows selected images of the used samples showing the 
notable crystallinity loss, while Fig. S8 shows AFM measurements 
reporting agglomeration of MXene dots during the photocatalytic reac
tion and Fig. S9 presents the XPS of the used photocatalysts.

It is known that MXenes have tendency to undergo oxidative 
degradation [27]. Although Ti3C2Tx is among the most stable MXenes 
[28,29], it can undergo oxidation when suspended in water [30]. 

Fig. 6. 1) H2 and 2) O2 production using a) Ti3C2(EtOH + TBAOH), b) Ti3C2(CF3CH2OH), c) Ti3C2(n-C8H17OH), and d) Ti3C2(TBAOH + H2O) as photocatalysts in 
water-splitting reaction. Irradiation conditions Full output of a 150 W Xe lamp through quartz, room temperature under stirring, 1 mg of photocatalyst, 10 ml of 
distilled water; e) Reusability test of H2 production reaction using Ti3C2(CF3CH2OH) as photocatalyst under UV–Visible irradiation using methanol as electron donor 
and comparing with overall water splitting reaction results after 24 h.
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Therefore, it is likely that photoinduced charge separation with the 
generation of holes could produce self-oxidation of Ti3C2Tx, particularly 
when sacrificial electron donors are not present. If this were the case, 
then, photoirradiation in the presence of electron donors could result in 
an increase of the photochemical stability of MXene as consequence of 
the quenching of the photogenerated holes causing self-oxidation. To 
test this hypothesis on the occurrence of MXene degradation due to 
self-oxidation, while at the same time follow the alteration of the surface 
termination, photocatalytic hydrogen generation using Ti3C2(CF3

CH2OH) dots was carried out in the presence of methanol. The results 
are presented in Fig. 6 e). Besides an expected higher increase in H2 
evolution under these conditions going from 1800 to 7800 μmolH2 
gcatalyst
− 1 , the most surprising, unexpected fact was the observation of a 

gradual increase in the amount of evolved H2 upon reuse. Therefore, the 
presence of a sacrificial electron donor not only increases considerably 
the photocatalytic stability of Ti3C2(CF3CH2OH) dots as photocatalyst, 
but also makes the material gradually more active upon reuse. TEM 
analysis of the Ti3C2(CF3CH2OH) after the four times use revealed as 
shown in Fig. S10 that the crystallinity of the MXene has been main
tained under these conditions, without amorphization of the MXene 
dots. This performance and the photocatalytic results in the presence of 
methanol lend support to self-oxidation by photogenerated holes as the 
most reasonable cause of Ti3C2(CF3CH2OH) dots instability in the 
overall water splitting photocatalytic irradiation resulting in the gradual 
conversion into amorphous TiO2.

Regarding the increase in the photocatalytic hydrogen evolution rate 
upon reuse of Ti3C2(CF3CH2OH) dots, two possibilities were considered. 
The first one would the partial self-oxidation of Ti3C2(CF3CH2OH) 
forming an efficient heterojunction between the photogenerated TiO2 
and Ti3C2(CF3CH2OH) dots. However, this type of Ti3C2T2/TiO2 heter
ojunctions have been already reported in the literature, observing only a 
moderate increase in the photocatalytic activity [31,32]. However this 
possibility seems unlikely in the present case due to the fact that the 
crystallinity of Ti3C2(CF3CH2OH) is preserved in the process, without 
observing TiO2 formation as determined by TEM.

An alternative explanation in line with the present results in which 
each Ti3C2 dot sample exhibits different photocatalytic activity 
depending on the surface groups would be the gradual spontaneous 
upgrading of the surface termination composition to result in the 
optimal photocatalytic performance. Evidence in support of this second 
alternative was obtained by XPS analysis comparing the percentage of F 
and O atoms on the surface of fresh Ti3C2(CF3CH2OH) dot that were 13.6 
and 14.2 at.%, respectively, with that of the four times used sample of 
the experiment indicated in Fig. 6e. As shown in Fig. S11, XPS analysis of 
the four times used Ti3C2(CF3CH2OH) dot sample revealed that the F 
atoms present in the fresh Ti3C2(CF3CH2OH) dots (Fig. S3) are 
completely lost in the photocatalytically most active four-times used 
Ti3C2(CF3CH2OH) sample, while the O content increased up to 55.4 at.% 
of the surface atoms. This variation in the analysis of the surface 
termination indicates that surface F atoms are replaced by oxygenated 
groups during operation of the photocatalytic reaction. This proposal 
will agree with the maintenance of MXene dot crystallinity and with the 
loss of F atoms by XPS. Theoretical studies have predicted that semi
conducting properties of MXenes should be strongly dependent on the 
nature of the surface termination and our results would imply that the 
photocatalytic activity of fluorinated Ti3C2(CF3CH2OH) would be lower 
than the oxygenated MXene dot [24].

To provide further support to this claim of variation of the surface 
terminal groups during the photocatalytic experiments, a similar XPS 
analysis of the atomic composition of the surface groups was performed 
for the Ti3C2(EtOH + TBAOH) sample, comparing the fresh and the used 
samples. As shown in Fig. S9, it was determined that the O1s core level 
of Ti3C2(EtOH + TBAOH) contains a component for O in adsorbed H2O 
of 8.2 at.%, while the O atoms attached to Ti3C2 account for 32.8 at.%. 
After its use as photocatalyst, O atomic percentage in the surface 
increased to 38.3 at.%, thus, showing again an increase in O content.

3. Conclusions

It has been shown that liquid phase laser ablation is a suitable 
physical etching technique that, simultaneously with chemical-free Al 
etching of Ti3AlC2 and formation of Ti3C2Tx nanoparticles of small di
mensions and thickness, installs on the surface a variety of alkoxy 
groups. Average particle size and number of stacking layers were found 
to depend on the viscosity of the solvent and they can vary from a few 
nanometers to tens of nanometers, thus, offering a notable control on the 
lateral size by wise selection of the solvent. In the case of tri
fluoroethanol, laser induced HF generation efficiently introduces on the 
surface F atoms, but avoiding the need of using concentrated fluorinated 
reagents. It is reasonable to assume that this technique can also serve to 
introduce other functional groups and will be general for other MXenes. 
Particularly, tetrabutylammonium can be used to introduce nitro
genated groups on the surface.

The resulting Ti3C2Tx nanoparticles exhibit photocatalytic activity 
for overall water splitting, the performance depending on the nature of 
the alkoxy group. It was found that the Ti3C2Tx dots were not stable 
during the operation of the photocatalytic process, undergoing a gradual 
oxidative degradation to an amorphous TiO2 material. Considering that 
MXene dots are stable in the photocatalytic hydrogen generation when 
methanol as sacrificial electron donor is present, the most likely cause of 
photocatalytic instability appears to be self-oxidation by photo
generated holes. The increase in photocatalytic activity for hydrogen 
generation in the presence of methanol upon reuse, accompanied by 
changes in the nature of the surface groups indicates that there should be 
optimum terminations to achieve the highest efficiency and opens the 
door for S-scheme heterojunctions in which MXene would act as 
reduction photocatalyst accompanied by an oxidation photocatalyst. 
Further work is in progress to expand the present chemical-free syn
thetic procedure for the preparation of MXene nanoparticles with other 
surface groups and for other applications.

4. Experimental section

4.1. Liquid-phase laser ablation

10 mg of Ti3AlC2 (Chemazone) were suspended in 4 mL of the cor
responding alcohol and placed in a quartz cuvette capped with a septum. 
The suspensions were deaerated by flushing Ar with a needle for at least 
15 min before starting the ablation. The suspension was magnetically 
stirred with a magnetic bar throughout the process. The suspension was 
irradiated with the second harmonic (532 nm) of a pulsed Nd-YAG laser 
(7 ns pulse width, 10 pulses × s− 1, 35 mJ × pulse− 1) for 3 h. After this 
time, the solids were decanted and the supernatant was collected. The 
solvent was removed under reduced pressure.

4.2. Characterization techniques

Transmission electron microscopy (TEM) micrographs of the MXene 
dots were acquired with a JEOL JEM 2100F electron microscopy oper
ating as accelerating voltage at a potential of 200 kV. The samples were 
well dispersed in methanol using an ultrasound bath and, then, a 
microdrop of this suspension was deposited on a conductive carbon- 
coated holey Ni grid holder. The solvent was allowed evaporating at 
ambient temperature, before introducing the sample in the microscope 
chamber.

AFM images and thickness measurements were carried out in the tap 
mode using a Bruker Multimode 8 Nanoscope instrument with vertical 
and horizontal resolution of 0.3 and 5 nm, respectively. A drop of MXene 
dots in aqueous suspension was deposited onto atomically flat mica 
wafer and water allowed to evaporate at ambient temperature before 
measurements.

Attenuated total reflectance Fourier transformed IR (ATR-FTIR) 
spectra were recorded using a Bruker Tensor 27 spectrophotometer 
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having a diamond ATR accessory measuring from 4000 to 400 cm− 1 

with a resolution of 4 cm− 1 and averaging eight spectra. AFM, UV–Vis 
spectra were recorded in aqueous suspension using a Cary 100 spec
trophotometer. XPS analyses were acquired on a SPECS instrument 
using as detector a Phoibos 1509MCD setup. Excitation source consisted 
on a non-monochromatic X-ray emitter (Al and Mg) operating at 200 W. 
The operation pressure of the systems was 1 × 10− 9 mbar. The signal 
intensity of the peaks was determined from the area of the corre
sponding peaks after background subtraction using the nonlinear Shirley 
function and corrected by the relative response factor of each element 
for XPS. The binding energy of the peaks were calibrated using 284.6 eV 
as the value for the maximum of the C1s peak.

4.3. Photocatalytic experiments

The photocatalyst was dispersed in 20 mL of Milli-Q H2O or a 
mixture of Milli-Q H2O:MeOH (4:1) for the hydrogen evolution experi
ments and the suspension was introduced in a quartz reactor (51 mL). 
The system was purged with Ar and sonicated twice for 20 min to ensure 
a good solid dispersion of the MXene dot. The suspension was irradiated 
under continuous magnetic stirring with a Xe lamp (150 W). The gas 
production was analyzed at different times by analysis of the head space 
mixture using an Agilent490 MicroGC system (5 Å molecular sieves 
column using Ar as carrier gas).
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