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ABSTRACT

Four MXene dots (MDs) (Ti3Cy, Ti2C, V2C and NbyC) have been prepared by laser ablation of the corresponding
MAX phases in aqueous medium and subsequent separation by double centrifugation. These MDs were char-
acterized by atomic force and transmission electron microscopy that show, respectively, thickness between 3 and
7.5 nm corresponding to few-layer nanoparticles and homogeneous lateral dimensions between 2.5 and 5 nm
with high crystallinity. IR spectroscopy indicates that TizCz and TizC contain OH as surface terminal groups,
while XPS indicates the presence of O on the surface for the four samples. MDs present the most intense ab-
sorption band in the UV region with onset below 400 nm. These samples exhibit photocatalytic activity for CO3
hydrogenation to CO and methane, following the order Ti3Cy>NbyC>TiaC>V3C. Isotopic label experiments
confirm CO; as the origin of the photo products. Most of the photoresponse derives from the UV photons, the
photocatalytic activity increasing with the temperature in the range from 200 to 300 °C. These results show the
possibility of tuning the composition, surface terminal groups, and other structural parameters of MXenes to
produce semiconducting materials exhibiting important photocatalytic activity. Considering their versatility,
flexible composition, and tunability, MXenes appear as promising 2D materials with intrinsic photoresponse to

develop highly efficient photocatalysts.

1. Introduction

MXenes are 2D nanomaterials constituted by alternating one-atom
thick layers of an early transition metal of the 3, 4, 5, or 6 groups of
the Periodic Table (denoted as “M”) and a carbide, nitride or carboni-
tride layer (denoted as “X”) and have a general formula of My, 1X;, [1].
The external layers of MXenes are always metallic and these metals can
be bound to a surface group that modulates their electronic properties.
The interaction between the metal and the carbide/nitride layers has
some metallic character that can result in a notable electrical conduc-
tivity depending on the nature of the surface functional groups. The high
electrical conductivity and the large metal content explain why MXenes
have become among the most widely studied electrocatalysts to promote
hydrogen (HER) and oxygen evolution (OER) reactions as well as CO2
reduction (CO2R) [2-4]. MXenes are also attracting increasing interest
as photocatalysts, generally playing the role of co-catalysts replacing Pt
and other noble metals. In most cases, an organic dye as light harvester
or a photoresponsive semiconductor is required, while MXene promotes
product formation [5,6].
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The optical and conductive properties of MXenes can be altered in a
large percentage depending on the nature of the surface groups and by
selecting the appropriate composition [7]. The shift from conductive to
semiconducting behavior will open the possibility of using MXenes as
photocatalysts with intrinsic photo response by themselves, opening a
gap between the occupied valence band and the empty conduction band
[8,9]. The compositional and structural versatility of MXenes will allow
band engineering to align the energy values of the valence and con-
duction band to the values required to promote a given chemical
reaction.

In this context, we recently reported that MXene dots (MDs) pre-
pared by liquid-phase laser ablation of the corresponding MAX phase
exhibit intrinsic photocatalytic hydrogen generation activity in the
absence of any other photoresponsive component [10]. A decrease of the
lateral size of MXenes to a few nanometers results in the operation of
quantum confinement effects reflected in optical absorption and pho-
toluminescence of MDs, these MDs exhibiting photocatalytic activity.
Theoretical DFT calculations for Ti3Ce models indicate that the bandgap
depends on the diameter of the MDs and the nature of the surface
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functional groups [10].

Continuing with this line of research it is of interest to further explore
the photocatalytic activity of these MDs. Specifically, it would be
important to determine whether or not MDs promote photocatalytic CO5
reduction, the efficiency of the process, and the products formed. Herein
it is reported that MDs are active in the photocatalytic CO, reduction
using Hj as electron and proton donor.

2. Results and discussion

Four MDs, namely TizCy, Ti»C, V2C and NbyC were prepared from the
corresponding Al MAX phases by 522 nm laser ablation in aqueous
suspension, as previously reported [10]. The procedure has the advan-
tage of avoiding the use of tedious recipes employing corrosive HF or
fluorinated reagents, while directly rendering small MXene nano-
particles (MDs). The evolution of MDs can be easily followed by moni-
toring the growth of particle number in dynamic laser scattering, by
measuring the optical absorption, and by emission spectroscopy. Opti-
mization of the laser power, laser frequency, and irradiation time can
result in MD generation yields concerning the initial MAX material well
above 50 %. Double centrifugation of the supernatant after laser abla-
tion at increasing speed, allows a control on the particle size of the
resulting MD sample. The process is illustrated in Scheme 1.

After preparation, the four MD samples were characterized by
different techniques, including AFM and transmission optical micro-
scopy. Frontal AFM images of a wide area provide a general indication of
the sample homogeneity, while measurements of the MDs on atomically
flat mica surfaces allowed determination with subnanometric vertical
resolution of the particle thickness. Fig. 1 shows some selected AFM
frontal images and thickness measurements to illustrate sample quality,
while Fig. S1 in supplementary material contains additional images of
the samples. Statistical analysis of a large number of particles indicates
that the thickness of the MDs under study is between 3 and 7.5 nm for
the four MXenes, corresponding to few-layer MDs. Table 1 lists the
corresponding average thickness values for each sample. Since, for
instance, it has been reported that the thickness of a single layer TizC; is
about 1.1 [11] or 1.5 [12] nm, depending on the etching procedure, the
present MD samples under study correspond to 2-3 layers for Ti3Co,
TioC, and NboC. In the case of V,C, the average thickness is significantly
larger, about double that for the other three samples.

The homogeneity of the sample morphology and lateral size can be
assessed by transmission electron microscopy (TEM) at various magni-
fications. Representative TEM images are provided also in Fig. 1, while
additional images are presented in Fig. S2 of supporting information.
Histograms of particle size distribution were used to determine the
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average lateral dimensions of the MDs that range from 2.8 + 0.2-4.3
+ 0.2 nm. Table 1 also contains the data on the average lateral size of
the MD samples under study. Importantly, high resolution TEM images
show that the MDs are highly crystalline (see for instance the insert of
Fig. 1f), and measurements of the lattice distance for the four MD
samples agree with the values reported in the literature.

The nature of the surface terminal groups was determined by
infrared spectroscopy. Note that since MD preparation was performed in
an aqueous medium in the absence of fluoride anions, the presence of
—OH or bridging -O- groups on the surface can be anticipated. The
presence of -OH groups can be determined in IR from the appearance of
a broad vibration band in the 3500-3000 cm™! region (Fig. 2, a). This
characteristic vibration band was recorded for Ti3C, and Ti,C, but it was
much less intense for Nb,C and absent for V,C. Based on the observation
of a vibration band at about 1050 cm ™" (see Fig. 2), it is proposed that
the surface contains predominantly —-O- groups for NbyC and V,C
samples.

Optical absorption spectra of the four MDs were similar, with a
strong absorption band in the deep UV in the region from 200 to 300 nm,
with the onset extending to longer wavelengths up to 400 nm (Fig. 2,b).
Similar optical UV-Vis absorption spectra were also recorded for Ti,C,
Nb,C and V,C (Fig. S3). In comparison, the reported UV-Vis absorption
spectra of these MXenes show a continuous neutral absorption charac-
teristic of reflecting metallic materials. Thus, while the absence of ab-
sorption bands in the UV-Vis region is characteristic of metallic
materials, the appearance of an absorption band in this spectral region is
characteristic of semiconducting materials and it corresponds to the
electronic excitation from the valence and the conduction bands. Since
the composition of the reported MXenes and the present MDs should be
the same, this spectroscopic feature indicating a bandgap opening is
proposed to reflect the operation of quantum confinement effects,
similarly to plasmonic metal nanoparticles. Reported theoretical calcu-
lations support that the band opening as a consequence of the very small
lateral particle size of the MD nanoparticles [10].

Survey XPS analysis of the MDs under study shows the expected el-
ements, including Al in the cases of Ti3Cy and TioC MD, but not for Nb,C
and VoC (Fig S4). However, analysis of the XPS Al2p in Ti-containing
MDs indicates that Al correspond exclusively to AlpO3 appearing at a
binding energy of 76.0 eV that is very different in binding energy to Al
metal in the MAX phase that is 72.8 eV [13]. The presence of O indicates
that this element forms the surface termination of the laser generated
MDs under study. The deconvolution of the high-resolution XPS peaks
for each element is in agreement with the reported data for these
MXenes [14,15]. Fig. 3 and Fig. S.4 in the supporting information pre-
sent the experimental XPS peak for each element and the best

L\ q

Scheme 1. A pictorial illustration of the MDs synthesis starting from the MAX phase. The steps include i) laser ablation of the MAX phase, and ii) double centri-
fugation to isolate the MDs. Four different MDs were prepared as indicated in the drawing.



R. Ramirez-Grau et al. Applied Catalysis B: Environmental 341 (2024) 123316

55nm 5.5nm

1 1
00 1: Height 1.0pum 00 1: Height 1.0pum

Section

Fig. 1. AFM frontal image of Ti3C, MDs in which the larger (a) and smaller (b) particles have been marked with a white line. The vertical profiles along these lines
corresponding to the thickness of the various Ti3C; MD particles marked in images a and b are shown in frames ¢ and d. It can be seen in panel c that most of the
particles are comprised between 4 and 5 nm, while the thickness of particles in frame d are between 3 and 4 nm; e and f) TEM images of TizC; MDs showing their
small lateral size and crystallinity. The inset of panel e) shows the histogram of the particle size distribution for 100 particles having an average dimension of 2.8 nm.
The insert of image f) shows electron diffraction of the MD particle on the right hand side indicating that the particle is crystalline and 2D.
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Table 1
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Particle dimension data determined by AFM (thickness) and TEM (lateral size) and photocatalytic activity for the MD samples under study.

MDs Average particle thickness Average particle lateral size CH4 formation rate (umol. CO formation rate (umol. Selectivity CH4/
composition (nm) (nm) Seatalysth ") Beatalysth ") co’

TisCy 3.5 2.8 140.3 100 84.9/15.1

TipC 3 4.3 97.2 48 88.8/11.2
Nb,C 3.3 3.2 140.4 82 87.2/12.8

VoC 7.5 3.4 144.0 71 89.1/10.9

2 Product selectivity in terms of conduction band electron consumption, i.e., 8 and 2 electrons for CH4 and CO, respectively.
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Fig. 2. a) FT-IR spectra of the samples under study 1) Ti3Cyp; 2)TioC; 3) NbyC; 4) V,C. b) Optical absorption spectrum of TizCo.
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Fig. 3. High resolution XPS Cls, Ti2p, and O1s peaks of TizC, MD, showing the best fitting to individual components and their corresponding binding energy values.

deconvolution to individual components, depending on the oxidation
state and the bonding. Deconvolution of C1s peak for TizCy MD (Fig. 3)
can be fit to the contribution of three components corresponding to the
major one to C bonded to the metal in MXene at about 282.6 eV,
accompanied by two other contributions at 284.5 and 286.1 eV, that can
be ascribed to C atoms sp2 and bonded to O, respectively. Similarly, the
best fitting of the experimental high-resolution XPS O1s peak also shows
three components at 527.5, 529.1, and 530.2 eV that can be assigned to
O atoms connected to M atoms in three different oxidation states or
chemical environments, corresponding the most intense peak to Ti
bonded with OH groups. This is in agreement with the IR spectrum. In
the case of TizCy, the Ti spectrum has two peaks of Ti2p1/2 and Ti2p3/3
due to spin-orbit coupling that can be deconvoluted in three main peaks
with binding energy values of 455.3, 456.1, and 457.2 eV, the major one
at 456.1 eV corresponding to Ti carbide.

Fig. S.5 shows the XPS analyses for Ti;C and Nb,C. Also in these
cases, the XPS analyses were in agreement with the literature [14]. The
high-resolution XPS Cls showed for both MDs three components cor-
responding to M-C, Csp2 and a minor contribution of C-O at binding
energy values of 282.8, 284.5 and 286.5 eV, respectively. XPS Ols also
showed three components for the two Ti;C and Nb,C dots with values of
529.0 (TiOH), 530.2 (TiO2) and 531.3 eV (C-TiO) and 530.0 (Nb-O),
531.7 (Nb-O) and 532.4 eV (C-Nb-0), respectively. In the case of TisC
the high-resolution XPS Ti2p signal exhibits a doublet due to spin orbit
Ti2p3/2 and Ti2pl/2 coupling that can be deconvoluted with three

components at 457.3 (Ti®"), 459.0 (TiOy) and 460.5 eV (Ti"). In
contrast, Nb,C exhibits in XPS the Nb3p as a characteristic doublet due
to spin-orbit coupling of a single component corresponding to C-Nb-O.

2.1. Photocatalytic activity

The activity of the four MD samples was evaluated for photocatalytic
CO5 hydrogenation under UV-Vis irradiation at 200 °C at 1.4 bar pres-
sure, using a Hy/CO ratio of 4/1. Controls in the absence of CO but in
the presence of MDs, under irradiation in the absence of MDs, or in the
dark showed no product formation, indicating that all three compo-
nents, CO2, MDs and light are necessary in the process. These blank
control experiments indicates that no products are formed in the dark,
either in the presence or absence of MDs. For the four samples, the
evolution of CO and methane as the only products was observed in
different proportions. Fig. 4 shows the temporal product evolution upon
irradiation of each MD, while Table 1 indicates the CO and methane
production rates determined from these plots and their relative selec-
tivity values considering the required electrons, 2 in the case of CO and 8
in the case of CHy4. As it can be seen in Table 1, formation of CH4 has a
selectivity above 80 % in all cases.

Isotopic labeling experiments using '>CO, as a reagent confirmed the
origin of products by observing the formation of 13CO and *CH,4 by mass
spectrometry. Fig. S.6 in supporting information presents the corre-
sponding mass spectra of the 13C labeled products.
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Fig. 4. Temporal profile of CH, evolution upon irradiation with UV-Vis (a) or visible (A > 420 nm) (b) using as photocatalyst 1) TizCy; 2) Nb,C; 3) V,C; 4) Ti,C.
Irradiation conditions: gas phase, 51 mL photoreactor, 200 °C, 300 W Xe lamp, 1 mg photocatalyst, Ho/CO, ratio 4/1, Pressure 1.4 bar.

Photocatalytic activity depended on the nature of the MD, following
the order Ti3Ce>NbyC>VoC>TisC. This order is similar to that previ-
ously observed for the photocatalytic hydrogen generation in water
containing sacrificial electron donors [10]. To establish the thermody-
namic feasibility of the process, we initially determine experimentally
the redox potential of the valence band maximum and conduction band
of minimum of the MDs to know how they are aligned with the CO5/CH4
reduction potential. The valence band for each material was calculated
by extrapolating the linear fitting of the first electron emission peak
appearing in the XPS spectrum to zero intensity corrected by the work
function of the instrument. Starting with this value, the conduction band
was estimated by adding the value of the bandgap previously calculated
from the Tauc plot (Fig. S.7). Fig. 5 presents a diagram of the calculated
valence and conduction band energy values of the MDs where it is
observed that the potentials of the corresponding MDs are well aligned
to promote CO5 reduction.

It was noted, however, that the reduction potential of the conduction
band minimum does not determine the photocatalytic activity order,
indicating that once the thermodynamic requirement is met, the reac-
tion rate and the kinetics of the product evolution depend on the
composition and the surface terminations of the MDs.

To support our proposal and the operation of a photocatalytic
mechanism with the generation of photoinduced conduction band
electrons and valence band holes, quenching experiments were under-
taken. Thus, the presence of nitrobenzene (b.p. 210 °C) as an electron
quencher in the CO2/Hy mixture stops completely the formation of CHy
or CO (Fig. 6a(1)). This, can be interpreted considering that even though
nitrobenzene is mostly an inert compound, it competes favorably with
CO;, for conduction band electrons, impeding the appearance of CO,
photoproducts.

In another different experiment, photocatalytic CO, reduction by
TigCy was performed in the liquid phase using acetonitrile/H,O as

a) b) c) d)

=50 1,5
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>40] uohy OB o, MGA 053
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Fig. 5. Band energy diagram for a) Ti3C,; b) Ti»C; ¢) NboC; d) VoC MDs. The
standard reduction potentials of H*/H, and CO,/CH,4 have also been indicated
as references.

solvent and triethanolamine as electron donor at ambient temperature.
These conditions are typical in photocatalytic CO2 reduction implying
photoinduced charge separation. Evolution of CO was again observed,
even though no Hy was present. A blank control in the absence of Ti3Cy
did not show evidence of CO. These results can be explained by
assuming that in these experiments triethanolamine is acting as an
electron and proton donor, quenching photogenerated valence band
holes and making possible CO5 reduction by providing electrons and
protons.

Photocatalyst stability for Ti3C, was evaluated by performing a series
of consecutive runs using the same sample and following the temporal
evolution. The system was evacuated after each run, but the Ti3gCy; MD
sample was not submitted to any pretreatment between the runs. A
gradual decrease in the photocatalytic activity upon reuse was observed
as indicated in Fig. 7a. To understand the origin of the observed activity
decrease, the photocatalyst was characterized after the reaction by high
resolution TEM. Fig. 7 presents representative images of the three times
used Ti3Cy sample. As can be seen, comparing Fig. 7c¢ (amorphous) and
7d (crystalline), it is observed the presence of amorphous regions in the
used Ti3Cy MD sample that were not previously detected in the fresh
sample. Thus, it is proposed that amorphization of the MDs, due to the
stress of the photocatalytic reaction is the main reason for deactivation.

Photocatalytic CO, reduction has to be performed at a certain tem-
perature to promote the process. Since frequently, the photocatalyst can
catalyze the thermal CO, hydrogenation, it is necessary to perform the
necessary controls in the dark to determine the contribution of the light
assistance to the purely thermal reaction. As commented earlier, a
control at 200 °C in the dark showed that no products were formed. In
the present case, the influence of the reaction temperature on the pho-
tocatalytic product evolution was studied in the range from 200 to
300 °C, whereby a notable increase in CH4 production rate was observed
from 140 to 891 pmol grizce h™! (Fig. 6a). It is important to remark that
control experiments at the same temperatures in the dark do not allow
detecting of the formation of any product, thus, reinforcing that it is a
photocatalytic reaction with no contribution of thermal catalysis in the
range of temperatures indicated in Fig. 6. Therefore, in the photo-
catalytic reaction, the action of light makes possible to carry out CO5
hydrogenation at temperatures much lower than those that are generally
required for the pure thermal catalysis that are in the range of 500 °C
and above. However, it is clear from Fig. 6 that external heat is still
required when irradiation is carried out at 1 sun power. At 200 °C and
using monochromatic light of 280 and 450 nm wavelength apparent
quantum yields of CH4 formation were 0.3 % and 0.043 %, respectively,
while the estimated yields at 300 °C at these two wavelengths are 1.7 %
and 0.23 %.

To put the photocatalytic activity of TisCy dots into a broader
context, a comparison with literature data was made. Table S1 in the
supporting information summarizes photocataytic activity data for COq
reduction using other photocatalysts. It should be noted that comparison
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Fig. 6. a) Temporal profile of CH4 evolution upon irradiation with UV-Vis using as photocatalyst Ti3C, at different temperatures (4) 300 °C; (3) 250 °C; (2) 200 °C
and (1) 200 °C upon addition of some nitrobenzene. Irradiation conditions: gas phase, 51 mL photoreactor, 300 W Xe lamp, 1 mg photocatalyst. b) Comparative of
CH4 production (umol/gcacatys) in 1) liquid phase using acetonitrile/H,0 as solvent and triethanolamine as electron donor or in 2) gas phase at 200 °C H,/CO, ratio

4/1 as plot a).
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Fig. 7. a) CH, production rate upon consecutive use of the same Ti3C, sample, showing the gradual decay in activity. Reaction condition: UV-Vis light from a 300 W
Xe lamp, temperature 200 °C, photocatalyst 1 mg, time 21 h. b, ¢, and d) TEM images of the three-times used Ti3C, sample showing the presence of amorphous (c)

and crystalline particles in the used sample.

with reported data is always problematic due to the various conditions
employed in the photocatalytic reaction, particularly the light spectrum
and intensity. In the present case, irradiation was carried out in the gas
phase with simulated sunlight at 1 sun power and heating at 300 °C. The
literature has reported higher temperatures or higher light intensity. In
any case, as it can be seen in Table S1, Ti3Cy dot compares favorably
with most of the photocatalysts based on TiO, (entries 6-10), but the
activity is lower than that of other photocatalysts used at higher tem-
peratures (entry 1) or much higher light intensity (entry 3).

The photoresponse of MD photocatalysts was studied by using a UV
cut-off filter for wavelengths shorter than 420 nm. A considerable

decrease in the photocatalytic activity for the four MD samples was
observed for Vis light irradiation in comparison to UV-Vis light. The
results are presented in Fig. 4b. Comparison of the product evolution
rate with the light of the two spectral ranges indicates that about 85 % of
the photocatalytic activity derives from UV photons. This decrease in
photocatalytic activity in the visible region can be easily interpreted
considering that according to the UV-Vis spectra of MDs, photon ab-
sorption should occur preferentially in the UV region. The low photon
absorption in the visible region of MDs explains the lower activity under
visible light irradiation in comparison to the UV light. Interestingly, a
change in product selectivity, particularly the absence of CO formation
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was observed. These facts suggest that by the reduction potential of the
respective redox pairs, CO formation should require sites of higher en-
ergy than those involved in the CH,4 formation, and activation of those
sites of higher reduction potential would preferentially occur by higher
energy photons.

Besides quenching experiments by nitrobenzene in the gas phase or
triethanolamine in the liquid phase, further evidence in support of the
occurrence of photoinduced charge separation can be achieved by metal
photodeposition experiments. The formation of metal nanoparticles on
the Ti3Cy photocatalyst can be proved by TEM analysis. Photodeposition
of Pt by photogenerated conduction band electrons was performed in a
deaerated aqueous medium containing methanol as a sacrificial electron
donor using KPtClg as soluble Pt salt. After 5 min irradiation with UV-Vis
light, the resulting Ti3Cy MD sample was removed from the suspension,

Applied Catalysis B: Environmental 341 (2024) 123316

washed, and analyzed by TEM, whereby the presence of Pt nanoparticles
on Ti3Cy was detected and confirmed by EDS analyses. The photo-
generation of holes and their ability to promote oxidation reactions was
confirmed by carrying out the photodeposition of RuO; from RuCls as a
soluble precursor in water and in the presence of ambient oxygen as an
electron scavenger. After 5 min irradiation with the full output of the Xe
lamp, the presence of RuO; on the Ti3C; MD sample was observed by
TEM and confirmed by EDS. Fig. 8 shows selected images of the TizCs
MD samples after the photodeposition experiments.

With the confirmation of the photoinduced charge separation with
the generation of electrons and holes obtained by metal and metal oxide
photodeposition, a plausible mechanism for photocatalytic CO, hydro-
genation can be proposed (Scheme 2). According to this mechanism,
MDs will absorb light according to their UV-Vis absorption spectrum and

SOnm

SOnm f S0nm

Fig. 8. a, b, and ¢) TEM images of Ti3C, after deposition of Pt. The EDS elemental mapping showing the presence of Ti, Pt, C, and O on irradiated Ti3C, sample is
presented in panels d, e, f, and g, respectively. Reaction conditions: Xe lamp, No-purged 10~> M K,PtClg solution in H,O/EtOH in a proportion 80/20, TizC, 1 mg,
5 min irradiation at room temperature. h, i, and j) TEM images of Ti3C, after deposition of RuO,. EDS elemental mapping of Ti, Ru, C, and O for the sample after RuO,
photodeposition is shown in frames k, I, m, and n, respectively. Reaction conditions: Xe lamp, aerated 10~> M RuCl; solution in H,O (pH 5), TizC; 1 mg, 5 min

irradiation at room temperature.
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Scheme 2. Mechanistic proposal for the photocatalytic activity of MD based on
the opening of a gap between the valence and the conduction band due to the
small size and light absorption (i), photoinduced charge separation (ii),
migration of charge carriers (iii) and CO, reduction by electrons coupled with
protons (iv) and hole oxidation of H, or triethanolamine (v).

would undergo photoinduced charge separation with the generation of
electrons and holes. Holes will oxidize Ha to form H'. Photogenerated
electrons in the conduction band and the corresponding H* will reduce
CO3 to CHy4 or CO depending on the reaction conditions.

3. Conclusions

The present study has shown that MDs of few-layer thickness and
small lateral size in the range of a few nanometers on their own, in the
absence of a light harvester, behave as semiconductor and can promote
photocatalytic CO2 hydrogenation at moderate temperatures. This
semiconducting properties contrast with the metallic character (no gap
between the valence and the conduction band) of larger MXene sheets.
The product formation rate increases with the temperature and a com-
parison with dark experiments shows that the process requires light to
occur. The performance of MDs depends on their composition, Ti3Cy
being the most active MD. Most of the photoresponse derives from the
UV region that corresponds to the most intense absorption band of the
MDs. Ti3Cp undergoes a gradual deactivation, presumably due to loss of
crystallinity during the photochemical reaction, as evidenced by TEM.
The interest of the present study is to show that, MXenes by themselves,
can exhibit an intrinsic photocatalytic activity that can be modulated
depending on the composition. Since MXenes allow a wide range of
compositions, including bimetallic solid solutions and a wide range of
surface functional groups, there is still much room for improvement in
the intrinsic photocatalytic efficiency by adjusting these parameters and
also achieving photocatalytic stability.

4. Experimental section
4.1. Material preparation

3 mg of MAX phase (Chemizone) were suspended in 3 mL of MilliQ
water in a Suprasil quartz cuvette (10 x10 mm, 3 mL vol). The sus-
pension was submitted to ultrasounds to obtain a homogenous disper-
sion, capped with a rubber septum, and purged for 15 min with argon to
remove oxygen from the medium. Then, the system was irradiated for
3 h using the second harmonic of a Q-switched Nd:YAG laser (Quantel
Brilliant, 532 nm, 5 mJ/pulse, 5 ns fwhm) operating at 1 Hz. Finally, the
resultant material was centrifuged at 4000 rpm for 4 h and, then, at 13
000 rpm for 1 h more to isolate from the bulk MAX and other phases that
sediment in the process the small MXene dots (MD) that remains in the
supernatant.
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4.2. Photocatalytic reactions

4.2.1. Photocatalytic activity using H2 and CO2

The photocatalyst was placed in a quartz reactor (51 mL total vol-
ume) equipped with a flexible electrical heating ribbon and thermo-
couple connected to a controller that sets and keeps constant the
reaction temperature at the photocatalyst bed. Then, the system was
purged with Hy for 20 min and CO5 was introduced to obtain a Hy:CO»
ratio of 4:1 at a total pressure of 1.4 bar. The system was heated at 200,
250 or 300 °C Tin the dark until the temperature was stable. This was
time zero of the experiments and analysis at this point does not reveal
the formation of any product. Then the photocatalyst was irradiated
using a Xe lamp (150 W, Hamamatsu ref. L8253; Hamamatsu spot light
source L9566-04 and light guide A10014-50-0110, 1000 W m~2)) or
with a commercially available solar simulator through a AM 1.5 G filter
(Lasing ref. 81094) at one sun power. The evolution of the reaction was
followed by analyzing periodically reaction aliquots in an Agilent 490
MicroGC equipped with a thermal conductivity detector and two
channels, one with a MolSieve 5 A column to analyze Hy, O3, N3, and
CO, while the other had a Pore Plot Q column to analyze the CO2, CHy,
and short-chain hydrocarbons. Quantification was performed using
calibration plots employing commercially available gas mixtures.

4.2.2. Photocatalytic activity using CH3CN, H20, TEOA and CO2

Alternatively to the previous gas-phase photocatalytic CO, hydro-
genation, photocatalytic CO, reduction was also tested suspending the
photocatalysis in a CH3CN/H20 mixture. In suspension, the photo-
catalytic activity for CH4 and Hy generation was evaluated in the pres-
ence of acetonitrile (12 mL), water (4 mL), triethanolamine (4 mL) and
the corresponding amount of catalyst. The suspension was placed in a
quartz reactor (51 mL) and the system was purged for 20 min under
COs. The suspension was stirred at room temperature at 60 rpm and
irradiated using a Xe lamp (150 W, Hamamatsu ref. L8253; Hamamatsu
spot light source L9566-04 and light guide A10014-50-0110). The
evolution of the reaction was followed by analyzing periodically reac-
tion aliquots in an Agilent 490 MicroGC that is able to detect Hy, Oz, No,
CO, CO,, CH4 among other gases.

4.3. Material characterization

The composition, oxidation state, and valance band energy of the
four different MXene dots were determined by X-ray photoelectron
spectra (XPS). The spectra were obtained under ultrahigh vacuum
conditions with a SPECS spectrometer using a monochromatic Al (K, =
1486.6 eV) X-ray source.

Before recording the Fourier transform infrared (FTIR) spectra of
MXene dots, the sample was dried in an oven at 60 °C overnight. FTIR
spectra were acquired monitoring the surface by reflectance was carried
out with Bruker Tensor 27 equipment.

HRTEM images to obtain information about the morphology and size
of the MXene dots were taken under an accelerating voltage of 200 kV.
All the samples were prepared by drying a drop of MXene QDs suspen-
sion in a carbon-coated copper grid as a sample holder for the
microscope.

The thickness of MXene dots was determined by AFM analysis with a
Multimode Nanoscope 3 A instrument.

UV spectra from each material were obtained with a Cary 5000
spectrophotometer from Varian using the diffuse reflectance mode. A
compressed powder was placed at the focus of an integrating sphere.
Optical bandgap was determined by the Tauc plot of the diffuse reflec-
tance optical spectrum considering the material as a direct semi-
conductor (n ='). Valence band energy was determined by XPS
measuring the onset energy of electrons and correcting the value for the
work function of the instrument.
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