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Evidence of molecular hydrogen trapped in two-dimensional layered titanium carbide-based MXene
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Two-dimensional transition metal carbides and nitrides (MXenes) are one of the largest and fastest growing
families of materials. The presence of molecular hydrogen at ambient conditions in a MXene (Ti3C, T, where
T, represents a surface terminating species, including O, OH, and F) material is revealed here by inelastic and
elastic neutron scatterings. The inelastic neutron-scattering spectrum measured at 5 K shows a peak at 14.6 meV,
presenting a clear indication of the presence of parahydrogen in the MXene synthesized using 48% hydrofluoric
acid and annealed at 110 °C in vacuum prior to the measurement. An increase in the measurement temperature
gradually reduces the peak intensity and increases the peak width due to the mobility of the molecular hydrogen
in confinement. The presence of molecular hydrogen is confirmed further from the observed elastic intensity drop
in a fixed energy-window scan of elastic intensity measurements in the temperature range of 10-35 K. Using
milder etching conditions, ion intercalation, or an increase in the annealing temperature all result in the absence
of the trapped hydrogen molecules in MXene. The results of this paper can guide the development of MXene
materials with desired properties and improve our understanding of the behavior of MXenes in applications

ranging from supercapacitors to hydrogen evolution reaction catalysis and hydrogen storage.
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I. INTRODUCTION

Two-dimensional (2D) transition metal carbides and ni-
trides (MXenes) are a large family of 2D materials [1,2].
They have shown a potential to improve the efficiency of
electrochemical energy storage devices when used as electrode
materials [3,4]. Furthermore, MXenes also have shown their
potential for water purification and sensor applications [5].
MXenes are represented by the general formula of M, X, T.
They are produced from parent M, AX, (MAX) phases
by selective etching of the A layers composed of Al us-
ing hydrofluoric (HF) acid [6]. M and X layers, which
are composed of early transition metals, and C and/or N,
respectively, remain unaffected by acid treatment. Structure
studies [7,8] using experiments and multimodal labeling have
shown -O, -F, or -OH as surface groups (7,) in MXene
layers (n = 1-3). Two-dimensional morphology of MXenes,
similar to clays, allows intercalation of different chemical
species (organic, inorganic molecules, and metal ions) [9—-11].
Traditionally, intercalation of clay minerals is performed in
order to modify their properties for desired applications [12].
For example, intercalation of clay with silica results in a
hybrid material having a high surface area and properties
suitable for hydrogen adsorption [13]. Intercalated clays and
clay-supported materials exhibit enhanced performance for
hydrogen storage [14]. Similar to clays, numerous studies
of pristine and intercalated MXenes have shown changes in
the structure and electrochemical behaviors after intercalation
[10,11,15,16]. Furthermore, a theoretical study suggested the
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possibility of using MXenes for hydrogen storage application
[17], and MXenes also have been explored for hydrogen
evolution in hydrogen evolution reaction catalysis [18] and in
electrochemical testing of Ti3C, 7, supercapacitor electrodes
[19], but in this paper, we detect the presence of molecular
hydrogen in MXenes.

Here, using inelastic and elastic neutron-scattering tech-
niques, we report the presence of molecular hydrogen in a
pristine Ti3C,7y, a MXene synthesized using 48% HF to
etch Al from Ti3 AIC,. Inelastic neutron scattering (INS) and
quasielastic neutron scattering have been powerful tools for
studying the structure and dynamics of hydrogen-bearing
species, such as hydrogen [20-22] and water [23-25] in
confinement because of the much larger neutron-scattering
cross section of hydrogen atoms [o,(H) = 82.02 b] compared
to other atoms (e.g., o, is 5.551, 4.232, 4.018, 1.503, and
4.35 b for C, O, F, Al, and Ti, respectively). Furthermore, we
show that changes in the synthesis procedure, intercalation,
or increases in annealing temperature eliminate the molecular
hydrogen trapped in the MXene. Our findings open an avenue
for the possible use of MXenes as hydrogen storage materials.

II. EXPERIMENT

A. Sample preparation
1. Synthesis of MXene using 48% and 10% HF

The powder of the parent MAX phase (TizAlC,, the
synthesis procedure is described elsewhere [1]) of <45-um
particle sizes was immersed in aqueous HF (Macron Fine
Chemicals—Avantor Performance Materials, Center Valley,
PA) solutions with concentration of 48% (as the received
acid) or 10% [diluted using de-ionized (DI) water]. The
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mixture was stirred for 24 h at room temperature (RT). The
chemical reaction of etching TizAIC, in HF involves hy-
drogen evolution: TizAlC, 4+ 3HF = TizC, + AlFs + 3/2 H,.
This hydrogen can be trapped between MXene layers. TizC, T,
powder was obtained after several rounds of washing with
DI water until the pH > 4, followed by vacuum filtration,
air drying at RT, and finally annealing at 110°C in vacuum.
K™ -intercalated MXene was produced by mixing 1 g of 48%
HF etched Ti3C,T, powder with 10 ml of 2M potassium
hydroxide (KOH) aqueous solution. The mixture was stirred
for an hour at RT and centrifuged. The sediment again was
mixed with 2M KOH solution in the same ratio as before
and stirred for 1 h at RT again. Afterward, the mixture was
centrifuged, and the liquid was decanted. The settled powders
were transferred using fresh DI water from the centrifuging
vial to a vacuum-assisted filtration apparatus. The drying
process was similar to what was described above.

2. Synthesis of MXenes using a mixture of 10% HF and LiCl

TizAlC, powder was etched using a mixture of 10% HF
and LiCl as an etchant at RT. The use of such an etchant
produces MXenes with inherent intercalated metal ions that
would allow fine-tuning of the MXenes’ structure to optimize
their properties for their technological applications [26]. The
concentration of LiCl was maintained at a 5:1 molar ratio with
Tiz AlC, and processed as described previously. However, the
product was prewashed with 6M HCI three times right after
etching before drying the sediment in order to remove traces
of precipitated salts and exchange intercalated Li with protons,
i.e., form Tiz;C,T,-H. Then the powders were washed using
DI water until the pH reached the values of more than 4
and dried as described above for the other samples. MXene
samples were vacuum annealed at either 110°C or 150°C as
needed. Samples were loaded inside an argon-filled glovebox
in flat aluminum containers, which were sealed with indium
for neutron-scattering measurements.

B. Neutron scattering

Inelastic neutron-scattering experiments were performed
using the Fine Resolution Fermi Chopper Spectrometer (SE-
QUOIA) [27,28] at the Spallation Neutron Source at Oak
Ridge National Laboratory. Data were collected with incident
neutron energies (E;) of 30 and 50 meV. The obtained time-of-
flight data were transferred to the dynamical structure factor
S(Q,E), where E is the neutron energy transfer and Q is the
momentum transfer, or to the generalized vibrational density
of states (GVDOS) G(E) by using MANTIDPLOT [29] and
DAVE [30] software packages. The background spectra from
the empty container were measured under similar conditions
and subtracted from the sample data.

Elastic neutron-scattering measurements were carried out
at the National Institute of Standards and Technology (NIST)
Center for Neutron Research using a high-flux backscattering
spectrometer (HFBS) [31]. The HFBS covers a dynamic range
of £15.56 ueV with an energy resolution of 0.8 ueV [full
width at half maximum (FWHM)]. The HFBS instrument
was operated at the fixed-window mode by stopping the
Doppler-drive motion of the neutron monochromator. Elastic
intensity as a function of temperature was recorded from 5 to
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FIG. 1. Inelastic neutron-scattering spectrum of MXene synthe-
sized using 48% HF (Ti;C,7,) and annealed at 110 °C measured for
2 h at the SEQUOIA spectrometer with E; = 50 meV immediately
after cooling the sample to 7 = 8 K (blue circles: error bars represent
one standard deviation). For comparison, the INS spectra also
are shown for MXenes synthesized using 48% HF (Ti;C,7,) and
annealed at 150 °C (pink squares), and synthesized using 10% HF
(Ti3C,T,-H) and annealed at 110 °C (green triangles) where the data
were collected after the samples were cooled to 7 = 8 K for 7 and
4 h, respectively.

300 K at a heating rate of 2 K/min. The elastic intensity for
a sample was obtained by summing the intensity over all 16
detectors. The desired temperatures of measurements for both
instruments (5-50 K for SEQUOIA and 5-300 K for HFBS)
were reached using the bottom and top loading closed cycle
helium refrigerators, respectively.

III. RESULTS AND DISCUSSION

A MXene sample (hereafter, Ti;C,7,) was synthesized
using 48% HF and annealed at 110°C in vacuum. Figure 1
shows the INS spectra of MXene samples measured with
E; =50meV immediately after cooling the sample from
room temperature to 7 = 8 K. It is known that water [24] and
hydroxyl groups [7] are the hydrogen-bearing species that
are present in MXene. Translational modes of confined water
could be visible in the INS spectra at low energies where
a peak around 5-10 meV for amorphous ice and bulklike
confined water also was observed [32-35]. The presence of
hydroxyl groups gives separate wagging mode peaks arising
from O-H bond oscillations at higher energies (between 50 and
160 meV) [35]. Therefore, the peaks detected at the energy
of about 6 meV should mostly be related to the translational
vibrations of water confined in all the MXene samples studied
[36]. In addition to these peaks and the elastic peak (around
E = 0meV), there are three more peaks in the INS spectrum of
TizC, T, annealed at 110 °C, which are observed at energies of
—14.2,14.7, and 29.7 meV. For the material in the equilibrium
state, the intensity of the vibrational peaks (of energy E,) in
the INS spectrum is proportional to n(E,,T)and n(E,,T) + 1,
respectively, for neutron energy gain and loss sides of the
spectrum, where n(E,,T) = [exp(E,/kpT) — 117! is the
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population Bose factor. For £, = 14.2meV at T = 8K the
Bose factor is on the order of 1072, so the observation of the
peak at —14.2 meV in the INS spectrum indicates that this peak
corresponds to neutron scattering on nonequilibrium states.

The peaks at 14.7 and 29.7 meV in TizC,T,, which are
absent in Ti3C,T,-H and Ti;C,7T, annealed at 150°C, are
characteristic features due to transitions between the para-
and the orthostates in molecular hydrogen [37]. The energies
of the quantum rotational levels of H, can be given by
E; = BJ(J + 1), where B is the rotational constant of the
molecule (B = 7.35meV for free H,) and J is the rotational
quantum number. The peak at 14.7 meV exactly corresponds
to the para- (J = 0) to ortho- (J = 1) transition in molecular
hydrogen, and the peak at 29.7 meV should be due to the
ortho- (J = 1) to para- (J = 2) transition (it is 29.4 meV for
free Hy). At room temperature, molecular hydrogen contains
75% of ortho- and 25% of parahydrogen. As the temperature
is decreased, the concentration of parahydrogen increases,
and at low temperatures (<10K) the equilibrium state
consists almost entirely of parahydrogen. It also is known
that the ortho- to para-state conversion rate of pure molecular
hydrogen at low temperatures is rather small. At ambient
pressure, the conversion in the solid hydrogen takes weeks
to equilibrate (see, e.g., Ref. [37]). Therefore, we conclude
that the Ti3C,7, sample we used in the first measurement
(immediately after cooling it from room temperature to
8 K) contained a significant amount of orthohydrogen, and
the peaks observed at —14.2 and 29.7 meV correspond to
J=1toJ=0and J =1 to J = 2 transitions, respectively
(from ortho- to parahydrogen). To understand the state of H,
molecules in TizC,7, (whether it is bulklike H, located in
large cavities or pores or somewhat isolated H, molecules
located in small structure openings), we measured the
temperature dependence of the para- to ortho-H, transition
peak (J =0to J =1 at E = 14.7meV) in the INS spectra
collected with E; = 30meV. In the case of bulk hydrogen
[38], the para- to orthopeak disappears at temperatures
above 14 K (hydrogen melting temperature), whereas for
confined molecular hydrogen, the peak can be observed up to
much higher temperatures (~80 K) [20,39]. For equilibration
purposes, the TizC, T, sample was cooled to 70 K, then slowly
cooled to 5 Kover 20 h, and exposed at T = 5 K for 29 h before
the measurements. Then 1-h-long INS measurements were
performed from 5 to 32 K with 3-K temperature increments.
To check if the confined hydrogen was in the equilibrium state,
the sample again was cooled to T = 5 K, and we repeated the
measurements at the same temperatures. Importantly, we did
not observe the peak at —14.2meV in these measurements,
which indicates the complete transformation of orthohydrogen
to a parastate at low temperatures. This can be attributed to
the electronic and nuclear interactions of orthohydrogen with
the Ti;C,T, confinement that results in a transition of the
quantum rotational state [40].

Figure 2 shows the INS spectra of trapped molecular
parahydrogen at different temperatures from 5 to 32 K summed

over the Q range of 0.4-3.4 A_l. The inset displays a (Q,E)
contour plot of the S(Q,FE) spectrum measured at 7 = 5K
where the intense peak centered at ~14.6 meV due to the para-
ortho-transition clearly is seen within the Q range covered by
the spectrometer. It is known that confinement could cause
changes in the peak position [41-43], depending on strength
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FIG. 2. Inelastic neutron-scattering spectra of MXene (synthe-
sized using 48% HF and annealed at 110 °C in vacuum) measured
with E; = 30meV at different temperatures. The inset shows a (Q, E)
contour plot of the S(Q, E) spectrum measured at 7 = 5 K.

of the H; interaction with the confining environment; therefore
the observed very small shift (compared to free H,) indicates
that this interaction is weak and hydrogen has a significant
freedom for rotation [20,42] similar to what was reported
for hydrogen absorbed in single walled carbon nanotubes.
Comparing the INS spectrum of Ti3C, T, MXene synthesized
using 48% HF to the spectrum of the sample with the calibrated
amount of H,, we estimate that the amount of molecular
hydrogen trapped in the MXene is about 0.3 wt % (which is
about 25% of H, molecules per MXene formula unit Ti3C,).
The position of the para- to ortho-H, transition peak
(at 14.6 meV) is not changing with temperature variation
(Fig. 2), however, the intensity of the peak progressively
decreases as temperature increases from 5 to 32 K, and
finally it almost disappears. If the hydrogen exists as large
clusters (the bulklike state), it should melt (at ~14K ) on
increasing the temperature, resulting in a significant increase
in the mean-squared displacement and causing an abrupt
change in the peak intensity [44], which we do not observe
in the experiment. Thus, we can conclude that the hydrogen
in the studied MXene Ti3C,7, occupies small cavities. In
a situation where hydrogen is bound to the substrate, the
drop in intensity on raising the temperature results from a
desorption of adsorbed hydrogen [39]. The hydrogen does
not disappear from the studied MXene at these temperatures
because the sample was annealed at 110 °C in vacuum during
the preparation for the INS measurement. The temperature
behavior of the peak is also different from the one observed for
molecular hydrogen trapped in the interstitial crystallographic
positions in Cg fullerenes [42] where the peak was still visible
on heating while exceeding 80 K. In Ti3C,T,, the absence of
the peak at 7 >~ 32K means that the hydrogen molecules
are more mobile than in Cg fullerenes and the Debye-Waller
factor strongly suppresses the peak’s intensity [39]. Note that,
in our spectra, the ratio of the para-ortho-transition peak to
the background is about 1 to 1 at 7 = 5K (and worse at
higher temperatures) and the underneath part of the spectrum
consists of one-phonon and multiphonon neutron scatterings
on translational modes of caged water, which have different Q
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FIG. 3. Temperature dependence of the integrated intensity and
the FWHM of the INS peak observed at 14.6 meV from molecular
hydrogen trapped in Ti3C, 7. The INS spectra were collected at two
separate heating scans with an ~50-h time difference between the
scans. The dotted lines are the linear fit of the intensity and the width.

dependences, making it impossible to extract accurately the O
dependence of para- to ortho-H; transition peak intensity.
The impact of temperature on the integrated intensity and
the width of the peak at 14.6 meV is presented in Fig. 3. Similar
to other molecular hydrogen confining media, such as carbon
nanohorns [21] and a single walled carbon nanotube [20],
we found a decrease in intensity with a subsequent increase
in peak broadening (obtained from a Gaussian plus sloped
linear background function fit of the peaks) with increasing
temperature. This temperature dependence of the peak width
should be attributed not to melting but to an increase in
mobility (on a time scale of ca. picoseconds, corresponding to
the broadening on ca. the meV-energy scale) of the hydrogen
molecules due to a decreased interaction with temperature
increase, possibly because of a weak van der Waals force
between the trapped hydrogen molecules and the TizC,7
surface. We observed similar linear temperature dependences
of the intensity decrease and the broadening of the peak in two
heating scans, thus confirming that the effect is reproducible.
It is interesting to note that the para-ortho-transition peaks
in the INS spectrum [Fig. 4(a)] are absent for Ti3C,T,-
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FIG. 4. GVDOS spectra of MXenes measured at 7 = 5K. (a) A
comparison of the spectra collected from pristine and K*-intercalated
MXenes, both annealed at 110 °C in vacuum. The intensity of the
spectrum from pristine MXene is decreased by 2.8 times compared
to that from K-intercalated MXene. (b) Spectra collected from pristine
MXenes annealed at two different temperatures (the intensity for the
sample annealed at 150 °C is increased by 2.8 times).
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FIG. 5. Elastic neutron-scattering spectra measured at the HFBS
spectrometer for different MXene samples: (a) MXene synthesized
using 48% of HF, (b) Ti;C,T,-H is a MXene synthesized using 10%
HF + LiCl that contains H* ions between layers. All samples were
annealed at 110°C prior to the measurements. Different dynamic
regions are indicated by [, II, and III.

H synthesized using 10% HF and K-intercalated MXene
TizC,T,-K (48% HF), which suggests that a milder con-
centration of etchant or metal-ion intercalation remove the
trapped molecular hydrogen from Ti3C,T,. Furthermore, the
peaks also were absent in the spectra for TizC, T, (48% HF)
annealed at 150 °C in vacuum [Fig. 4(b)], revealing that the
high temperatures opened the pores confining the molecular
hydrogen.

Intensity of the elastic scattering from two MXene sam-
ples, synthesized using different procedures, as a function
of temperature is presented in Fig. 5. Note that a sudden
decrease in the elastic-scattering intensity indicates a change
in the behavior of hydrogen-bearing species in the samples.
Here, both spectra show a rapid drop (represented as region
D) in the elastic intensity above ~180K. This decrease in
intensity as observed previously in MXenes [24] and other
confining media, such as clay [45], is attributed to the presence
of confined water that shows increased mobility in this
temperature range. It has been reported that all the pristine and
ion-intercalated MXenes retain significant amounts of water
even after annealing at 110 °C in vacuum.

Elastic intensity spectra of MXene synthesized using 10%
HF + LiCl and those intercalated with metal ions (data not
shown) remain almost flat [look similar to Fig. 5(b)] between
5 and 180 K, indicating the absence of any hydrogen-
bearing species that show mobility in this temperature range.
However, the spectrum collected from TizC,7T, shows two
more additional intensity drops (marked as II and III) in the
temperature range of 5-180 K. Note that a drop in elastic
intensity starting at 60 K has been reported for hydrogen
adsorbed in potassium-intercalated graphite KCy4(H;), [46].
Here, INS spectra measured from TizC, 7T, did not show any
peaks originating from para- to orthotransition at temperatures
above 35 K. This means that the mobility of the hydrogen
molecules confined in TizC, T, becomes so high that it moves
beyond the detection limit of the spectrometer. Therefore, we
conclude that the drop in elastic intensity at 80 K (region II)
is not from the mobility of the hydrogen molecules but from
some other hydrogen-bearing species, possibly some form of
ultraconfined water [47]. The spectrum of Ti;C,7, displays
yet another intensity drop at temperatures of ~10-35K as
represented by region III. This is the temperature range at
which INS reveals the existence of molecular hydrogen in
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FIG. 6. Schematic showing the processes that result in MXene
with and without trapped molecular hydrogen.

Ti3;C, T, . Therefore, this transition observed in the elastic scan
is due to the hydrogen molecules’ diffusion. This observation
further evidences the presence of molecular hydrogen in
TizC, T, synthesized using 48% HF solution. It is worth
noting here that the elastic intensity presented in Fig. 5 is
not noticeably affected by a possible para-ortho-transition of
the hydrogen with the temperature change because of the
much smaller measurement time compared to characteristic
para-ortho-conversion time.

Since we did not get any evidence of trapped hydrogen
in other MXene samples synthesized differently (by using less
than 10% HF), it is likely that the use of a strong etchant during
the etching of the MAX phase creates some voids in the MXene
where the hydrogen produced during the etching process
becomes trapped. Note that structure studies of MXenes
have revealed the presence of defects, such as vacancies and
vacancy clusters, in MXene layers [7,48]. The voids that
hold molecular hydrogen in Ti3;C, T, can be attributed to the
defect-induced morphological changes in MXene. The use of
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a milder etchant (10% HF), ion intercalation, or an increase
in annealing temperature yields a less defective structure
deprived of hydrogen as illustrated in the schematic shown
in Fig. 6.

IV. CONCLUSIONS

Using inelastic and elastic neutron scatterings, we presented
the evidence of molecular hydrogen trapped in TizC,7,
MXene synthesized using 48% HF solution and annealed at
110°C in vacuum. A peak at 14.6 meV in the INS spectrum
of the MXene measured at 5 K confirms the presence of
molecular hydrogen. A decrease in the peak intensity and a
corresponding peak broadening with a rise in temperature up
to 35 K, characteristic of the behavior of confined hydrogen
molecules, was observed. The decay of the elastic intensity
between 10 and 35 K illustrates the diffusion of the confined
hydrogen molecules in TizC,7,. We did not find molecular
hydrogen trapped in other samples, indicating that the change
in synthesis procedure, metal-ion intercalation, and/or an in-
crease in annealing temperature removes the trapped hydrogen
molecules from MXene. Even though the 0.3-wt % hydrogen
content determined in the current paper was obtained naturally
in the course of sample synthesis, not intentionally loaded, this
experimental finding is in line with the theoretical study [17]
that has revealed the potential of MXene for hydrogen storage
applications at ambient conditions.
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