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Abstract
MXenes are a large family of two‑dimensional nanomaterials with diverse properties and potentials for electronic, photonic, energy storage, and other 
applications. Due to their hydrophilicity, MXenes capture water from the surrounding environment, which may lead to swelling and degradation of 
the assembled multi‑layer films. Here we demonstrate that intercalation of N‑methylformamide (NMF) leads to MXene films with improved stability 
at high temperatures and high humidity through host–guest hydrogen bonding. Due to strong interaction with MXene surface and occupation of the 
interlayer spacing, NMF mitigates intercalation of water and allows for better retention of electrical conductivity during prolonged use in hot and 
humid environments.

With growing use of two-dimensional (2D) nanomaterials, con-
siderable attention is being paid to their environmental stabil-
ity and protection, because nanoparticulate materials are more 
reactive compared to their bulk counterparts and also adsorb 
molecules from the environment due to their high specific 
surface area. Among those important novel nanomaterials are 
transition metal carbides, nitrides, and carbonitrides known as 
MXenes, which have many unique properties, such as high 
electrical conductivity, but may degrade in environment over 
time.[1] MXenes are represented by the formula  Mn+1XnTx, 
where n is 1–4, M is an early transition metal, X is C and/or 
N, and T represents surface terminations. MXenes are typi-
cally synthesized by selective etching of the A element from 
layered MAX phase precursors,  Mn+1AXn, where A is a group 
13 or 14 element. After etching in aqueous acidic solution, the 
exposed transition metal carbide layers are capped with surface 
terminations (–F, –O, –OH, etc.) from the etching environment. 
Pristine MXenes and their composites with high electrical con-
ductivities (exceeding 20,000 S  cm−1) and high surface areas 
have been extensively studied for various applications, includ-
ing energy storage, catalysis, and molecular separation.[2]

The surface terminations render MXenes hydrophilic, 
which allows them to be easily processed from aqueous sus-
pensions into coatings, fibers, or 3D structures. However, it 
also poses challenges because of the strong interaction between 
water and MXenes. In particular, the presence of water near 
defects, such as metal vacancies, leads to MXene degrada-
tion.[3,4] Water attacks MXene nanosheets in aqueous suspen-
sions through hydrolysis reactions, forming transition metal 
oxides, amorphous carbon, and/or methane gas.[5] Similarly, 
multilayer MXene assemblies are prone to degradation when 

they contain water intercalated or adsorbed on their surfaces. 
MXenes swell similar to aluminosilicate or smectite clay min-
erals, where multiple layers of water can be incorporated in 
the interlayer space.[6,7] The presence of water also affects the 
physicochemical properties, such as the electrical conductiv-
ity, which decreases as the lattice expansion leads to decreased 
interflake contact and diminished electron transport in the out-
of-plane direction.[8–10] Therefore, controlling the interaction 
between MXene and water is important for applications using 
unprotected MXene-based materials and devices, especially 
in humid conditions. Significant efforts have been devoted to 
mitigating swelling through intercalation of multivalent metal 
ions,[11] encapsulation,[12,13] densification using polymer-
based films,[14] thermal crosslinking of layers,[15] and chemical 
crosslinking with linker molecules.[16]

Because of the oxide/hydroxide-like surfaces of MXenes, 
hydrogen bonding plays a vital role in the interaction of 
MXenes with other materials, such as polymers,[17] cellu-
lose,[18] and hydrogels.[19] Hydrogen bonding of MXene lay-
ers to oxygen-rich macromolecules is a promising approach 
to prevent swelling and oxidation.[16] However, the bulky 
macromolecules used previously may significantly separate 
MXene layers and reduce the electrical conductivity of the 
fabricated MXene films. We previously showed that intercala-
tion of hydrazine  (N2H4) greatly decreased the amount of water 
between  Ti3C2Tx MXene layers and had a pillaring effect due 
to hydrogen bonding.[20] Other molecules, such as formamide 
 (CH3NO) and its derivatives, are also known for their ability 
to form hydrogen bonding networks.[21] For example, interca-
lation of clay materials, such as kaolinite, with N-methylfor-
mamide (NMF,  CH3NHCHO) led to a decrease in the specific 
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surface area despite the increase in interlayer spacing, likely 
because the NMF molecules bridge the adjacent layers through 
hydrogen bonding.[22] Here, we demonstrate the role of NMF 
as a small intercalant and solvent, its hydrogen-bond interac-
tions with MXene surfaces, and its effectiveness in preventing 
swelling and degradation of  Ti3C2Tx MXene films [Fig. 1(a)].

Ti3C2Tx MXene was prepared by selective etching of Al 
layers from  Ti3AlC2 MAX precursor using a mixture of HF 
and HCl, followed by delamination of the multilayer MXene 
particles into single-layer MXene nanosheets through  Li+ inter-
calation, see Supplementary Information for detail. The pristine 
MXene suspension was freeze-dried and redispersed well in 
either water (MXene-water) or NMF (MXene-NMF), as shown 
in the inset of Fig. S1 for MXene-NMF.  Ti3C2Tx MXene is 
more chemically stable in NMF, which is a highly polar sol-
vent, than in water, as shown by concentration measurements 
using UV–Vis absorption spectroscopy (Fig. S1).[23] Therefore, 
NMF is advantageous as a solvent for long-term storage of 
MXene dispersions.

The MXene-NMF dispersions can be readily used for liq-
uid-phase processing such as spray-coating on glass substrates 
[Fig. 1(b)]. Structural analysis of the films using X-ray dif-
fraction (XRD) measurements combined with thermogravi-
metric and mass spectrometric (TG-MS) analyses of the films 
scraped from the substrate, confirmed the presence of NMF 
between MXene layers. The TG curve for MXene-NMF shows 
three characteristic transformations with a weight loss of ~ 0.5 
wt% at 100°C, ~ 2 wt% at 200°C, and ~ 1 wt% at ~ 330°C. The 

weight losses correspond well to the MS curves for the signals 
with m/z = 18 (water), m/z = 59 (NMF,  C2H5NO) and m/z = 30 
 (CH4N+), respectively [Fig. 1(c)]. The latter fragment results 
from thermal decomposition of NMF during the TG-MS meas-
urement. In comparison, the TG-MS analysis for MXene-water 
confirms that only water evolves from the sample in this tem-
perature range (Fig. S3).

XRD measurements of MXene-NMF films were performed 
under ambient conditions to estimate the ordering and align-
ment of the MXene nanosheets [Fig. 1(d)]. All observed peaks 
can be assigned to the out-of-plane 00l reflections (l = 2, 4, 
6…), confirming the uniform layer-by-layer stacking of MXene 
nanosheets parallel to the surface of the substrate. The observed 
c-lattice parameter was larger for MXene-NMF, 26.69(8) Å, 
than for MXene-water, 25 Å [Fig. 1(d) inset]. Therefore, a mon-
olayer of intercalated water  molecules[24] in the pristine sample 
was substituted by larger NMF molecules in the MXene-NMF. 
Similarly, clay minerals also showed expansion in the c-lattice 
parameter after intercalation of NMF.[22,25,26] Scanning elec-
tron microscopy (SEM) analysis confirmed that both pristine 
and functionalized MXene films showed similar ordered film 
structures (Figure S4). The electrical conductivity of the func-
tionalized MXene film (4630 ± 380 S  cm−1) was comparable to 
that of the pristine film (5447 ± 670 S  cm−1), which were calcu-
lated based on measurements of the film thickness with a stylus 
profilometer (Figure S2). The conductivity values are lower 
than recently reported for MXene  films[27] probably due to the 
nature of the non-stoichiometric MAX phase and freeze-dried 

Figure 1.  (a) Schematic representation of the host–guest interactions through hydrogen bonding between  Ti3C2Tx MXene and N-methylfor-
mamide (NMF) to improve the environmental stability of MXene films. (b) A photograph of the NMF intercalated MXene film (MXene-NMF) 
on a glass substrate. (c) Thermogravimetric (TG) curve and mass spectroscopy (MS) analysis of the evolved gases from MXene-NMF. (d) 
XRD pattern of MXene-NMF film at room temperature showing observed data (blue), fitting curve (red), and Bragg peaks (black +). The 
inset shows magnified XRD patterns of the 002 peaks for MXene-NMF (blue) and MXene-water (black) with the corresponding c-lattice 
parameter. The dashed line is a guide for the eye.
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clay that were used in this study. The ~ 15% drop in electrical 
conductivity for the MXene-NMF film compared to MXene-
water is attributed to the slight increase in interlayer spacing of 
the functionalized MXene films. In comparison, the previously 
used hydrogen-bonded macromolecules led to a 50% or higher 
decrease in electrical conductivity.[16]

Since MXene films are known to remain intact and show no 
morphological and minimal property changes at room tempera-
ture in laboratory air over multiple years, the prepared films 
were subjected to accelerated aging tests under high tempera-
ture and high humidity conditions (60°C, 85% relative humid-
ity) for 2 weeks (Fig. 2), which are commonly used in semi-
conductor industry for the accelerated aging test.[28] The sheet 
resistance of the MXene-water film increased by 70% after 
one day, then stabilized at ~ 250% of the original value after 7 
days. In comparison, the sheet resistance of the MXene-NMF 
film showed no significant increase after one day and a slight 
increase of ~ 44% after 7 days.

To better understand the improved environmental stability 
(conductivity retention) of MXene-NMF films, we studied their 
structural evolution during the accelerated aging tests. Fig-
ure 3(a) shows the evolution of the out-of-plane 00l reflections 
(l = 2, 4). The interlayer spacing of the MXene-NMF decreases 
over time [Fig. 3(a) and S5]. After 7 days, the shift in the 002 
reflection for MXene-NMF from 6.645° to 6.817° can be attrib-
uted to partial replacement of the NMF molecules with water 
[Fig. 3(a)]. The interlayer spacing of the MXene-water sample 
was initially smaller, but, unlike MXene-NMF, it increased 
over time [Fig. 3(b)]. Humidity-induced lattice contraction in 
MXene-NMF was quantitatively confirmed by the change in 
the d-spacing of (002) plane (d002) from 13.294 Å to 13.218 Å 
and 12.959 Å, after 1 and 7 days, respectively (Fig. S5). The 
presence of a mixture of intercalants (water and NMF) leads 

to structural inhomogeneity and broadening of the diffraction 
peaks during the accelerated aging test. The full width at half-
maximum (FWHM) of the 002 peak increased from 0.321° 
initially to 0.454° after 7 days and saturated at 0.458° after 
14 days. This indicates that water diffusion in the adjacent lay-
ers reached equilibrium (Fig. S5). Higher order 00l reflections 
(l > 8) in the XRD patterns show that the intercalants are not 
mixed together, but exist as distinct regions within the same 
film similar to interstratified MXene crystals with one or two 
layers of intercalated water [Fig. 3(c)]. For instance, the 0010 
peak is composed of two peaks at ca. 33.5° and 35.5°, cor-
responding to the NMF and water-rich regions, respectively. 
The contribution from the NMF-rich phase decreases from 62 
to 45% after 7 days, and to 41% after 14 days. These observa-
tions suggest that exposure to moisture leads to partial substi-
tution of intercalated NMF with water. However, the residual 
intercalated NMF molecules are still sufficient to enhance the 
environmental stability of the MXene films.

In addition to swelling, degradation of  Ti3C2Tx MXenes due 
to oxidation and hydrolysis can contribute to decreased conduc-
tivity through MXene decomposition, increased surface metal 
oxidation state, and growth of  TiO2 nanocrystals.[29] To probe 
the surface oxidation, X-ray photoelectron spectroscopy (XPS) 
measurements were collected for the outermost and inner sur-
faces of MXene-water (Fig. S8, Table S1) and MXene-NMF 
(Fig. S9, Table S2) films after 7 days of accelerated aging 
tests. The outer surfaces of MXene-water and MXene-NMF 

Figure 2.  (a) Changes in the relative sheet resistance (R/R0 where 
R0 indicates the initial sheet resistance) of MXene-water (black) 
and MXene-NMF (red) films stored at 60°C and 85% RH. The 
initial conductivity values are also shown. Error bars denote the 
standard deviation.

Figure 3.  XRD patterns of (a) MXene-NMF and (b) MXene-water 
films before (0 days), and after 1, 7, and 14 days of storage at 
60°C and 85% RH. (c) XRD patterns of the 0010 reflection for 
MXene-NMF (black) and results of peak fitting (red) after 1, 7, and 
14 days. The magenta and blue component denote NMF-rich and 
water-rich crystalline phase, respectively. The peak area ratio is 
shown in each panel.
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films were highly oxidized. Peak fitting of XPS spectra shows 
that the Ti 2p3/2 component centered at 458.9 eV (attributed 
to  Ti4+ and indicative of  TiO2) contributed to more than 24% 
for MXene-water and 33% for MXene-NMF, with respect to 
the total Ti 2p core-level spectra. In contrast, the inner surface 
of the MXene-NMF film was less oxidized than that of the 
MXene-water film, where the oxide components contributed 
to 2.3% (Fig. S9 and Table S2) and 6% (Fig. S8 and Table S1), 
to the total Ti 2p core-level spectra, respectively.

The improved stability of MXene-NMF can be attributed to 
two mechanisms. (i) NMF molecules, by occupying the space 
in between the layers or by bridging two adjacent MXene lay-
ers, can suppress diffusion of water and prevent it from inter-
calating deeper into the film, similar to the previously studied 
hydrazine  molecules[20]. (ii) NMF molecules can bond to the 
surface termination groups of MXene through hydrogen bond-
ing and prevent water molecules from starting oxidation reac-
tions. In particular, the Ti–OH site is sensitive to oxidation.[4] 
Deprotonation of the Ti–OH group, coupled with the forma-
tion of a protective solvent cage, helps to stabilize MXene 
against degradation.[30] Similarly, the carbonyl oxygen in NMF 
could act as a hydrogen acceptor to form hydrogen bond with 
hydroxyl surface terminations, thus, sterically protecting this 
active site from water.

To support the proposed protection mechanisms, we per-
formed first-principles calculations on the geometry of the 
NMF molecules between MXene sheets [Fig. 4(a)]. Since the 
concentration of NMF in the MXene-NMF sample is low, ~ 3 
wt% from TG measurements, self-interaction between NMF 
molecules can be ignored within the simulation. The surfaces 
of MXene synthesized were functionalized with –O, –OH, 
–F, and –Cl termination groups, as confirmed by combustion 
ion chromatography (see Materials and Methods). Therefore, 
structural optimization was performed by modeling the mixed 
surface termination as  Ti3C2F0.875Cl0.125(OH)0.125O0.875 with 
intercalated trans-NMF molecules. In the initial structure, 
both O–H(MXene)···O=C(NMF) and O(MXene)···H–N(NMF) 
were set to ~ 2 Å, so that the intercalated system could offer 
the formation of dual hydrogen bonds. The distance between 

MXene layers was set to 13.35 Å, corresponding to the experi-
mental value measured with XRD. Interestingly, the NMF mol-
ecules in the optimized structure were oriented parallel to the 
MXene surface with the carbonyl group close to the surface and 
H–N of the amide group away from the surface. The length of 
the O–H(MXene)···O=C(NMF) bond was 1.60 Å [Fig. 4(b)], 
indicating that the intercalant was accommodated between the 
layers via hydrogen bonding. These results suggest that the pre-
ferred adsorption site for NMF is –OH rather than –O surface 
termination group, and the adsorption energy in this geometry 
was estimated to be − 0.947 eV.

We also carried out calculations to investigate the pro-
ton-donating ability of NMF using MXenes with a uniform 
surface termination composition (–O and –F, Figs. S10 and 
S11). For MXene terminated with –O groups, the hydrogen 
atoms in the amide group were close to the terminations and 
the O(MXene)···H–N(NMF) bond length was 2.07 Å. The 
adsorption energy was estimated to be − 0.113 eV, compara-
ble to that of water, − 0.109 eV (Fig. S12). In contrast, for the 
-F–terminated MXene, the NMF molecules were oriented par-
allel to the surface (Fig. S11), and the F(MXene)···H–N(NMF) 
bond length was 3 Å. The larger F–H bond length compared 
to O–H bond suggests that F-terminations are less thermody-
namically favorable to interact with NMF. Finally, the differen-
tial charge density plot illustrates the formation of a hydrogen 
bond between -OH termination and NMF, as shown by the 
charge density gain near the oxygen of the NMF molecule and 
charge density loss near the hydrogen of the -OH termination 
[Fig. 4(c)]. Overall, our calculations suggest that NMF strongly 
interacts with -OH terminations and protects these sites from 
oxidative degradation.

In conclusion, the stability of  Ti3C2Tx MXene films in envi-
ronments with high humidity and elevated temperatures can 
be significantly improved by intercalation of N-methylforma-
mide, which strongly interacts with the MXene surface through 
hydrogen bonding. Intercalation of NMF between MXene 
nanosheets and their interactions were confirmed through struc-
tural and physical characterization of the films and theoretical 
calculations. NMF effectively mitigates swelling of MXene 

Figure 4.  (a) Perspective view of the optimized structure of  Ti3C2Tx MXene with a mixture of –O, –OH, and –F surface terminations and an 
intercalated NMF molecule; and (b, c) as viewed along the [100] direction. The interlayer spacing was set to an experimentally measured 
value of 13.35 Å based on XRD results in Fig. 1(d). The length of the O–H(MXene)···O(NMF) bond is approximately 1.60 Å. (c) The differen-
tial charge density plot of the optimized structure, describing the charge gain (yellow) and loss (blue) after NMF intercalation.
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films through capture of water from moisture in the air, thus 
slowing down the oxidation and hydrolysis reactions that would 
lead to degradation. As a result, the functionalized MXenes 
films exhibited a smaller increase in the electrical conductiv-
ity of less than ~ 50% compared to the pristine MXene films 
which exhibited an ~ 150% increase, after storage for 2 weeks 
at 60°C and 85% relative humidity. This study suggests that 
intercalation of small molecules that can strongly interact with 
MXenes via hydrogen bonding may provide an easy path to 
improving the stability of MXene films and coatings intended 
for use under high humidity and high temperature conditions, 
such as in tropical climates and some industrial environments.
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