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Abstract 

MXenes are a rapidly growing class of 2D transition metal carbides and nitrides, finding 

applications in fields ranging from energy storage to electromagnetic interference shielding and 

transparent conductive coatings. However, while more than 20 carbide MXenes have already 

been synthesized, Ti4N3 and Ti2N are the only nitride MXenes reported so far. Here by 

ammoniation of Mo2CTx and V2CTx MXenes at 600 ºC, we report on their transformation to 2D 

metal nitrides. Carbon atoms in the precursor MXenes are replaced with N atoms, resulting from 

the decomposition of ammonia molecules. The crystal structures of the resulting Mo2N and V2N 

were determined with high-resolution transmission electron microscopy and X-ray pair 

distribution function analysis. Our results indicate that Mo2N retains the MXene structure and 

V2N transforms to a mixed layered structure of trigonal V2N and cubic VN. Temperature-

dependent resistivity measurements of the nitrides reveal that they exhibit metallic conductivity, 

as opposed to semiconductor-like behavior of their parent carbides. As importantly, room-

temperature conductivity values of Mo2N and V2N are three and one order of magnitude larger 

than those of the Mo2CTx and V2CTx precursors, respectively. This study shows how gas 

treatment synthesis such as ammoniation can transform carbide MXenes into 2D nitrides with 

higher electrical conductivities and metallic behavior, opening a new avenue in 2D materials 

synthesis. 
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Introduction  

MXenes, a family of two-dimensional (2D) transition metal carbides, carbonitrides and 

nitrides, have attracted much attention for their excellent properties and applications, and 

research is continuing to grow.1-5 These properties, including their hydrophilic surfaces and high 

electrical conductivities,1, 6, 7 make them promising in energy storage devices,6-9 electromagnetic 

interference (EMI) shielding,10, 11 and many other applications.12-21 Carbide MXenes have been 

most commonly produced by selectively etching out the A-element layer from a MXene’s 

corresponding ternary carbide precursor (usually a MAX phase) in hydrofluoric acid (HF).1 The 

term MAX phase is derived from its constituent elements in the general formula Mn+1AXn, where 

M is an early transition metal, A is a group IIIA or IVA element, X is C and/or N, and n = 1, 2 or 

3.2 For example, when Ti3AlC2 is treated in HF, Al is selectively etched and this process yields 

the MXene Ti3C2Tx, where Tx represents the terminating groups along the two faces of each 2D 

flake such as –F, –O, and –OH.2  

Nitride MXenes have attracted attention for their potential applications in energy storage 

and plasmonics22, 23 due to their higher electrical conductivities,24 which are expected to be 

higher than those of carbide MXenes.25 For example, 2D MoN films have been shown to exhibit 

a very high volumetric capacitance of 928 F cm-3 in sulfuric acid electrolyte and excellent rate 

performance.26 MXenes theoretically include the same number of nitrides and carbides.27 Since 

attempts to synthesize nitride MXene via methods used for carbide MXenes have failed, 

however, it was not until recently when the first nitride MXene (titanium nitride, Ti4N3) was 

synthesized with a novel molten salt etching synthesis approach,28, 29 followed by the synthesis of 

Ti2N.23 Lack of focus on finding high-yield synthesis methods have prevented not only MXene 

nitrides, but 2D nitrides in general, and their applications from developing further. Only a few 
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2D nitrides including MoN,26 GaN,30 Ti4N3,
28 and Ti2N 23 have been reported so far. Current 

strategies for synthesis of 2D nitrides are mostly limited to exfoliation of layered materials, while 

a gas-phase synthesis of GaN monolayers under graphene also exists.30 Several of those studies, 

however, lacked focus on upscaling the methods and yielding 2D metal nitrides which could be 

easily be implemented into devices, which is a major focus of this study. 

Exfoliation of nitride MAX phases in aqueous hydrofluoric acid solutions, a common 

approach in synthesizing carbide MXenes, has not been successful. The instability of nitride 

MXenes in aqueous hydrofluoric acid, contrary to carbide MXenes, is related to how the 

formation energies of nitride MXenes (for example, Tin+1Nn) from their MAX phases (for 

example, Tin+1AlNn) are greater than those of carbide MXenes (Tin+1Cn) from their MAX phase 

precursors (Tin+1AlCn).
31 It is also related to how cohesive energies of nitride MXenes are less 

than those of corresponding carbide MXenes.31 In other words, preparing nitride MXenes via 

etching in aqueous hydrofluoric acid has not been successful because it has not been possible to 

selectively etch the Al layer in the MAX phase precursor (e.g. Ti4AlN3) without dissolving the 

product.28 While high-temperature chemical exfoliation methods for producing nitrides exist, 

high-yield gas-phase synthesis methods for producing 2D nitrides have not been focused on.  

Heat treatment in ammonia (ammoniation) has been used on metal oxides to either N-

dope them or transform oxides to 3D nitrides. Although ammoniation of 2D precursors such as 

GaSe to yield the 2D metal nitride GaN has been reported, the extent of the route of synthesizing 

other potential 2D metal nitrides via ammoniation has not been fully realized.32 TiO2 can be N-

doped by nitridation at 600 ºC,33, 34 and recently reported nitridation attempts of Ti3C2 have 

yielded only N-doped 2D carbides.35 Ti3C2 was doped with nitrogen atoms by ammoniation at 

temperatures up to 700 °C in which N comprised up to 20.7 at.% of the product.35 It was only 
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recently when synthesis of 2D metal nitrides via ammoniation was reported, including 2D MoN 

via the ammoniation of MoO3-coated NaCl.36  In this study, we report the first transformation of 

Mo2CTx and V2CTx carbide MXenes into 2D metal nitrides via ammoniation at 600 °C. It is 

important to note that unlike previously reported 2D MoN and V2N via salt-templated synthesis 

with 2D metal oxide precursors,37 the 2D metal nitrides reported here, synthesized with carbide 

MXene precursors, have different crystal structures than those previously reported. Our results 

indicate that Mo2N retains the MXene structure and V2N transforms to a mixed layered structure 

of trigonal V2N and cubic VN.  

 

Experimental 

Synthesis 

The Mo2CTx and V2CTx MXenes were discovered recently and several works have since 

been reported on their properties and novel synthesis methods.8, 38-41 Experimental research on 

thermoelectric properties of Mo2C has been studied.42 2D carbide MXenes, produced after 

etching their precursor MAX phase, typically have multilayered structures.2 Other bulk 

precursors for MXenes also exist.43, 44 Multilayered powders can be delaminated into single- and 

few-layer flakes in solution using solvents and sonication, which can be filtered to form flexible, 

freestanding films.2 Films of delaminated Mo2CTx and V2CTx flakes with thicknesses ranging 

from 2 to 20 µm are described in the Supporting Information. To synthesize nitride MXenes, 

multilayer powders and delaminated films of Mo2CTx and V2CTx were treated at 600 °C for 1 h 

at a heating rate of 10 °C/h in an ammonia, NH3, atmosphere and cooled at the same rate. The 

ammonia flow rate through the reactor was approximately 300 cm3/min. During the reaction, 

nitridation occurs by the replacement of C atoms, in the Mo2CTx and V2CTx, with N atoms. A 
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schematic of the process is shown in Scheme 1. The synthesis process is described in complete 

detail in the Supporting Information.  

 

Scheme 1. Synthesis of 2D transition metal nitrides can be achieved by ammoniation of MXenes 

(Mo2CTx and V2CTx) at elevated temperatures. 

 

 

Results 

Characterization 

To determine whether nitridation occurred, as the first step, energy dispersive X-ray 

spectroscopy (EDX) in a scanning electron microscope (SEM) was performed to analyze the 

qualitative atomic compositions of the ammoniated products. SEM images of the delaminated 

MXene films after annealing in ammonia at 600 °C for 1 h are shown in Fig. 1a and b, for Mo2N 

and V2N, respectively. The structures of both samples suggest that the layered structure remains 

after ammoniation. Table 1 shows the atomic composition ratios detected by EDX, normalized to 
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the metal M (Mo or V) = 2.00.  As shown in Table 1, for Mo2CTx before treatment, the Mo : N : 

C ratio is 2.00 : 0.00 : 5.35, and after ammoniation at 600 °C, the nitrogen replacing carbon is 

evident by the change in ratio to 2.00 : 2.04 : 0.00. For V2CTx before treatment, the V : N : C 

ratio is 2.00 : 0.00 : 3.91, which changes to 2.00 : 2.46 : 0.58 after ammoniation at 600 °C. To 

optimize the ammoniation conditions, several temperatures were attempted. As evident in Table 

1, as the temperature of ammoniation increases from 400 °C to 600 °C, the ratio of N to C 

greatly increases, with the amount of C decreasing most significantly at the 600 °C treatment. 

Since EDX does not quantify light elements (C and N) accurately, these results are presented to 

show not exact compositions of the products, but rather the trend of the composition of nitrogen 

and carbon in the products as the temperature is varied. Low- and high-magnification SEM 

images shown in Fig. S1 in the Supporting Information confirm that no separate oxide particles 

are present. Oxidation and the formation of oxides can occur when annealing MXenes in high 

temperature,2 but the absence of oxide particles confirms that the material is stable against 

oxidation in ammonia, up to at least 600 °C.  

Table 1.  Summary of elemental analysis in EDX before and after ammoniation at various 

temperatures for 1 h, listed with standard error of the mean. Atomic ratios are normalized to Mo 

or V = 2.00 ± 0.00. 
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Fig. 1. The layered, 2D morphology of the delaminated film is shown in the SEM images in (a) 

Mo2N and (b) V2N. Evidence for Mo–N bonding in Mo2N is shown in the XPS spectrum in the 

N 1s / Mo 3p3/2 region in (c), while evidence of V–N bonding in V2N is shown in (d). 

 

To understand the nature of N detected in EDX and to confirm that nitridation occurred, 

X-ray photoelectron spectroscopy (XPS) measurements were performed on the Mo2N and V2N 

films. XPS was performed to confirm that N was bonded to the metal atoms (Mo or V), and that 

the C-metal bonding was eliminated or diminished. High-resolution XPS spectra deconvolution 

for the N 1s region is shown for Mo2N (Fig. 1c) and V2N (Fig. 1d). Additional deconvolution for 

other regions are shown in Fig. S2 in the Supporting Information. The deconvolution for the 
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various species and the elemental compositions extracted from the high-resolution spectra are 

tabulated in Tables S1 and S2 in the Supporting Information for Mo2N and V2N, respectively. 

For Mo2N, Fig. 1c shows the high-resolution spectrum of the N 1s / Mo 3p3/2 region. This 

region contains components from two different orbitals that are N 1s and Mo 3p3/2. This region 

was fitted by components corresponding to the following species: Mo–N (Mo 3p3/2), Mo–N (N 

1s) and MoO3 (Mo 3p3/2), confirming that N is bonded to Mo. Moreover, as indicated in Table 

S1 and Table S2 in the Supporting Information, the C 1s regions of both nitrides show that there 

is either no or a very insignificant metal–carbon component for V2N and Mo2N, respectively , 

which should typically appear at ~282 eV,45 confirming that N replaced C in these systems. The 

composition of all components fitted for this Mo2N sample are tabulated in Table S1. The 

fractions of N–Mo–Tx (Mo 3d) (21 at.%), Mo–N (Mo 3p3/2) (21 at.%) and Mo–N (N 1s) (22 

at.%) are among the most prominent components. By taking the ratios of these two Mo 

components and one N component, the fraction of 2 : 1 ratio of Mo : N suggests a formula of 

Mo2NTx. This is, however, difficult to quantify, because a miniscule amount of the N–Mo–Tx 

(Mo 3d) component may also be attributed to C–Mo–Tx bonding. A C-Mo-Tx component was 

assigned in the C 1s spectrum (Fig. S2c), indicating some non-nitridized carbide MXene 

particles are present (less than 1.0 % of the area all fitted components in all regions, as shown in 

Table S1). The Tx indicates the oxygen and hydroxyl terminating functional groups that are 

likely present on the surface, as suggested by the species detected in the O 1s region shown in 

Fig. S2b.  

For V2N, Fig. 1d shows the high-resolution spectrum of the N 1s region. This region was 

fitted by components corresponding to the species V–N and N–C. These two regions confirm 

that N is bonded to V in this system. The composition of all components fitted for this sample 
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are tabulated in Table S2. Based on these fractions of components in the V 2p and N 1s regions, 

if one assumes that all components in the V 2p region are a part of the nitride product, and the 

higher valency V4+ and V5+ components are oxygen-terminated –V–N–Ox components, then the 

2 : 1 ratio of V : N may suggest a chemical formula of V2NTx. Similar to Mo2CTx, the Tx in this 

formula indicates the oxygen surface groups on the surface that were detected, shown in Fig. 

S2e. Based on XPS, we can conclude that the C that was detected in EDX is not in the V2N 

structure but rather from adventitious carbon.46  

After confirming that these products were nitrides, X-ray diffraction (XRD) was carried 

out on the ammoniated samples to determine whether the MXene structure was kept or new 

crystal phases were formed. As shown in the XRD patterns in Fig. 2a, after the ammoniation of 

Mo2CTx, the expected layered structure of a MXene is still maintained as evidenced by the (002) 

peak in the top pattern for Mo2N, which represents the distance between MXene layers.2 The 

(002) basal plane peak for Mo2CTx MXenes exists typically in the range of 2θ = 3 to 11°, 

depending on the number of intercalated water and other molecules.45,47 The (002) peak 

measured from Mo2CTx appears at about 7°, due to the expansion of the layers after the 

intercalation of water and the delaminating solvent tetrabutylammonium hydroxide (TBAOH), as 

described in the Supporting Information.45 After ammoniation at 600 °C, the (002) peak shifts to 

~11.4°, corresponding to an average interlayer distance of 7.8 Å. This value is in the range of 

what is predicted for the functionalized M2XTx MXenes with no intercalated molecules (M 

represents a transition metal).47 As shown in Fig. S3a in the Supporting Information, the Mo2XTx 

(X referring to either C or N) MXene (002) peak shifts to about 2θ = 9° after the sample was 

ammoniated at 400 °C and 500 °C. It is only after the sample was ammoniated at 600 °C that the 

peak shifts to about 11°, indicating that the spacing between the 2D layers is smaller after the 



 10 

higher temperature processing. We attribute this contraction to the complete removal of 

intercalated molecules and possibly some of the functional groups such as –F and of confined 

water.47 There are other peaks at larger 2θ observed for the as-synthesized and ammoniated at 

600ºC Mo2CTx that all correspond to the (00l) basal plane peaks, indicating that the layer 

stacking is somewhat regular. In the case of ammoniation at 600ºC, two peaks are located at ~23 

and 34º corresponding to the (004) and (006) peaks of MXene. This suggests that the resulting 

phase is Mo2NTx, as these peaks correspond to higher-order ordering of MXene layers. The other 

possible phase to form is hexagonal MoN (h-MoN). However, h-MoN XRD peaks do not match 

any peaks of the collected pattern. The first and major peak of h-MoN at 36º corresponds to its 

(200) planes,36 where there is no peak observed in the Mo2NTx pattern (Fig. 2a).  
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Fig. 2. (a) XRD patterns of Mo2CTx and V2CTx before and after (Mo2NTx and V2NTx) 

ammoniation at 600 °C for 1 h. After Mo2CTx was annealed at 600 °C it formed Mo2NTx and 

maintained its 2D MXene structure as evidenced by the presence of the (002) peak at 2θ = 11°. 

For V2NTx (top blue curve), a broad peak appears at 2θ = 7.0°, while the presence of a non-

MXene nitride is evidenced by the peak at 37°. (b) X-ray pair distribution function (PDF) fit (red 

curve) of the 64% V2N + 36% VN (mass ratio) mixed phase model to the measured data (blue) 

with difference curve offset below (green). 𝑅𝜔 is the goodness of fit (a lower value corresponds 

to better fit). (c) Single slab model of Mo2N MXene (space group P63/mmc) after structure 

refinement, projected along the [100] direction. (d) PDF fit (top red curve) of the Mo2N single 

slab model after structure refinement to the measured data (top blue) with a difference curve 

offset (bottom green). Simulated PDF of the initial Mo2N MXene single slab model (having the 

same atomic positions as the precursor Mo2C MXene structural model) without structure 

refinement (middle brown) is shown in the offset below the measured data (top blue). 
 

The (002) peak of V2CTx consists of a doublet in the range of about 2θ = 8-9°, indicating 

intercalated water and TBAOH molecules and functional groups. There are higher order (00l) 

peaks at lower intensities, indicating the regular periodic stacking of MXene layers over an 

extended range. After ammoniation, a broad peak appears around 7.0°, which can be related to 

the (002) peak of a MXene structure, and perhaps indicating that the interlayer spacing is 

increased after ammoniation. Additionally, ammoniation results in the appearance of a new peak 

at 37°, which can be assigned to the (111) peak of cubic VN.48, 49  

To obtain a more quantitative determination of the atomic structure and morphology of 

the nitride flakes, X-ray pair distribution function (PDF) analysis was conducted on the Mo2NTx 

and V2NTx.
50, 51 The samples analyzed were prepared by ammoniating multilayered Mo2CTx and 

V2CTx, respectively. The data acquisition, data reduction, and structural modeling are described 

in greater detail in the Supporting Information.52-57 

We first discuss the structure of the Vanadium compound. The measured PDF data have 

sharp peaks over a wide range of r (blue curve in Fig. 2b) indicating that the nitride products 

have relatively well-ordered structures and are of sufficient quality to refine quantitative 

structures. The data in the high-r region (up to r = 60 Å) were well fit to a trigonal V2N structure 
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(space group P-31m) (Fig. S4) with atoms sitting at the following special positions: V (x, 0, z), 

N1 (1/3, 2/3, 1/2), and N2 (0, 0, 0).58 The fit appears quite good in the high-r region however, 

especially in the low-r region, there is significant signal in the difference curve (green curve 

offset below in in Figs. S5a and S5b) suggesting that this model does not explain all the features 

observed in the data. We therefore added a second phase, cubic VN (space group Fm-3m) (Fig. 

S6) with a finite particle size, to the modeling with atoms sitting at the following special 

positions: V (0, 0, 0) and N (1/2, 1/2, 1/2).59 The improvement in the fit is good with a refined 

mass fraction of 36% and a VN phase with particle size of around 2 nm. The PDF fit of this 

mixed phase model is shown in Fig. 2b and the refined structural parameters are shown in Table 

2. 

 

Table 2. Structure refinement result of the Vanadium product, fit to trigonal V2N and cubic VN 

mixed phase model. Qdamp and Qbroad parameters were refined in a fit to a standard calibration 

sample (see SI for details) and then fixed to 0.0369 Å-1 and 0.0131 Å-1, respectively. For the VN 

phase, its lattice parameters were constrained as a = c due to cubic symmetry, and its isotropic 

atomic displacement parameters Uiso(V) and Uiso(N) were constrained in the same way as those 

in the V2N phase. Spdiameter is the particle diameter parameter for PDF shape damping 

function. 

 

Fitting Range (Å) 1.5 to 60 

𝑅𝜔 0.158 

Phase V2N VN 

Mass Ratio 64% 36% 

a (Å) 5.0415 4.1267 

c (Å) 4.3724 4.1267 

x (V) 0.6716 - 

z (V) 0.7509 - 

Uiso(V) (Å2) 0.0032 0.0032 

Uiso(N) (Å2) 0.0118 0.0118 

Spdiameter (Å) - 21.3486 

 

The structure of Mo2N, on the other hand, can be described as a distorted MXene 

(P63/mmc) structure, created by cutting a single slab of atoms from its respective crystal 
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structure, shown in Fig. 2c.60 We used the Debye scattering equation to calculate the PDF of a 

single slab using the DiffPy-CMI program.57, 61 It is clear from the PDF of Mo2N in Fig. 2d (blue 

curve), that the local structure has lower symmetry than the V2N, for example the PDF peak 

centered around r = 3 Å, which is the Mo-Mo nearest neighbor peak, is split into two. Such a 

distinct set of Mo-Mo distances was seen in the hexagonal (P63/mmc) carbide Mo2C MXene 

precursor structure. However, the simulated PDF of the Mo2C structural model (brown curve in 

Fig. 2d) did not fit the measured data (blue curve in Fig. 2d) well. We were able to fit the 

measured data well over the low-r range by staying in the same space group, but by squeezing a 

single slab of Mo2N along in-plane dimensions and extending along the out-of-plane dimension 

(z-direction). This caused the distance between nearest Mo atoms on the same z-coordinate plane 

(e.g. Mo1-Mo2 in Fig. 2c) to decrease from 3.3 to 2.9 Å, while the distance between nearest Mo 

atoms separated along the z-direction (but still within a single slab, e.g. Mo1-Mo3 in Fig. 2c) to 

increase from 2.7 to 3.2 Å. The distortion in the Mo2N structure is the opposite from that in the 

Mo2C. In the latter, out-of-plane Mo-Mo distances are shorter than the in-plane Mo-Mo 

distances. This has implications for the electronic structure and electrical properties that require 

further study. The refined structural parameters are shown in Table 3.  

 

Table 3. The structure refinement result of Mo2N. The Mo2N (space group is P63/mmc) single 

slab model is created by cutting a single slab of atoms from its respective bulk crystal structure. 

The atoms are on the following special positions: Mo1 at (1/3, 2/3, z), Mo2 at (0, 0, z), and N 

(1/3, 2/3, z). Qdamp and Qbroad parameters were refined in a fit to a standard calibration sample 

(see SI for details) and then fixed to 0.0369 Å-1 and 0.0131 Å-1, respectively. 
Fitting Range (Å) 1.5 to 5.5 

𝑅𝜔 0.225 

a (Å) 2.8850 

z (Mo1) 0.4348 

z (Mo2) 0.0713 

z (N) 0.0019 

Uiso (Mo) (Å2) 0.0048 

Uiso (N) (Å2) 0.0021 
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To corroborate conclusions based on the X-ray PDF, high-resolution transmission 

electron microscopy (TEM) was then used. TEM images were acquired on a JEOL2100F high 

resolution TEM, at accelerating voltage 200 kV. For the TEM images and selected area electron 

diffraction (SAED) patterns in Fig. 3, as-produced multilayered Mo2NTx and V2NTx 

(ammoniated Mo2CTx and V2CTx at 600 ºC) were examined instead of delaminated films to 

minimize the effects of post-treatment. Because these are multilayered powders, they are 

relatively thicker than would be delaminated single-layer sheets of Mo2NTx and V2NTx. As 

shown in the inset in Fig. 3a, the SAED for the Mo2NTx particle is hexagonal, similar to the 

pattern of its carbide MXene precursor’s basal plane (space group P63/mmc). The distance 

between the nearest spots in SAED is 4.16 nm-1. It does not, therefore, correspond to the distance 

expected for 2D h-MoN for the (001) plane’s pattern (5.18 nm-1),36 but rather to a distorted 

P63/mmc structure, which is in agreement with the XRD and X-ray PDF results. For the V2NTx 

SAED in Fig. 3b, the hexagonal pattern shown could be attributed to the (001) plane of trigonal 

V2N or the (111) plane of the cubic VN present in the sample, as determined by the X-ray PDF 

and XRD results. 
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Fig. 3. (a) TEM micrograph of Mo2NTx synthesized by the ammoniation of multilayered 

Mo2CTx at 600 °C. (b) TEM micrograph of V2NTx synthesized by the ammoniation of 

multilayered V2CTx at 600 °C. The insets show the selected-area diffraction patterns these 

regions. Each shows hexagonal basal plane symmetry. In the case of (a), this could be attributed 

to the (001) plane of the MXene structure. In the case of (b), this could be attributed to the (001) 

plane of trigonal V2N, or (111) plane of the cubic VN impurity. 
 

Electrical Conductivity Characterization 

After confirming the crystal structure and composition of these two transition metal 

nitrides Mo2NTx and V2NTx, electronic properties were measured. Electronic properties of 

Mo2CTx and V2CTx before and after heat treatments were studied in a Quantum Design 

EverCool II Physical Property Measurement System (PPMS). A free-standing film with a 

thickness ~ 20 μm of each sample was cut to a 55 mm square, and silver wires were attached 

onto the film in a 4-point probe geometry using adhesive silver paint. In-plane temperature-

dependent resistivity was recorded from room temperature (300 K) down to 10 K in a low 

pressure helium environment (~20 Torr).  

Shown in Fig. 4a are temperature-dependent resistivity of pristine Mo2CTx and its heat-

treated and gas treated derivatives. The room-temperature resistivity of pristine Mo2CTx, and 

Mo2NTx are 3.6  10-1 and 4.8  10-4 Ω cm, respectively. The resistivity of the pristine Mo2CTx 

is similar to that reported earlier.45 Note that the pristine sample in this work refers to the as-

synthesized film annealed in vacuum at 150 °C for 3 h to remove adsorbed and/or intercalated 

molecules. The resistivity of pristine Mo2CTx increases with decreasing temperature down to 40 

K (a semiconductor-like behavior), after which the resistivity rises more sharply. This change in 

conduction mechanism in the low temperature regime was also observed in the previous report 

on Mo2CTx, which was attributed to the variable range hopping (VRH) mechanism.45 In contrast, 

the resistivity of Mo2NTx first decreases when the temperature is decreased from 300 K to 100 
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K, and remains roughly constant down to 10 K. The drastic changes in both the absolute value of 

resistivity and the shape of resistivity versus temperature plot suggests changes in the conduction 

mechanism and/or electronic structure caused by ammoniation. Metallic conductivity observed 

for the Mo2NTx is consistent with that of bulk non-MXene Mo2N.62 For comparison, the 

precursor MXene Mo2CTx film was treated at 600 °C with the same conditions except that 

flowing Ar gas was used to create an inert environment instead of NH3, to determine if the 

change in resistivity was dependent on heat-treatment regardless of the atmosphere, the 

atmosphere, or a combination of both. The resistivity of the Ar-treated Mo2CTx (Mo2CTx (Ar)) 

was measured to be 4.0  10-3 Ω cm and similar to Mo2N, the Ar-treated Mo2CTx (Mo2CTx (Ar)) 

also shows decreasing resistivity with decreasing temperature. A clear metallic behavior of 

Mo2CTx (Ar) and Mo2NTx can be seen in Fig. S11. However, the room-temperature resistivity of 

Mo2CTx (Ar) is an order of magnitude higher than that of Mo2NTx. Hence, we conclude that the 

change in electronic conduction behavior of Mo2CTx MXene after ammoniation stems from 

synergistic effects of the transformation from carbide to nitride as well as the removal of 

intercalated molecules and surface functionalities at high temperature.  

 

Fig. 4.  Temperature-dependent resistivity of (a) Mo2NTx and (b) V2NTx. The various curves in 

each correspond to the pristine MXene precursor (Mo2CTx and V2CTx) (black curves), the 

MXene after treatment in Ar at 600 °C (Mo2CTx (Ar) and V2CTx (Ar)) (blue curves), and the 
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nitride Mo2NTx and V2NTx synthesized by treating their respective MXene precursors in NH3 at 

600 °C (red curves). The behavior of the dependence of resistivity on temperature changes as a 

result of the heat treatments to a more metallic behavior. The decrease in resistivity (increase in 

conductivity) is greatest after the pristine MXenes are treated in NH3. 

  

For V2CTx MXene, the room-temperature resistivity of pristine V2CTx, V2CTx (Ar), and 

V2NTx are 2.6  10-3, 6.4  10-4, and 2.4  10-4 Ω cm, respectively. Temperature-dependent 

resistivity of V2CTx MXene and its heat-treated derivative are presented in Fig. 4b. The pristine 

V2CTx shows semiconductor-like behavior where the resistivity increases from 2.6  10-3 Ω cm 

at room temperature to 5.3  10-3 Ω cm at 10 K. Similar to Mo2CTx, ammoniation and heat 

treatment of V2CTx in an inert environment lead to lower resistivity and change from 

semiconductor-like to metallic behavior. This change in behavior is consistent with first principle 

calculations that OH- and F-terminated V2CTx are small-bandgap semiconductor, while non-

terminated monolayer V2CTx and V2NTx are metallic.63, 64  

Conclusions 

 In summary, with different analytical techniques including SEM, EDX, XRD, and X-ray 

PDF we present evidence of the first transformation of MXene carbides (Mo2CTx and V2CTx) to 

2D nitrides by ammoniation. This was achieved by ammoniating Mo2CTx and V2CTx MXenes at 

elevated temperatures (up to 600 ºC for 1 h). Nitridation lead to the replacement of C atoms with 

N atoms from the ammonia (NH3) and transformed the carbide MXenes into nitrides. Based on 

our characterization results, ammoniation of Mo2CTx at 600 ºC for 1 h leads to a Mo2NTx with a 

layered MXene structure, where in contract to the MXene carbide, in-plane molybdenum bonds 

are shorter than their out of plane bonds. However, ammoniation of V2CTx at the same 

conditions yields a mixed phase of trigonal V2N and cubic VN. Temperature-dependent 

resistivity determined that compared to pristine Mo2CTx and V2CTx, heat treating the samples at 
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600 ºC for 1 h in Ar and NH3 increased the electrical conductivity by orders of magnitude, with 

ammoniation resulting in the greatest increase in electrical conductivity. These heat treatments 

also changed the temperature dependence of resistivity. 
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1 Synthesis of Mo2Ga2C and Mo2CTx 

Synthesis of Mo2Ga2C: Mo2CTx was synthesized by etching a Mo2Ga2C powder precursor. 

Mo2Ga2C powder was synthesized by a solid-liquid reaction in which -325 mesh Mo2C powder 

and Ga (both Alfa Aesar, Ward Hill, MA, 99.5 wt% purity) were mixed in a 1 : 8 molar ratio.1 

This mixture was placed in a quartz tube that was evacuated of air using a vacuum pump and 

then sealed.1 The tube was then placed in a tube furnace that was heated to 850 °C at a rate of 10 

°C min-1, and then held at that temperature for 48 h.1 After the furnace cooled, the material was 

crushed using a mortar and pestle, and then returned to the quartz tube.1 The tube was then 

evacuated and reheated to 850 °C at a rate of 10 °C min-1 and then held for 16 h.1 1 g of 

Mo2Ga2C powder was washed in a 20 mL solution of 12 M hydrochloric acid (HCl) (technical 

grade, Fisher Scientific, Fair Lawn, NJ) for 48 h at room temperature (RT) while being stirred 

with a Teflon coated magnet on a stirring plate to remove any unreacted Ga.1 The powders were 

washed with deionized (DI) water several times until a pH of 6 was reached, then filtered to dry 

the powder using a nanoporous polypropylene membrane (3501 Coated PP, 0.064 µm pore size, 

Celgard, USA). 

Synthesis of delaminated Mo2CTx: 2 g of Mo2Ga2C powder was added to a bottle with 20 mL of 

14 M HF solution (Fisher Scientific, Fair Lawn, NJ). Afterwards, the bottle was placed in an oil 

bath over a stirring hot plate and held at 55 °C for 72 h with stirring using a Teflon coated 

magnet in the bottle. The resulting suspension was washed with DI water several times until a 

pH of at least 6 was reached. Each time water was added to the centrifuge tube containing the 

product and water; it was then shaken before centrifuging at 3500 rpm for 2 min. The powder 

was then filtered and dried over a nanoporous polypropylene membrane (3501 Coated PP, 0.064 

µm pore size, Celgard, USA). This product is referred to as multilayered Mo2CTx. 1 g of the 

powder was mixed with 10 mL of an aqueous solution of 54-56 wt.% tetrabutylammonium 

hydroxide (TBAOH) (Sigma Aldrich, St. Louis, MO, USA). The mixture was stirred for 1 h at 

RT. The mixture was then washed with 40 mL of DI water and centrifuged at 3500 rpm for 5 

min. The mixture was washed three times. After washing, the powder sediment was bath 
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Supporting Information                                                                                               Urbankowski et. al. 

 2 

sonicated in a bottle of 50 mL of deionized water for 1 h. The suspension was then centrifuged at 

3500 rpm for 1 h. The supernatant suspension was then filtered over nanoporous polypropylene 

membrane (3501 Coated PP, 0.064 µm pore size, Celgard, USA). This yielded a film of 

delaminated Mo2CTx (d-Mo2CTx). 

2 Synthesis of V2C and V2CTx 

Synthesis of V2AlC: V2CTx was synthesized by etching a V2AlC powder precursor. V2AlC 

powders were synthesized mixing -325 mesh vanadium, V and Al powders (both Alfa Aesar, 

Ward Hill, MA, 99.5 wt.% purity) and graphite, C (Alfa Aesar Ward Hill, USA, 99 wt.% purity; 

-300 mesh) were mixed in a 2.0 : 1.1 : 1.0 molar ratio.2 The mixture was mixed and then placed 

in an alumina crucible boat which was placed in a tube furnace. The mixture was heated to 1600 

°C at a rate of 5 °C/min under flow of argon, Ar, and held at that temperature for 4 h before 

cooling to RT. The resulting sintered blocks were milled using a titanium-nitride-coated milling 

bit to form powder. The powder was then sieved so that -400 mesh size particles were used for 

further treatment. 

Synthesis of delaminated V2CTx: 2 g of V2AlC powder was added to a bottle with 20 mL of 14 M 

HF solution (Fisher Scientific, Fair Lawn, NJ). Afterwards, the bottle was placed in an oil bath 

over a stirring hot plate and held at 35 °C for 24 h with stirring using a Teflon coated magnet in 

the bottle. The resulting suspension was washed with DI water several times until a pH of at least 

6 was reached. Each time water was added to the centrifuge tube containing the product and 

water, it was then shaken before centrifuging at 3500 rpm for 2 min. The powder was then 

filtered and dried over a nanoporous polypropylene membrane (3501 Coated PP, 0.064 µm pore 

size, Celgard, USA). This product is referred to as multilayered V2CTx. 1 g of the resulting 

powder was mixed with 10 mL of an aqueous solution of 54-56 wt.% tetrabutylammonium 

hydroxide (TBAOH) (Sigma Aldrich, St. Louis, MO, USA). The mixture was stirred for 1 h at 

RT. The mixture was then washed with 40 mL of DI water and centrifuged at 3500 rpm for 5 

min. The mixture was washed three times. After washing, the powder sediment was bath 

sonicated in a bottle of 50 mL of deionized water for 1 h. The suspension was then centrifuged at 

3500 rpm for 1 h. The supernatant suspension was then filtered over nanoporous polypropylene 

membrane (3501 Coated PP, 0.064 µm pore size, Celgard, USA). This yielded a film of 

delaminated V2CTx (d-V2CTx). 

Ammoniation of delaminated MXene films: Ammonia, NH3, gas (anhydrous grade 4, Airgas, 

Philadelphia, PA, USA) flowing through a quartz tube in a Carbolite (Hope Valley, UK) tube 

furnace at a flowrate of 300 cm3/min was used to nitridize the MXene films. The samples were 

heated to 400 °C, 500 °C or 600 °C at a rate of 5 °C/min and dwelled at the target temperature 

for 1 h. 

3 Scanning Electron Microscopy  

To examine the morphology and composition of the nitrides, scanning electron microscopy 

(SEM) was performed in a Zeiss Supra 50VP (Carl Zeiss SMT AG, Oberkochen, Germany) 

equipped with an energy-dispersive X-ray spectrometer (EDX) (Oxford EDS, with INCA 

software). Most EDX scan were obtained at low magnification (100 to 200) on at least 3 

different 0.5 mm  0.5 mm areas for 60 s on each location. Atomic ratios determined from 

atomic percentages were calculated by averaging the atomic percentages of all points scanned. 

To determine if oxides were formed after ammoniation at 600 °C, micrographs of the Mo2N and 
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V2N were taken, shown in Fig. S1. No separate cubic particles were found on the nitrides, 

confirming that no separate oxides were formed as a byproduct of this procedure or from 

oxidation of the nitride products. 

 

 

Fig. S1. Low and high magnification SEM images of Mo2N and V2N produced after annealing 

Mo2CTx and V2CTx films, respectively, in ammonia at 600 °C for 1 h. The absence of any cubic 

particles confirms that no oxides are formed from oxidation of the precursor MXene. (a) Low 

magnification of Mo2N. (b) High magnification image of Mo2N in (a). (c) Low magnification of 

V2N. (d) High magnification image of V2N in (c). 

4 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) spectra of the Mo2NTx and V2NTx films were measured 

by a spectrometer (Physical Electronics, VersaProbe 5000, Chanhassen, MN) employing a 100 

μm monochromatic Al Kα X-ray beam to irradiate each sample’s surface. Photoelectrons were 

collected by a takeoff angle of 180° between the sample surface of each sample and the path to 

the analyzer. Charge neutralization was applied using a dual beam charge neutralizer irradiating 

low-energy electrons and ion beam to avoid shift in the recorded BE. High-resolution spectra for 

Mo 3d, C 1s, Mo 3p3/2, N 1s, V 2p and O 1s were taken at a pass energy of 11.75 eV with a step 

size of 0.05 eV. The binding energy scale of all XPS spectra was references to the Fermi-edge 

(EF), which was set to a BE of zero eV for each sample. The films were mounted on double-

sided tape and were electrically grounded using a copper wire. Quantification and deconvolution 

of the core-level spectra was performed using a software package (CasaXPS Version 2.3.16 RP 

1.6). Background contributions to the measured intensities were subtracted using a Shirley 

function prior to quantification and deconvolution. For the Mo2NTx film’s spectra, intensity 

ratios of the 3d5/2 and 3d3/2 peaks were constrained to be 3:2. For the V2NTx film’s spectra, 
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intensity ratios of the 2p3/2 and 2p1/2 peaks were constrained to be 2:1. The components of all 

regions scanned for for Mo2NTx are listed in Table S1. For Mo2N, the high-resolution spectrum 

of the Mo 3d region (Figure S2a) were fitted by components corresponding to the two species N–

Mo–Tx and MoO3. It is important to note that, for both the Mo2N and V2N, no F in XPS after the 

ammoniation of their MXene precursor, where F functional groups are typically detected.3 The 

components of all regions scanned for for V2NTx are listed in Table S2. For V2NTx, the high-

resolution spectrum of the V 2p region (Figure S2d) were fitted by components corresponding to 

the following four species: metallic V, V3+, V4+ and V5+. 

Table S1. Summary of global atomic compositions of the high resolution XPS region fittings of 

multilayered Mo2NTx, shown in Fig. 1c and Fig. S2a-c. 

Region BE [eV] FWHM [eV] Fraction Assigned to Reference 
Mo 3d

5/2
 (3d

3/2
) 229.0 (232.2) 1.0 (1.1) 0.21 N–Mo–T

x
 4 

231.6 (235.3) 0.6 (1.1) 0.01 MoO
3
 1 

  
C 1s 

283.1 
285.0 

0.9 
1.5 

0.01 
0.18 

C–Mo–Tx 
C–C 

4 
1 

286.6 1.4 0.03 CH
x
/C–O 1 

288.7 2.0 0.02 COO 1 
  

N 1s / Mo 3p3/2 
395.1 2.5 0.21 Mo–N (Mo 3p3/2) 4 

397.5 1.5 0.22 Mo–N (N 1s) 4 
399.2 2.0 0.02 MoO

3
 (Mo 3p3/2) 1 

  
O 1s 

530.9 1.4 0.03 N–Mo–O
x
 1  

532.1 1.4 0.03 N–Mo–(OH)
x
 1  

530.1 1.2 0.02 MoO
3
 1  

533.6 1.5 0.01 N–Mo–OH–H
2
O 1  

Total     1.00     
 

Table S2. Summary of global atomic compositions of the high resolution XPS region fittings of 

multilayered V2NTx, shown in Fig. 1d and Fig. S2d-f. 

Region BE [eV] FWHM [eV] Fraction Assigned to Reference 
  

C 1s 
284.8 1.6 0.18 C–C 5  
286.3 1.4 0.04 CH

x
/C–O 5  

  288.0 2.0 0.03 C–N 5  
N 1s 396.9 1.2 0.18 V–N 6  

398.3 3.2 0.11 N–C 7  
V 2p

3/2
 (2p

1/2
) 

  
513.2 (520.2) 0.6 (1.2) 0.02 V

0+ 8  
514.1 (521.3) 1.8 (2.2) 0.21 V

3+
 (V–N) 9  

516.0 (523.0) 1.5 (1.5) 0.09 V
4+ 8  

517.1 (524.6) 1.5 (1.8) 0.04 V
5+ 8  

O 1s 530.1 1.7 0.07 V–O 8  
532.0 2.0 0.03 N–O 10  

Total     1.00     
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Figure S2. (a-c) High resolution XPS spectra for Mo2NTx synthesized by annealing delaminated 

Mo2CTx at 600 °C for 1 h in NH3 (ammonia). Regions for Mo2NTx shown are (a) Mo 3d, (b) O 

1s and (c) C 1s, showing evidence of Mo–N bonding in (a). (d-f) High resolution XPS spectra for 

V2NTx synthesized by annealing delaminated V2CTx at 600 °C for 1 h in ammonia. Regions 

scanned for V2NTx shown are (d) V 2p, (e) O 1s and (f) C 1s. 

5 X-ray Diffraction  

X-ray diffraction (XRD) was carried out on the Mo2CTx, V2CTx, Mo2NTx and V2NTx films using 

a Rigaku Smartlab (Tokyo, Japan) diffractometer with Cu-K radiation (40 kV and 44 mA); step 

size 0.02°, 3-50° 2 range, step time of 1 s, 5  10 mm2 window slit. To investigate the change in 

crystal structure as temperature of ammoniation increases, XRD was performed after 

ammoniation of the Mo2CTx and V2CTx at 400 °C or 500 °C for 1 h, shown in Fig. S3. For 

Mo2NTx, the basal plane (002) MXene peak increases from 2 = 7° to 9°, indicating that the 

layered sheets are being annealed and more closely spaced. A peak at 25°, the source of which is 

uncertain, becomes more prominent but vanishes if the Mo2CTx is annealed at 600 °C instead of 

the temperatures below 600 °C. For the V2NTx patterns, the broad peak at 2 = 25° can be 

attributed to the glass slide on which the films were scanned.11 A peak at 37 °C becomes more 

and more prominent as ammoniation temperature increases, which may possibly be a competing 

non-MXene nitride phase. 
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Figure S3. XRD patterns of (a) Mo2CTx and (b) V2CTx before and after (Mo2NTx and V2NTx) 

annealing in ammonia gas at various temperatures for 1 h. (a) For Mo2NTx, as the temperature of 

ammoniation increases, the (002) peak shifts from ~7° to ~11° at 600 °C. At ammoniation 

temperatures below 600 °C, a peak at about 25° becomes more prominent, but vanishes when 

nitridation temperature increases to 600 °C. (b) For V2NTx, as temperature of ammoniation 

increases, the peak at 37°, corresponding to a cubic VN, becomes more prominent. 

6 X-ray Pair Distribution Function (PDF) Analysis   

Synchrotron X-ray total scattering experiments were carried out at the X-ray Powder Diffraction 

(XPD) beamline, 28-ID-2, at the National Synchrotron Light Source II (NSLS II) at Brookhaven 

National Laboratory (BNL). The samples were crushed into powders, packed into 1 mm inner 

diameter kapton capillary tubes and measured at 100 K using a flowing nitrogen cryocooler. The 

rapid acquisition PDF technique (RaPDF)12 was used with an X-ray energy of 67.14 keV ( = 

0.1847 Å). A large area 2D Perkin Elmer detector (2048 × 2048 pixels and 200 × 200 µm pixel 

size) was mounted orthogonal to the beam path with sample-to-detector distance of 205.39 mm 

behind the samples. The raw 2D data were azimuthally integrated and converted to 1D intensity 

versus the magnitude of the scattering momentum transfer 𝑄 using FIT2D.13 𝑄 = 4𝜋 sin 𝜃/𝜆 for 

a scattering angle of 2𝜃 and an X-ray wavelength of 𝜆. The software xPDFsuite14, 15 was used to 

correct and normalize the diffraction data and then Fourier transform them to obtain the 

experimental PDF, 𝐺(𝑟), according to:  

𝐺(𝑟) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟) 𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
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where the total scattering structure function 𝑆(𝑄) is the properly corrected and normalized 

powder diffraction intensity measured from Qmin to Qmax, governed by the experimental setup.16 

𝐺(𝑟) gives the probability of finding a pair of atoms separated by a distance of 𝑟. Nickel was 

measured as the standard material to calibrate the sample-to-detector distance and to determine 

the Qdamp and Qbroad which are parameters that correct the PDF envelope function for the 

instrument resolution effects.17, 18 The refined values Qdamp  = 0.0369 Å-1 and Qbroad  = 0.0131 Å-1 

were fixed in the subsequent structure refinements of the PDF data. Structural modeling and 

refinement of PDF data was carried out using the PDFgui18 and DiffPy-CMI programs.19 Least-

squares fits were performed by minimizing the fit residual, with the goodness-of-fit 𝑅𝜔, given 

by:  

𝑅𝜔 = √
∑ [𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖, 𝑃)]2𝑛

𝑖=1

∑ 𝐺𝑜𝑏𝑠(𝑟𝑖)2𝑛
𝑖=1

 

where 𝐺𝑜𝑏𝑠 and 𝐺𝑐𝑎𝑙𝑐 are the experimental and calculated PDFs and P is the set of parameters 

refined in the model. 

6.1  Structure Refinement of V2N 

The initial structural model for the V2N was a trigonal P-31m structure and the atoms are on the 

following special positions: V (x, 0, z), N1 (1/3, 2/3, 1/2), and N2 (0, 0, 0) shown in Fig. S4.20 

The structure refinements were performed over full-r (1.5 to 60 Å), low-r (1.5 to 20 Å), and 

high-r (20 to 60 Å) ranges separately, as shown in Fig. S5.  

 

Figure S4. Trigonal V2N (space group P-31m) structure projected along the [001] direction. Red 

atoms indicate V, blue atoms indicate N. 
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Figure S5. PDF fits (red curve) of the V2N structure model to the measured data (blue) with 

difference curve offset below (green) over (a) full-r (1.5 to 60 Å), (b) low-r (1.5 to 20 Å), and (c) 

high-r (20 to 60 Å) ranges. 
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Table S3. Structure refinement results of V2N structure model in the r-range of 1.5 to 60 Å, 1.5 

to 20 Å, and 20 to 60 Å. 

 

Fitting Range (Å) 1.5 to 60 1.5 to 20 20 to 60 

𝑅𝜔 0.233 0.261 0.122 

a (Å) 5.0421 5.0415 5.0423 

c (Å) 4.3712 4.3717 4.3714 

x (V) 0.6670 0.6671 0.6705 

z (V) 0.7452 0.7449 0.7500 

Uiso(V) (Å2) 0.0037 0.0033 0.0034 

Uiso(N) (Å2) 0.0326 0.0242 0.0144 

 

𝑅𝜔 of the high-r region (20 to 60 Å) fit, 0.122, is much lower than that of low-r region (1.5 to 20 

Å), 0.261. This indicates that the V2N (space group P-31m) structural model fits the long-range 

(20 to 60 Å) features well, but it does not describe the local structure completely. Because of 

this, a two-phase fit over the low-r range (1.5 to 20 Å) was then attempted. 

To improve the local structure refinement, another phase, VN (space group is  Fm-3m), shown in 

Fig. S6, was added as a second phase with a finite particle size. The atoms are on the following 

positions: V at (0, 0, 0) and N at (1/2, 1/2, 1/2).21 

 

Figure S6. Cubic VN (space group Fm-3m) structure projected along the [111] direction. Red 

atoms indicate V, blue atoms indicate N. 
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Figure S7. PDF fit (red curve) of the V2N+VN mixed phase model to the measured data (blue) 

with difference curve offset below (green). 

 

 

 

 

 

 

 

Table S4. Structure refinement result of V2N + VN structure model in the r-range of 1.5 to 20 Å. 

For the VN phase, its lattice parameters were constrained as a = c due to cubic symmetry, and its 

isotropic atomic displacement parameters Uiso(V) and Uiso(N) were constrained the same as those 
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in the V2N phase. Spdiameter is the particle diameter parameter for PDF shape damping 

function. 

Fitting Range (Å) 1.5 to 20Å 

𝑅𝜔 0.163 

Phase V2N VN 

Mass Ratio 68% 32% 

a (Å) 5.0382 4.1328 

c (Å) 4.3748 4.1328 

x (V) 0.6680 - 

z (V) 0.7511 - 

Uiso (V) (Å2) 0.0033 0.0033 

Uiso (N) (Å2) 0.0110 0.0110 

Spdiameter (Å) - 22.3461 

 

Comparing with the structure refinement result of V2N in Table S2, the two-phase fit over the 

low-r range, 1.5 to 20 Å, (𝑅𝜔 = 0.163) describes the local structure much better than the single-

phase V2N fit over the low-r range (𝑅𝜔 = 0.261). The PDF fit of this mixed phase model over the 

full-r range (1.5 to 60 Å) is shown in Fig. 2b in the main text. The structure of Vanadium 

compound can be described as trigonal V2N along with nanosized cubic VN.  

6.2 Structure Refinement of Mo2N 

The Mo2N single slab model (Fig. 2c in the main text) was initially built from the precursor 

Mo2C MXene (P63/mmc) structure by replacing N atoms with C atoms at the same atomic 

positions, then cutting a single slab of atoms from its respective bulk crystal structure. The atoms 

are on the following special positions: Mo1 at (1/3, 2/3, z), Mo2 at (0, 0, z), and N (1/3, 2/3, z). 

We used the Debye scattering equation22 to calculate the PDF of single slab using the DiffPy-

CMI program.19 The intralayer structure was refined to better fit the measured PDF of Mo2N over 

the low-r range (1.5 to 5.5 Å). Starting from the carbide Mo2C MXene precursor structure, the 

Mo2N slab is squeezed along in-plane dimensions and extended along the out-of-plane 

dimension (z-direction) such that the distance between nearest Mo atoms on the same z-

coordinate plane, for example Mo1-Mo2 in Fig. 2c, decreases from 3.3 Å to 2.9 Å, while the 

distance between nearest Mo atoms separated along the z-direction (but still within a single slab, 

e.g. Mo1-Mo3 in Fig. 2c) increases from 2.7 Å to 3.2 Å. The simulated PDF of the initial Mo2N 

model before structure refinement, which has the same atomic positions as the precursor Mo2C 
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model, is shown by the brown curve in Fig. 2d. It shows that ammoniation of Mo2C changes the 

structure. The Mo2N structure has the opposite of the distortion to the one in Mo2C where the 

out-of-plane Mo-Mo distances are shorter than the in-plane Mo-Mo distances.  

7 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images were performed on JEOL2100F High 

Resolution TEM, at an accelerating voltage 200 kV. For TEM specimens, the multilayered 

MXenes (Mo2CTx and V2CTx) (not the delaminated MXenes as with all other measurements in 

this study) were ammoniated at 600 °C for 1 h. The nitride powders were subsequently stirred in 

an ethanol solution to form a diluted colloidal solution of nitride flakes. The TEM specimens 

were then prepared by dropping 3 drops of this colloidal solution onto a copper grid and drying 

in air. 

8 Electrical Resistivity Measurements 

Electronic properties of Mo2CTx and V2CTx before and after Ar and NH3 heat treatment were 

studied in a Quantum Design EverCool II Physical Property Measurement System (PPMS). Free-

standing films with a thickness of about 20 μm of each sample were cut to a 5  5 mm squares, 

and silver wires were attached onto each film in a 4-point probe geometry using adhesive silver 

paint. In-plane temperature-dependent resistivity was recorded from room temperature (300 K) 

down to 10 K in vacuum (~20 Torr) in a helium environment. The resistivity values were 

calculated according to: 

𝜌 =  
𝜋

ln 2
 𝑥 𝑅 𝑥 𝑡 𝑥 𝐹𝐹 

Where  = resistivity (Ω cm), R = resistance (Ω), t = film thickness (cm), FF = a correction 

factor based on the ratio of the probe distance to the film’s dimension. 

 

Figure S8. A zoom-in portion of the temperature-dependent resistivity of (a) Mo2CTx (Ar) and 

Mo2NTx and (b) V2CTx (Ar) and V2NTx. 
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