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ABSTRACT: The Nb2CTx MXene has garnered interest for its potential
applications in energy storage, catalysis, and sensors. Recent reports of
Raman spectra of Nb2CTx reveal stark differences of the MXene
incorporated into devices, which may affect the devices’ performance
and reproducibility. These differences illuminate a need for fundamental
characterization of the Nb2CTx Raman modes to better understand the
material-specific properties of the MXene integrated into devices. We
conducted a comprehensive multiexcitation Raman study and observed
nine Raman-active modes in Nb2CTx that are consistent with our density
functional theory calculations. Additionally, we investigated laser-induced
surface modification of Nb2CTx through changes in the peak intensities
and frequencies, along with the generation of amorphous carbon with
increasing incident laser power. This fundamental study provides a framework to spectroscopically assess the integrity of
Nb2CTx and a tool for creating a stable, tunable, and localized surface modification.

MXenes are a diverse class of functionalized 2D
transitional metal carbides and nitrides with high
electrical conductivity, large surface areas, and

superb mechanical properties.1 They are synthesized through
selective etching of the A atoms (Al, Si, Ga) from a MAX
phase and follow the general formula of Mn+1XnTx, where M is
an early transition metal, n = 1−4, X is carbon or nitrogen, and
Tx represents surface terminal groups, such as oxygen,
hydroxyl, chalcogens or halogens.1,2 Ti3C2Tx, the flagship
titanium-based MXene, has dominated the field since this
material’s discovery in 20113 due to its robust electrical
conductivity and increasing synthetic accessibility. However,
many other MXenes based on alternative transition metals
have been synthesized and even more theoretically pre-
dicted.1,4,5 Nb2CTx, a niobium-based MXene, has garnered
particular interest due to its potential for applications in energy
storage, biomedical devices, catalysis, and sensors due to its
low ion transport barrier, favorable photocatalytic properties,
hydrophilic surface, large surface area, acceptable chemical and
electrochemical stabilities, and excellent mechanical flexibil-
ity.2,6−10 MXenes are typically characterized using methods
such as X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), and Raman spectroscopy, the third of which is
arguably the most common technique for characterizing 2D
materials. In addition to structural information, Raman
spectroscopy provides insights into lattice strain and surface
modification, including defects. A recent study examining the

effect of changing M or X in various MXene families (M2XTx,
M3X2Tx, and M4X3Tx) revealed several common vibrational
modes, with in-plane and out-of-plane M-related phonon
modes occurring at low frequencies (<300 cm−1) and broad
peaks at higher-frequencies (400−700 cm−1) assigned to Tx
groups.11 With regards to Raman studies specific to Nb2CTx,
recent reports reveal several stark differences in the overall
shape of the spectrum (i.e., number of peaks, peak positions,
relative peak intensities),11−30 which could arise from
variations in composition, the quality of the starting MAX
phase, the processing conditions used in etching and
exfoliation, or environmental oxidation. All of these factors
may impart structural differences in the resulting MXene that
could affect the device performance and reproducibility; thus,
there is a pressing need to resolve the vibrational modes in
Nb2CTx and related materials in detail.
Herein, we performed a combined experimental and

theoretical study of the phonon modes in Nb2CTx. We
observed nine Raman-active modes, including the higher-
frequency Tx phonon modes and a C-phonon mode related to
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vibrations in the Nb2CTx lattice, that are consistent with our
density functional theory (DFT) calculations. In examining the
Raman spectra of Nb2CTx as a function of laser power, we
identified the Raman modes that are susceptible to surface
modifications through changes in peak intensities and
frequencies. We observed a threshold laser power above
which we generated amorphous carbon. Our study provides a
framework to spectroscopically assess the integrity of Nb2CTx
and a tool for creating a stable, tunable and localized surface
modifications.
Nb2CTx Characterization. Nb2CTx was synthesized by

etching its MAX phase, Nb2AlC, in a hydrofluoric acid solution
and delamination using tetramethylammonium hydroxide
(TMAOH), as described in detail in the Supporting
Information (SI). The exfoliated Nb2CTx solution was drop-
cast on glass substrates. The as-exfoliated solution was
characterized by UV−vis-NIR spectroscopy, and drop-cast
films were characterized by XRD, scanning electron micros-
copy (SEM) with energy-dispersive X-ray spectroscopy (EDS),
Raman spectroscopy, and XPS. In Figure 1a, we report the
UV−vis spectrum of our Nb2CTx solution, showing a broad
absorption from 700−1300 nm that is consistent with the
reported literature.31 The XRD pattern in Figure 1b shows a
predominant (002) diffraction peak at 2θ = 6.7° with a large d-
spacing of 1.3 nm caused by the elimination of Al atoms and
intercalation of water and TMAOH, a key characteristic of
MXenes.32 Figure 1c shows an SEM image and EDS analysis
with a rough quantification of the relative abundance of the
atoms present from EDS analysis, including 0% Al indicating
the complete removal of the MAX phase. For comparison, we
have included the Raman spectrum of the Nb2AlC MAX phase
in Figure S1 to accompany the XRD and EDS data
demonstrating successful etching of the MAX phase.
Figure 1d shows multiexcitation Raman spectra of Nb2CTx

using 514.5, 633, and 785 nm laser excitations. The overall
shape of our Raman spectra are consistent with other
M2XTx,

11 but reports of Raman spectra of Nb2CTx are varied
in the literature in terms of the number of peaks, peak
positions, and relative peak intensties.12−30,33 Additionally, our
data does not show any laser excitation dependence of the
Raman modes, unlike previous observations of resonance
enhancement with the 785 nm excitation in Ti3C2Tx.

34 This is
in agreement with its featureless absorption spectrum in the
vis-NIR range (Figure 1a). Lastly, in Figures 1e−h we report
the high-resolution XPS data in the Nb 3d, O 1s, C 1s, and F
1s regions. The spectra in all four regions are consistent with
the reported literature for Nb2CTx.

35 Additionally, the relative
abundance of Tx groups was determined to be 51.4% for �O,
44.4% for −OH, and 4.2% for −F terminations. The gathered
characterizations give us high confidence in the etching process
and quality of the Nb2CTx used for this study, precluding the
possibility of artifacts arising from remaining MAX phase or
other impurities.
Raman Spectrum Analysis. We calculated the Raman

spectrum of an Nb2CTx monolayer with homogeneous
terminations (Tx: �O, −OH, and −F) using DFT, including
the phonon dispersions and phonon density of states (DOS).
The structures (Figure S2) and computational details can be
found in the SI. The calculated phonon dispersions and
phonon DOS for Nb2CO2, Nb2C(OH)2, and Nb2CF2 are
shown in Figure S3. We observe common features of the zone-
center phonons for these materials. The two lowest nonzero
frequency phonons (one double degenerate and one non-

degenerate) correspond to vibrations of the Nb atoms, while
the two highest frequency phonons (one double degenerate
and one nondegenerate) are attributed to C atom vibrations.
The phonons at intermediate frequencies correspond to
vibrations of the Tx groups.
We first discuss the four lower frequency (<270 cm−1)

Raman peaks (Figure 2a, peaks 1−4 shown in red, labeled
Nb region), which we attribute to vibrational modes of the Nb
atoms. The DOS calculations indicate two Raman-active
vibrational modes involving Nb atoms for the �O, −OH,
and −F terminated structures, respectively (Figure S3).
However, since −F terminations represents only 4.2% of the
Tx groups in our sample of Nb2CTx (Figure 1h), we consider
two modes for each of the �O and −OH terminated Nb2C
structures. The peaks at 105 and 212 cm−1 are attributed to
phonons for Nb2C(OH)2 (peaks 1 and 3) and peaks at 162
and 267 cm−1 to phonons for Nb2CO2 (peaks 2 and 4). The

Figure 1. Characterization of Nb2CTx. (a) UV−vis-NIR spectrum
of exfoliated solution, (b) XRD pattern of drop-cast film, (c) SEM
image of drop-cast film with atomic composition percentages are
listed in top right corner from EDS analysis (d) Raman spectra of
drop-cast film at laser excitations 514.5, 633, and 785 nm. (e-h)
High resolution XPS of drop-cast film for Nb 3d, O 1s, C 1s, and F
1s regions along with relative abundance of �O, −OH, and −F
terminal groups.
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corresponding atomic displacements for these modes are
shown in Figure 2b. Peaks 1 and 2 correspond to in-plane (Eg
symmetry) modes and peaks 3 and 4 are out-of-plane (A1g
symmetry) modes. The A1g mode at 267 cm−1 is the most
intense peak in the Raman spectrum of Nb2CTx and occurs at
similar frequencies as high-intensity modes in other M2XTx.

11

Next, we turn our attention to the Raman peaks in the
intermediate frequency region, i.e., peaks 5−8 in Figure 2a. By
comparing the frequencies in the measured Raman spectrum
to the calculated Raman-active zone-center phonons (Figure
S3), we attribute the peaks at 390, 430, 515, and 681 cm−1 to
phonon modes for −OH(Eg), −F(A1g), −OH(A1g), and �
O(A1g) Tx groups, respectively. These assignments are
illustrated in blue in Figure 2a (labeled Tx region) and their
eigenvectors are depicted in Figure 2b. We note that the
Raman intensity for peak 6, which is assigned to an A1g mode
for −F terminations, is significantly weaker in intensity than
other Tx peaks, but is consistent with the XPS data showing
only 4.2% relative abundance of the −F termination (Figure
1h) and the EDS quantification showing only 0.2% F (Figure
1c).
For the highest frequency peak, we examined the calculated

phonon dispersion and DOS of Nb2CO2, Nb2C(OH)2, and
Nb2CF2 (Figure S3). The highest frequency phonon modes
originate from C vibrations, but due to symmetry, are not

Raman active for Nb2CO2 and Nb2CF2. However, a phonon
mode for a C vibration in Nb2C(OH)2 is Raman active due to
the lowered symmetry of the hydroxyl termination. This result
indicates that by lowering the symmetry of the pristine Nb2C,
inactive modes of C vibrations can become Raman active.
Therefore, the highest frequency Raman peak at 749 cm−1 is
attributed to the Eg phonon mode of C atoms in the Nb2CTx
lattice (peak 9, shown in gray in Figure 2a and labeled C
region). Table 1 summarizes the observed and calculated

Raman peaks for Nb2CTx. We note some discrepancies
between experiment and theory, particularly for the higher
Raman frequency peaks (Table 1), which we attribute to the
material’s complexity. The distribution of Tx groups on
MXenes is known to be heterogeneous and has been
highlighted recently by Natu et al.36 Additionally, the presence
of defects, possible impurities and disorder can complicate
computations. We employed a rigorous theoretical approach
and optimized structures that are based on careful examination
of different adsorption sites, ensuring stability with no negative
phonons (Table S1), and our theoretical predictions agree well
with previous computations for many of the phonon modes in
Nb2CTx.

5 However, despite the discrepancies between experi-
ments and theory for some high frequency modes, our
theoretical predictions for Nb2CTx provide important insights
into the attribution of the Raman peaks to the appropriate
lattice vibrations.
Laser-Induced Surface Modification. Next, we explored the

effect of changing surface chemistry on the intensities and
frequencies of the phonon modes in Nb2CTx. We irradiated
Nb2CTx using a 633 nm laser at various incident powers from
27−5120 μW at the sample (Table S2). We found that powers
greater than 1120 μW caused significant changes to the
Nb2CTx spectra resulting in noisy and broadened peaks that
could not be fit, and were therefore excluded from the analysis.
It is known that MXenes oxidize under irradiation in air,
producing a metal oxide and amorphous carbon.37 Consistent
with the literature, we observed the formation of niobium
oxide and amorphous carbon (Figure S4) at maximum
incident laser power (5120 μW). We collected and analyzed
Raman spectra at 20 different incident powers ranging from

Figure 2. (a) Gaussian deconvoluted Raman spectrum of Nb2CTx.
The Nb region has four peaks shaded in red that are assigned to
Nb phonon modes. The Tx region has four peaks shaded in blue
that are assigned to the surface terminal groups �O, −OH, and
−F phonon modes. The C region has one peak shaded in gray that
is assigned to the C phonon mode with −OH termination.
Experimental data was collected with a 633 nm laser excitation at
217 μW power. (b) Calculated phonon modes with eigenvectors
for Nb2CTx containing �O, −OH, and −F surface terminal
groups. Representative atom coloring: Nb is green, C is brown, O
is red, H is white, and F is blue.

Table 1. Experimental (633 nm Excitation and 217 μW
Laser Power) and Calculated Raman Peaks in Nb2CTx

Peak
Experimental

frequency (cm−1)

Calculated
frequency
(cm−1)

Terminal
group
Nb2CX2

Phonon
mode

1 105 105 OH Nb in-plane
(Eg)

2 162 127 O Nb in-plane
(Eg)

3 212 236 OH Nb out-of-
plane (A1g)

4 267 253 O Nb out-of-
plane (A1g)

5 390 335 OH OH in-plane
(Eg)

6 430 471 F F out-of-
plane (A1g)

7 515 512 OH OH out-of-
plane (A1g)

8 681 546 O O out-of-
plane (A1g)

9 749 607 OH C in-plane
(Eg)
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27−1120 μW. Representative spectra from this power range in
the MXene region (50−900 cm−1) and the higher frequency
amorphous carbon region (1200−1800 cm−1) are shown in
Figures 3a and 3b, respectively. The spectra collected with

incident powers ≤560 μW (colored blue in Figure 3) exhibit
no significant changes in the MXene peaks (Figure 3a), with
the most intense peak occurring at 267 cm−1 (peak 4) and little
to no amorphous carbon (Figure 3b). The spectrum
highlighted in red at 700 μW exhibits clear changes in the
low-frequency Nb peaks (peaks 1−4), where the intensity of
peak 4 decreases and becomes equal to that of peak 2.
Additionally, peaks 8 and 9 in the Tx region start to separate
and broad peaks appear between 1200−1800 cm−1 signifying
the formation of amorphous carbon. At higher laser powers,
the spectra shown in purple (817 and 1070 μW) reveal
significant changes with peak 2 (162 cm−1) becoming the most
intense peak, changes in the shape and intensity of the Tx
peaks, and a significant increase in the amorphous carbon
peaks. At an incident laser power of 1120 μW (teal spectrum in
Figure 3), we see significant changes to the MXene peaks and
the highest intensity of the amorphous carbon Raman peaks.
Additionally, at laser powers >800 μW, we observe a series of
small peaks appearing in the Tx region that could be the
formation of niobium oxide.38

To quantify the changes occurring in the Raman spectra of
Nb2CTx with increasing incident laser power, we deconvoluted
the spectra shown in Figures 3a and 3b (Figures S5−S6 and
Tables S3−S4). We analyzed the changes in peak intensity (I)
and frequency (ω) in both the MXene region and the
amorphous carbon region (Figures S7−S8). In Figure 4a, we
show the changes in intensities of peaks 2, 4, 5, and 9 in the
MXene region and the intensities of the amorphous carbon
peaks (D and G bands, corresponding to disorder-induced
peak and in-plane vibrations of sp2 carbon, respectively39). In
general, relative intensity changes of a Raman peak correlate
with population changes of that phonon mode in the material,
such that a decrease in intensity would indicate a decrease in
the population of that phonon mode.
Starting with the top panel of Figure 4a, the intensity ratio of

peak 2 to peak 4 (I2/I4) starts to increase with incident laser
powers >560 μW, which is consistent with the spectroscopic

changes in Figure 3a. The laser power dependencies of I2 and
I4 are shown in Figure S7. Both I2 and I4 do not change
significantly with increasing laser power up to 522 μW, above
which I4 decreases and then levels off at powers >817 μW. The
greater changes in I4 compared to I2 indicate that the A1g Nb
phonon mode (peak 4) is more sensitive to irradiation than the
Eg Nb phonon mode (peak 2).
In the next panel in Figure 4a, we track the intensity ratio of

the D and G bands (ID/IG) of amorphous carbon. We see a
similar trend that ID/IG increases at incident laser powers >560
μW, which is also consistent with the evidence of amorphous
carbon formation shown in Figure 3b. The leveling off of I2/I4
and ID/IG indicates that a large portion of the changes occur
between ∼600−800 μW. Moreover, the alignment of the
trends for I2/I4 and ID/IG provides evidence for the
precipitation of amorphous carbon as a result of irradiation
of Nb2CTx. This conclusion provides researchers a way to
spectroscopically track the integrity of Nb2CTx through
changes in the most intense peak and formation of amorphous
carbon. In the third panel, we look at I9, the Eg phonon mode
associated with carbon in Nb2CTx. We observe a slight
decrease in I9 starting at an incident laser power of 385 μW,
but the relatively large error (shaded portion) due to the
broadness of the peak makes it difficult to unambiguously
conclude that the amorphous carbon formation results from
the carbide in the irradiated Nb2CTx.
Lastly, we examined I5 in the bottom panel of Figure 4a. We

observe a net decrease in I5 over the entire incident laser power
range, but with a larger decrease between 385−817 μW,
suggesting that the laser may be inducing the desorption of
−OH Tx groups. The larger decrease in I5 between 385−817
μW is consistent with the changes observed for I2/I4, ID/IG,
and I9, and attributed to the onset of significant surface
modification in that laser power range. As we mentioned

Figure 3. Raman spectra of Nb2CTx collected at 633 nm excitation
with laser powers ranging from 27−1120 μW in (a) the MXene
region and (b) the amorphous carbon region. The spectra ≤560
μW (blue) show insignificant changes. At 700 μW, the red
spectrum shows changes in the low frequency (100−300 cm−1)
and high frequency (600−800 cm−1) peaks of the MXene along
with measurable D and G bands from the formation of amorphous
carbon. The spectra in purple from 800−1100 μW show significant
change to all MXene peaks and an increase in the amorphous
carbon formation. The spectrum in teal at 1120 μW shows
significant changes to the MXene.

Figure 4. Analysis of Raman spectra of Nb2CTx collected at 633
nm excitation with laser powers ranging from 27−1120 μW. (a)
Analysis of normalized peak intensities of peak 5 (I5), peak 9 (I9),
the intensity ratio of the D band to G band (ID/IG), and the
intensity ratio of peak 2 to peak 4 (I2/I4). (b) Analysis of the peak
frequencies (ω) of peaks 1,2,5, and 9. The shading represents the
fit error on the intensity or frequency. We used dashed lines to
guide the eye for incident laser powers 385−817 μW. For
reference, see Figure 2a for the Raman spectrum with peak
indexing and Figure 3 for the Raman spectra of the 385−817 μW
powers.
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above, the intensity of peak 6 is small due to the lower
population of −F terminal groups (4.2%) but it still decreases
over the entire laser power range until it almost disappears
(Figure S7). A report by Hu et al. that found only Nb2CO2 was
dynamically stable, while Nb2CF2 and Nb2C(OH)2 were
dynamically unstable.5 This could explain the reduction in
intensity for −OH and −F terminations over the entire laser
power range. In summary, the intensity changes with
irradiation in the MXene and amorphous C regions provide
evidence to support laser-induced surface modification of
Nb2CTx, but examination of the accompanying frequency
changes is warranted.
In Figure 4b, we summarize changes in the peak frequencies

for peaks 1, 2, 5, 9 with incident laser power. All of the peak
frequencies as a function of laser power can be found in Figure
S8. In general, a shift in the frequency of a phonon mode could
indicate a structural change, e.g., in bond length, bond
rearrangement, or strain (tensile or compressive). Overall, we
see a shift to lower frequency (red shift) for all four peaks.
Starting with the top panel in Figure 4b, ω9 is fairly consistent
within error up to 385 μW, but then a significant red shift
occurs between 431−700 μW before the frequency is
consistent again. While the changes in I9 were difficult to
interpret owing to the large errors, but the decrease in intensity
matches the power range for the red shift in frequency,
suggesting that the changes in peak 9 occur from modification
of the C phonon mode.
The next panel in Figure 4b shows a significant red shift for

ω5 between 385−817 μW, which is consistent with its largest
intensity decrease (bottom panel, Figure 4a) and supports the
case for surface modification in this power range. In the third
panel of Figure 4b, ω2 decreases up to 700 μW before
remaining constant as it approaches the frequency for niobium
oxide,38 indicating the formation of the metal oxide. Lastly, in
the bottom panel, ω1 red shifts over the entire laser power
range but shows the largest decrease between 522−817 μW.
The shift of these in-plane phonon modes could arise from
bond lengthening, bond rearrangement, or strain induced by
surface modification this material. A previous report found that
tensile strain caused frequency shifts for Ti3C2Tx on average of
∼3.3 cm−1 per% strain applied for an out-of-plane mode
through mechanical testing.40 In Figure 4b, the red shifts range
from 4−39 cm−1, which is a larger shift than expected from
strain resulting from surface modification.
Several factors could account for the observed frequency

shifts in Figure 4b, including localized heating through the
photothermal effect12 and the removal of intercalated species
(water and TMAOH). We performed a temperature-depend-
ent Raman study which showed that the photothermal
contribution due to varying laser power is relatively small
and cannot fully account for the large red shifts observed in
Figure 4b (discussion in the SI, Figure S9). To explore the
contributions of the removal of intercalated species to the
observed frequency shifts, we investigated the presence of
water (Figure 1f) and TMAOH (Figure S10). We did not find
a significant presence of water or TMAOH (discussed further
in the SI), reducing the likelihood for the removal of
intercalated species contributing significantly to the observed
frequency shifts.
As alternative contributions to the frequency shifts did not

fully explain our data, we believe the observed large red shifts
result from the loss of surface functionalities and partial
oxidation, leading to bond strains, defects, atomic rearrange-

ments, and disruptions to the C network in Nb2CTx.
Additionally, we observe blue shifts at higher laser power for
peaks 3, 6, and 7 (Figure S8). In comparing ω3, ω6 and ω7 to
the peaks of niobium oxides (Figure S4), we believe the blue
shifts are a result of the formation of niobium oxide species,
providing additional evidence for the partial oxidation of
Nb2CTx under irradiation. Taking a holistic look at the
intensity and frequency changes presented in Figure 4, we
suggest that these changes are evidence for laser-induced
surface modification of the Nb2CTx through the removal of Tx
groups, partial oxidation of Nb, and formation of amorphous
carbon.
To further understand the impacts of surface modification

on the Raman spectra of Nb2CTx, we calculated vacancy
formation energies for Nb, C, and O by DFT as defined in
Equation S1. The calculated formation energies are listed in
Table 2 for both O-terminated and bare Nb2C. The formation

energies are lower for the removal of a carbon atom compared
to that of a Nb atom for both bare and terminated Nb2C. A
discussion of our computed results, along with a comparison to
literature reports41,42 is provided in the SI. Our computed
results agree with our Raman experiments, where the C
network is disrupted and vacancies may occur in the studied
incident laser power range but Nb is not removed. Thus, the
rearrangement of Nb atoms must be a result of oxidation.
To elucidate the effect of surface modification on the

electronic structure, we used DFT calculations to compare
pristine Nb2CO2 and Nb2CO2 with higher (1.14 × 1014/cm2)
and lower (1.61 × 1013/cm2) C monovacancy densities. A
discussion of these calculations is provided in the SI. Our
results indicate the introduction of C-vacancies changes the
electronic structure of Nb2CO2, with more significant changes
occurring for higher defect densities (Figures S11(a) and
S11(b)). We note that the metallicity of pristine Nb2CO2 does
not change when introducing a C-vacancy. Examination of the
optimized structures (Figure S12) demonstrates that the
distortion of two NbO hexagons above and below the C-
vacancy are the cause for changes in the electronic structure.
In combining the qualitative (significant spectroscopic

changes), quantitative, and calculated evidence for laser-
induced surface modification, we hypothesize on the evolution
of the observed surface chemistry of Nb2CTx. We believe the
Tx groups (especially −OH and −F) are perturbed first, as we
see changes in the spectra in the broadest laser power range.
With the partial loss of surface functionality, the niobium
atoms are vulnerable to partial oxidation, as seen with shifts of
ω2, ω3, ω6, ω7 toward niobium oxide frequencies. The changes
to the surface chemistry of Nb2CTx cause disruptions in the
carbon network as seen by changes in I9, ω9, I2/I4, and ID/IG
between laser powers 431−817 μW. Due to the much lower
vacancy formation energy of C compared to Nb, we attribute
the decrease in I4 to a disruption in the carbon network as

Table 2. Vacancy Formation Energy (Eform) for O-
Terminated and Bare Nb2C

MXene Atom Eform (eV)

Nb2CO2 C 1.10
Nb 4.49
O 4.50

Nb2C C 2.40
Nb 2.72
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opposed to the vacancy of Nb atoms. This conclusion is also
supported by the identical trends for I2/I4, and ID/IG (Figure
4a). In a discussion in the SI, we evaluated extrinsic carbon
sources (environmental hydrocarbons, intercalated TMAOH)
based on experimental evidence (Figure S10 & S14) and
literature reports.37,43 Our experiments eliminated significant
contribution from extrinsic carbon sources to the formation of
amorphous carbon, therefore, the observed changes in I9 and
ω9 along with a lower vacancy formation energy for C, suggest
that the source of amorphous carbon is from Nb2CTx.
Lastly, we assessed the aging of surface modified Nb2CTx by

collecting Raman spectra (Figure S13) from an area initially
irradiated with 700 μW and the same area 5 months later. The
Raman spectra exhibit similar line shapes, indicating the
stability of the surface modification. In addition, neighboring
regions were investigated by Raman spectra (Figure S13) from
areas 1.5−1000 μm away from the laser irradiated area 5
months prior. The Raman spectra appear identical to the
pristine Nb2CTx, indicating that the surface modification is
localized to the laser spot, and exposure to air did not induce
any further changes. The stability and localization of the laser-
induced surface modification of Nb2CTx thus provides
researchers with a tool for creating stable, tunable and
localized surface functionalization.
In conclusion, we observed nine Raman active phonon

modes for Nb2CTx through the deconvolution of its Raman
spectrum guided by DFT calculations. Additionally, we
investigated the dependence of the Raman spectrum of
Nb2CTx with incident laser power. We found that the integrity
of Nb2CTx can be tracked through a significant decrease in the
intensity of the most intense peak accompanied by an increase
in amorphous carbon peaks. We also analyzed the peak
intensities and frequencies and found a threshold power (385−
522 μW) for surface modification of Nb2CTx. To provide
additional insight into the surface modification, we calculated
the vacancy formation energies in bare Nb2C and Nb2CO2 and
found a lower formation energy for a C-vacancy compared to
Nb. The effect of a C monovacancy on the calculated band
structure of Nb2CO2 showed changes to the electronic
structure, while preserving its metallicity. Using the qualitative,
quantitative, and computed evidence for the laser-induced
surface modification of Nb2CTx, we hypothesize that the Tx
groups are disrupted first, followed by partial oxidation of
vulnerable Nb atoms causing a disruption to the carbon
network and the formation of amorphous carbon. This study
provides a fundamental framework to characterize Nb2CTx
using Raman spectroscopy, serves as a guide to the
spectroscopical assessment of the structural integrity, and
provides a tool for creating a stable, tunable, and localized
surface modification.
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