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Two‑dimensional transition metal carbides and nitrides, known as MXenes, are layered materials with 
unique functionalities which make them suitable for applications such as energy storage devices, 
supercapacitors, electromagnetic interference shielding, and wireless communications. Since they are 
wet‑processed, MXenes need annealing to improve their electrical conductivity. The extent of annealing 
highly depends on temperature; however, higher temperatures can also impact the resulting phases 
and structure. In this study, we present a non‑thermal annealing process utilizing an electron wind force 
(EWF) method in ambient conditions. This process is demonstrated on freestanding  Ti3C2Tx films, where 
we show up to 70% decrease in resistivity at temperatures below 120 °C compared to conventional 
thermal annealing methods. MXene structures before and after annealing are analyzed using Raman 
spectroscopy and ex situ and in situ X‑ray diffraction. Surface terminations and intra‑flake defects 
modification in  Ti3C2Tx layers after EWF annealing impart better electrical conductivity to MXene film 
than the non‑annealed films.

Introduction
2D layered transition metal carbides or nitrides, commonly 
known as MXenes, are emerging materials which have attracted 
extensive scientific research interest for their unique atomic-
scale layered structure [1, 2], high electrical conductivity (20,000 
S  cm−1) [3], impressive thermal stability [4], and scalable pro-
cessing methods [5, 6]. Their chemical and structural variability 
[7–10], surface chemistry [11], interlayer spacing tunability [12], 
and attractive electrical properties [13, 14] make them strong 
candidates for a diverse range of applications such as lithium ion 
batteries [15], electrode materials [16], supercapacitors [14–20], 
electromagnetic interference (EMI) shielding [21, 22], and water 
purification [23, 24]. MXenes are mostly derived from their 
MAX phase precursor (e.g.,  Ti3AlC2,  Ti2AlC, and  Ta4AlC3). A 
MAX phase is denoted by the chemical formula  Mn+1AXn, where 
M is an early transition metal, A is an element of the A group 
mostly of groups 13 or 14 of the periodic table (in particular, 
Al, Si, and Ga) and X stands for carbon and/or nitrogen. MAX 

is a layered material, where n + 1 layers of M are interleaved by 
n layers of X (where X are in the octahedral interstices of the 
hexagonal M structure) with A groups bonded to the outside of 
the  Mn+1Xn structure [25]. MXene is derived from MAX through 
exfoliation by selective etching of the A element from the parent 
MAX phases with hydrofluoric acid-containing wet chemical 
solutions [20, 26, 27] or molten salts [28] as selective etchants. 
MXenes are similarly chemically denoted to MAX as  Mn+1XnTx, 
where  Tx stands for surface groups, commonly –OH, = O, –F, 
and –Cl [9] which are gained due to the etching method after 
removing the A element [29]. Surface functional groups have 
shown to play an important role in controlling the electrochemi-
cal [30, 31] and electronic [31] properties of MXene.  Ti3C2Tx 
is the most commonly studied MXene, appearing over 70% of 
MXene-related publications to date [32].

The combination of the effects of MXenes M-X interior and 
surface groups are shown to majorly impact the structure and 
properties of MXene flakes in both single flake and film forms 
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[33] and post-treatment of MXenes by thermal annealing can be 
used to illustrate the effects of these compositions experimentally. 
Several studies have described thermal annealing and calcination 
as an effective way to alter MXene’s behavior by removing inter-
calants and surface terminations [4, 34–37]. Thermal annealing 
of films of MXene flakes has been performed in the literature in 
the 150–1500 °C range. In water and oxygen-containing envi-
ronments, MXenes have been reported to undergo structural 
oxidation [38, 39] and it increases in severity as the ambient tem-
perature is increased [38]. This structural oxidation has shown 
detrimental effects on the metallic electrical conductivity of the 
MXene [38]. However, the oxidation of MXene films during ther-
mal annealing can be inhibited by annealing in a vacuum or inert 
environment [4, 34, 40]. The annealing of  Ti3C2Tx MXene flakes, 
while not in an oxidative environment, can be separated into 
three distinct regions. First, the intercalated water is removed as 
the temperature increases from room temperature (RT) to 200 °C 
[41]. The removal of intercalated water between MXene flakes in 
 Ti3C2Tx films has shown a decrease in sheet resistance of 18% at 
200 °C [34]. Thermal properties are also shown to improve due 
to interlayer distance reduction from 13.62 to 11.74 Å at about at 
475 °C [42]. Second, the surface groups of  Ti3C2Tx are removed 
with –OH as the first to be removed at 300–500 °C followed by 
–F at 750 °C with complete surface group loss at temperatures 
beyond 800 °C [34]. De-functionalization of –F content of  Tx 
on  Ti3C2Tx, which occurs from 400 to 775 °C under vacuum, 
illustrates a reduction of resistance by ~ 75% [34]. This reduc-
tion in resistance is associated with an increase in intra-flake 
carrier concentration in defunctionalized  Ti3C2Tx [34]. Third, 
structural phase transformations of  Ti3C2Tx to mixed present 
phases of  Ti3C2Tx, cubic  TiCy, and cubic  Ti2C and ordered 
carbon vacancy superstructure of  TiCy, take place from 700 to 
1500 °C [4]. In general, thermal annealing has improved the elec-
trical conductivity in MXene films, but the required temperatures 
(~ 100–500 °C) make MXenes films prone to oxidation in ambi-
ent oxygen-containing conditions [43].

In this study, we present a novel, non-thermal process to 
achieve similar increase in electrical conductivity to those of 
thermal annealing of  Ti3C2Tx MXene films. We explore anneal-
ing with the electron wind force in  Ti3C2Tx in ambient condi-
tions to improve electrical conductivity. In a conducting mate-
rial, electrons are scattered by both lattice atoms and defects 
and interfaces. Lattice scattering causes Joule heating, which 
can lead to thermal runaway if not controlled. Defect scattering 
involves a momentum change of the impinging electrons, giv-
ing rise to a mechanical force, known as the electron wind force 
(EWF) [44]. Since the force is highly localized at the defects, we 
hypothesize that it can impart very high mobility to the defects, 
even though the global average of the EWF is small. Therefore, 
EWF can be effectively used to minimize the defect density and 
consequently to improve electrical conductivity as long as the 

dominating Joule heating effect can be avoided. In the absence 
of Joule heating, the defect scattering rate will dominate over 
lattice scattering and the EWF effects become significant. The 
scattering intensity can be controlled with high current density 
to provide a unique pathway to decrease defects concentration, 
grain boundary density [44–46], and improve electron mobil-
ity in layered MXene film and, thus, lower the resistivity. For 
example, the surface terminations can be seen as atomic defects, 
which can be dislodged at sufficiently high current density. Sim-
ilarly, EWF can mobilize the intercalated water molecules to 
reduce the interlayer distance. Analytical tools such as X-ray 
diffraction (XRD) or Raman spectroscopy tools can be used to 
confirm these events to explain the decrease of electrical resistiv-
ity in EWF-annealed specimens.

In this study, we achieve EWF annealing through minimiza-
tion of Joule heating by attaching the  Ti3C2Tx MXene film on a 
large heat sink (thick slab of aluminum nitride). We demonstrate 
the proposed approach on  Ti3C2Tx films at lower than 120 °C 
temperature with significant (72%) decrease in resistivity after 
applying only 377.27 Amp/mm2 current density. In addition, 
we show that the resistivity change was permanent and did not 
increase back over time after the current was removed. In order 
to analyze MXenes’ structure after EWF annealing, we used 
Raman spectroscopy to show a decrease of functional groups 
on MXenes’ surface and no formation of disordered carbon state 
as seen in high-temperature annealed samples [47]. We also uti-
lize ex situ and in situ X-ray diffraction (XRD) to display that 
there is no significant change in MXene inter-flake spacing to 
illustrate the primary role of EWF in decreasing of the resistivity. 
As a result, we believe that EWF processes on MXene films can 
provide a useful method to increase the conductivity of MXene 
films without the need for controlled environments and detri-
mental side effects of thermal annealing.

Materials and methods
Ti3C2Tx synthesis and EWF annealing

Ti3C2Tx is derived from its precursor MAX phase  Ti3AlC2 via 
selective acid etching of  Ti3AlC2 in a mix of hydrofluoric (HF) 
and hydrochloric (HCl) acid solution. In brief,  Ti3AlC2 is syn-
thesized through pressure less sintering of a powder mixture of 
TiC, Al, and Ti in a molar ratio of 2:1:1. The powder is mixed 
through ball milling in a polycarbonate container with yttria-
stabilized zirconia balls with a ball-to-powder mass ratio of 
2:1 for 18 h in a Shimpo PTA-02 jar. After mixing, the powder 
is reactively sintered in a Carbolite Gero furnace at 1400 °C 
for 2 h under Ar gas flow. After sintering, the MAX block is 
then turned to powder through drilling with a TiN coated 
drill bit. To synthesize  Ti3C2Tx MXene, 4 g of  Ti3AlC2 powder 
is selectively etched through immersion in an acid mixture 
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comprised of 12 mL HF (50% stock, MilliporeSigma), 72 mL 
HCl (37% stock, MilliporeSigma), and 36 mL de-ionized water 
in a high-density polyethylene (HDPE) container stirred at 
400 RPM at 35 °C for 24 h in an oil bath. After selective etch-
ing, the solution is then repeatedly washed with de-ionized 
water (300 mL de-ionized water per gram of  Ti3AlC2) until 
neutral through addition of water followed by centrifugation 
at 3320 RCF until the pH is > 6. After washing to neutral, the 
 Ti3C2Tx powder is then delaminated to single-flake  Ti3C2Tx 
flakes through addition of  Ti3C2Tx powder to 4 g of anhydrous 
LiCl (Fisher Scientific) in 200 mL de-ionized water in a high-
density polyethylene (HDPE) container which is stirred at 
1000 RPM at 60 °C for 1 h under argon flow in an oil bath. 
After delamination, the powder is washed (200 mL de-ionized 
water per gram of  Ti3AlC2) to remove any remaining salts to 
yield the final aqueous  Ti3C2Tx solution (~ 2 mg/mL). To make 
the  Ti3C2Tx MXene films, 10 mL of this solution and 10 mL of 
de-ionized water is filtered over a 0.8 µm pore size membrane 
using vacuum filtration. After filtration, these films are then 
peeled off of the filter paper and dried in vacuum to remove 
any excess water. To anneal the MXene films via EWF, the 
specimen is mounted on an aluminum nitride slab that has 
very high thermal conductivity (> 170 W/mK), high electrical 
insulation capacity (> 1.1012 Ωcm) and low thermal expansion 
4 to 6 ×  10−6  K−1 between 20 and 1000 °C (Stanford Advanced 
Materials). The slab itself is mounted on a custom built cold 
plate. Electrical connections are made with silver paste. Resist-
ance is measured from I-V curve and converted to resistivity 
by multiplying with constant cross-sectional area and dividing 
by length. The resistivity measurement is done at low tempera-
tures, which preclude any errors due to thermal expansion or 
thermal coefficient of resistivity.

Raman spectroscopy

We used a Horiba LabRam HR Evolution instrument with 
50 × long working distance (numerical aperture = 0.5) objec-
tive with Duoscan spot size diameter of 20 μm (averaged analy-
sis area via galvo-mirror control of the laser position) to help 
reduce effective power density of the laser and increase statisti-
cal significance of measured Raman response from each speci-
men. Initial characterization was performed to confirm sam-
ple composition and the safe power limit. Spectral response 
obtained with the 785 nm laser, 300 gr/mm grating and a con-
focal hole of 200 μm was very similar to that reported [48], 
with the exception of two peaks at 509  cm−1 and 1245  cm−1). 
Laser power was maintained at about 1.7 mW (3.2%) to avoid 
irradiation damage. We observed traces of  TiO2 (Anatase) at 
power as low as 2 mW. Lorentzian peak fitting was performed 
in the Origin software.

X‑ray diffraction

Ti3C2Tx MXene control and EWF-annealed films were pre-
pared for XRD scanning by cutting the films into approximately 
1 cm × 1 cm squares which were subsequently placed on dou-
ble-sided amorphous carbon tape mounted on an amorphous 
glass slide. The XRD scans were conducted using a Bruker D8 
Discover X-ray diffractometer using a Cu Kα X-ray emitter 
(λ = 1.5418 Å) paired with a Vantec-500  XRD2 detector. The 
sample height was considered focused when two alignment 
dual laser beams made one single laser beam point.  XRD2 scans 
were conducted from 5° to 75° 2θ using a step size of 5° 2θ with 
a timestep of 60 s (total 15 min scan). The spectra were then 
gathered by integrating the full 2D diffraction pattern in Bruk-
er’s EVA software with a gamma integration scheme.  Ti3C2Tx’s 
c-lattice parameter was then calculated using the (002) reflection 
of  Ti3C2Tx through Bragg’s Law. In situ XRD techniques were 
carried out with similar scan times to that of ex situ scans, while 
the annealing was carried out using an Anton-Parr DHS 1100 
four circle goniometer hot stage by affixing the  Ti3C2Tx films to 
an AlN stage with stainless steel clips and ramping from room 
temperature (carried out at 40 °C as the ambient atmosphere was 
roughly 28–32 °C) up to each set temperature (600, 700, 800, 
900 °C) sequentially at a ramp rate of 60 °C/min under Ar flow 
with an average regulator output pressure of 50 kPa.

Results and discussion
We first investigated the effects of EWF on the conductivity of 
 Ti3C2Tx MXene films through altering the voltage by increments 
of 0.5 V followed by measurements of the subsequent resistance 
change of the MXene films. In this experiment, we measured 
electrical resistance of 2 mm long, 1 mm wide and ~ 2.2 μm 
thick  Ti3C2Tx sample at room temperature by passing electrical 
current on a probe station with Kelvin connection to eliminate 
contact resistance (Fig. 1a inset). Each data point has been taken 
three times and the variation of data is within 5% uncertainty. 
The rate of change is high initially and gradually flattens out 
to a fixed value. First, as shown in Fig. 1a, we noticed that low 
voltages (0.5–0.75 V and maximum current density 29.54 Amp/
mm2) using EWF did not alter the film resistivity significantly. 
At 1 V, we noticed a resistivity change of the MXene film from an 
original resistivity of 15.6 μΩ-m to 13.8 μΩ-m. By increasing the 
voltage beyond 1 V (current density 42.34 Amp/mm2), the resis-
tivity of the  Ti3C2Tx MXene film decreases significantly, with 
a minimum film resistivity of 4.3 μΩ-m when annealing with 
EWF at 3 V (current density 377.27 Amp/mm2). At 2 V (current 
density 165.9 Amp/mm2) resistivity decreased by 57% with only 
15 ºC temperature rise. The decrease of resistivity was ultra-fast 
as we observed the changes to be instantaneous. The decreases 
in EWF-annealed  Ti3C2Tx MXene films resistivities are similar 
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to previous EWF studies, which showed improvement of crys-
tallinity, reduction of defects and grain boundary density thus 
enhancement of electrical properties in metals and 2D mate-
rials [44–46]. Overall, we have seen up to a 72% decrease in 
resistivity at 3 V. In comparison, Hart et al. [34] reported about 
64% decrease at 700 °C anneal inside high vacuum condition of 
the transmission electron microscope. However, beyond 3.5 V 
applied voltage we found no improvement in resistivity, which 
indicates that this process is sufficient to decrease resistivity of 
 Ti3C2Tx MXene films at an applied voltage of 3 V.

To minimize the temperature rise in the MXene films dur-
ing EWF application, we used a large AlN slab as a heat sink. 
As shown in Fig. 1b and c, we tracked the temperature rise dur-
ing the experiment with a thermal camera. With this method, 
we noted that the temperature rise is less than 50 °C for up to 
2 V and up to 120 °C between 2 to 3 V. While our objective 
is to demonstrate the non-thermal nature of EWF annealing, 
it requires complete removal of the Joule heating associated 
with the process. Our approach of using a massive heatsink to 
eliminate Joule heating was therefore not completely effective, as 
reflected by this temperature rise. In future, this can be improved 
by enhancing forced convective heat transfer with blowing cold 
air on the specimen. As shown by Raman and XRD spectra, 
this temperature increase did not cause clear oxidation in the 
 Ti3C2Tx sample (Figs. 2 and 3). The decrease in resistant became 
less discernible beyond 3 V (current density 377.27 Amp/mm2). 
Since the specimen is cooled only passively, temperature begins 
to rise rapidly. For example, at 3.5 V, the temperature reached 
about 275 °C without any further decrease in resistivity. This 
indicates that better results may be achieved with active cooling 

and lower applied voltages. Lower temperature will also mini-
mize the chances of oxidation.

In order to understand the effect of EWF on lowering the 
resistivity of the MXene specimens, we performed Raman spec-
troscopy and XRD methods before and after annealing. Raman 
spectroscopy characterizes the vibrational energy of the  Ti3C2Tx 
specimens and provides important information on chemical ele-
ments and their bonding. To identify any changes in the Raman 
spectrum, Lorentzian peak fitting was performed in the Origin 
software from 0 to 860  cm−1 Raman bands. Raman active vibra-
tions in  Ti3C2Tx have been predicted theoretically [49]. Further-
more, these peaks have been assigned experimentally in multiple 
studies to investigate alteration in surface functional groups and 
intercalant [30]. A recent study on systematic change in Raman 
spectra of  Ti3C2Tx with synthesis-route-dependent variation in 

Figure 1:  Effect of annealing voltage during EWF application on the resistivity of the  Ti3C2Tx MXene films and their temperature. (a) Voltage vs. 
resistivity curve. We sourced the voltage and measured the current to find resistance. Inset shows the digital photo (top) and schematic (bottom) of 
the measurement setup. (b) IR image of MXene at 3 V. (c) Time–temperature graph of the MXene film at 2 and 3 V.

Figure 2:  Effect of annealing on  Ti3C2Tx Raman peaks. The inset figure 
shows the most significant Raman shift that happens at 726.5  cm−1.
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terminal groups sheds more light on controlling MXene behav-
ior [48]. Raman spectroscopy was performed on EWF-annealed 
 Ti3C2Tx films as shown in Fig. 2, where the first peak appears 
at around 122  cm−1 for both annealed and post-annealed sam-
ple although the latter one has significantly less intensity. This 
is called the plasmon resonance peak, which occurs when the 
laser frequency (785 nm in this study) matches the plasmon 
oscillation. The next peak around 200  cm−1 is the out-of-plane 
vibration of C-Ti-Tx in MXene unit cell [48]. This peak does not 
show any significant change in intensity after EWF annealing of 
the MXene film.

The next peaks from 230 to 470  cm−1 comes from the in-
plane vibration of surface atoms connected to titanium atoms. 
As this region is only affected by surface terminations, it can 
be used to understand any changes in the surface atoms. After 
annealing, we observed a reduction in Raman intensity from 
210 to 470  cm−1 which indicates that the quantity of =O, –H and 
–F terminations have been reduced. Surface terminations are 
introduced during synthesis process of  Ti3C2Tx and its effects 
on conductivity ranges from conductive behavior to insulator 
[40, 50]. Previous studies have shown the removal of surface 
terminations at temperature above 200 ºC to 700 ºC [34–37]. 
However, while in our measurement temperature rise is mod-
erate (up to 120 ºC), we still observe a decrease in  Tx content.

Figure 2 inset shows that the out-of-plane C vibration for 
non-annealed sample shifted from 726.5 to 732.5  cm−1 after 
annealing. This is the next most sharp peak other than the 
resonance peak, and its shifting to higher frequency number, 
which has been speculated to be due to two potential fac-
tors: decreased inter-flake distance of  Ti3C2Tx MXene layers 
or decreased defect concentrations in  Ti3C2Tx flakes [48]. As 
shown in Fig. 3, the c-lattice parameters (c-LP) derived via the 
(002) peak of  Ti3C2Tx films from their XRD patterns indicate 

an average decrease in inter-flake distances due to EWF anneal-
ing of approximately 0.5 Å. In addition, no clear  TiO2 oxide 
formation is visible in Fig. 3a. Therefore, we speculate that the 
shifting of the out-of-plane C resonance peak as seen in Raman 
spectra shown in Fig. 2 is due to a decreased concentration of 
intra-flake defects in  Ti3C2Tx layers. This migration of defects 
and partial removal of the surface terminations in  Ti3C2Tx can 
be speculated to be a source of the decrease in resistivity in our 
EWF-annealed  Ti3C2Tx films as compared to the control film. 
Raman analysis can be summarized to show clear evidence of 
partial de-functionalization of –OH, –F and –Cl chemical spe-
cies by the EWF, which has not been studied or reported before. 
We did not observe appreciable de-intercalation of the water 
molecules, probably because the EWF process is inherently a 
low temperature one.

Our experimental approach decouples Joule heating from 
the EWF so that the observed improvement in electrical prop-
erty can be attributed to solely to EWF at low voltage where the 
rate of change in resistivity is higher. We hypothesize that cur-
rent density, far less than the critical value for electromigration 
[51], can improve the intra-layer properties of MXene by using 
EWF by targeting defects like intra-flake interfaces (analogous 
to grain boundaries in polycrystalline metals). Grain boundary 
growths and strong coupling between flakes because of more 
ordered orientation can contribute to the increased conductivity 
of MXene films after annealing by EWF, even without any evi-
dence of intercalated water removal. EWF’s processes energize 
only electrons and direct them toward defect sites to transfer 
their momentum. This contrasts with thermal annealing’s ten-
dency which imparts equal vibrational energy to both defects 
and the lattice and randomizes the diffusion of energy carriers. 
Figure 4 shows the cross-section scanning electron micrographs 
of the MXene specimens before and after the EWF processing. 

Figure 3:  (a) XRD scans for the  Ti3C2Tx specimens before and after EWF annealing. Six samples were annealed via EWF. (b) c-lattice parameter (c-LP) 
derived from the (002) peak of the XRD patterns.
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The images show that the EWF magnitude is not large enough 
to heal cracks or voids of micron scales in the cross-section of 
the MXene films. While comparison of Fig. 4a with 4b can sug-
gest a decrease in the frequency and volume of the micro voids, 
further characterizations are needed to determine whether this 
was due to the EWF power. Regardless, based on our XRD, it 
is clear that the inter-flake spacing is not affected at the level 
of the regular thermal annealing, where a ~ 2.5 Å reduction is 
observed in the  Ti3C2Tx MXene films due to the removal of the 
intercalated water molecules.

While the findings of this study indicate the effectiveness of 
the proposed EWF annealing, it is important to compare that 
with the conventional route of thermal annealing. As discussed 
earlier, it takes about 800 °C to remove both the intercalated 
water and surface groups [34]. We therefore performed ther-
mal annealing at 800 °C in argon environment for one hour. 
The resistivity measured after thermal annealing is about  
1.73 μΩ-m, which is lower than the 4.3 μΩ-m value achieved 
with EWF annealing. However, the EWF technique does not 

need any special environment and operates at significantly lower 
temperatures. As seen previously, phase transformation occurs 
at temperatures exceeding 700 °C in  Ti3C2Tx, which results in 
mixed phases of  Ti3C2Tx MXene and cubic structures  Ti2C and 
 TiCy (0.5 ≤ y ≤ 1) [4]. To illustrate the effects of phase transfor-
mation on  Ti3C2Tx, in situ X-ray diffraction techniques were 
used to analyze the crystal structure change of  Ti3C2Tx to  Ti2C 
and  TiCy. As seen in Fig. 5a, phase transformation of  Ti3C2Tx 
to  Ti2C and  TiCy occurs at roughly 700 °C, while near-complete 
phase transformation occurs at temperatures above 700 °C. 
Right-shifting of the (004), (006), and (008) peaks of  Ti3C2Tx 
up to 700 °C illustrate the c-LP shift to 20.02 Å, which is 5 Å 
less than that of EWF-annealed  Ti3C2Tx. As compared to the 
control film, the electrical resistivity of these in situ annealed 
films increases from 0.56 µΩ m up to 2.50 µΩ m at 600 °C, which 
decreases to 1.43 µΩ m at 700 °C, as shown in Fig. 5b. This 
increase in electrical resistivity could be accounted to increased 
disorder during film annealing at 600 °C to partial phase trans-
formation at 700  °C. This illustrates that high-temperature 
annealing processes to remove surface groups on bulk MXene 
films can potentially result in detrimental effects on the elec-
trical conductivity of  Ti3C2Tx films due to escaping structural 
water as well as partial phase transformation [4]. The ex situ scan 
of  Ti3C2Tx film annealed at 800 °C for 1 h in a tube furnace is 
shown in Fig. 5c with a c-LP of  Ti3C2Tx of 19.76 Å with present 
 Ti2C and  TiCy phases [4].

To obtain insights on the structural and surface groups 
differences between the EWF and thermal annealing, we per-
formed Raman spectroscopy analysis on a  Ti3C2Tx tube fur-
nace annealed at 800 °C for 1 h. This is shown in Fig. 6, where 
interestingly, the plasmon peak at 122  cm−1 does not appear. 
In Fig. 2, we noticed that EWF also diminishes this peak, sug-
gesting that the free electron gas density decreases with both 
techniques. The peaks from 230 to 470  cm−1 are slightly higher 
in thermal annealing, which suggests incomplete elimination 
of the surface groups, since these peaks reflect the out-of-plane 

Figure 5:  In situ XRD analysis of sequential annealing of  Ti3C2Tx films shown in (a) and the annealing effects on the electrical resistivity shown in (b). 
Data shown in (a) and (b) were reproduced from previous works [4]. Ex situ XRD scan of the  Ti3C2Tx tube furnace annealed at 800 °C for 1 h is shown in 
(c)

Figure 4:  Cross-sectional SEM image of a  Ti3C2Tx film before (a) and after 
the EWF annealing (b).
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vibration of C-Ti-Tx. The region between 580 and 730  cm−1 
mostly reflects carbon vibrations. Again, the thermally annealed 
specimens indicated increase in the peak, which could possibly 
be due to the appearance of disordered  sp3 carbon in the system 
(D-band peak around 1300  cm−1), which is known to happen at 
higher temperatures, or due to the decreased interlayer distance 
between the flakes in the structure.

Comparison of the characteristic MXene peaks therefore 
suggest that the thermally annealed specimens do not exhibit 
significantly better removal of the surface terminal groups, but 
the low electrical resistivity may originate from the removal 
of the intercalated water. Since EWF annealing took place at 
around 120 °C, the water content most likely was only partially 
removed evident by our XRD results (Fig. 3). EWF’s capability 
at removing surface groups without excess thermal anneal-
ing processes which may result in phase transformation of 
 Ti3C2Tx to  Ti2C and/or  TiCy phases indicates the potential of 
this process to be used as an ambient process to increase con-
ductivity of  Ti3C2Tx films by migrating defects and removing 
surface groups off of the surface of  Ti3C2Tx. However, fur-
ther work will be necessary to extract the exact mechanism 
of EWF’s improvement in resistivity as compared to that of 
thermal annealing.

In summary, we synthesized and measured the in-plane 
resistivity of  Ti3C2Tx before and after annealing with electrical 
stimulus. Electrical stimulus produces both EWF and joule 
heating due to electron–phonon and electron–defect inter-
actions, respectively. By passively removing the Joule heat, 
we were able to promote the EWF effects. We show evidence 

of EWF-induced electrical resistivity decrease of about 57% 
and 72% at current densities of 165.9 and 377.27 Amp/mm2, 
respectively. The corresponding specimen temperatures were 
only 40 and 120 °C, respectively. According to our hypothesis, 
the EWF improved the film quality by transferring energy 
to the defective regions only. Raman data provide evidence 
of reduction in the surface terminations. XRD show a small 
change in the lattice parameter (0.5 Å) indicating that the 
reduction in the MXene film resistivity is not due to the large 
inter-flake distance changes (~ 5 Å) usually observed in the 
thermal annealing of the MXene films. The underlying mecha-
nisms are suggested to be surface termination de-function-
alization and inter-flake defects removal. Our findings may 
offer valuable insight of improving material quality by apply-
ing energy and time-efficient approach.
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