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ABSTRACT 

We quantify the innate electro-oxidation behavior of a single Ti3C2Tx MXene particle by 

Single-Entity Electrochemistry. MXene undergoes irreversible oxidation at potentials greater 

than 0.3 V (vs. SCE), with the extent of oxidation dependant on the applied potential. A close 

correlation is seen with ensembles of drop-cast particles with submonolayer coverage. 
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1. Introduction 

Recently, “MXenes”- a new bourgeoning class of 2D layered material has been seen to be 

outperforming many others due to its particular physicochemical properties.1 Akin to 2D 

graphene, MXenes are stacks of 2D early transition metal carbides, nitrides, and carbonitrides 

of general formula Mn+1XnTx, where M stands for transition metal atom, X stands for C and/or 

N, n = 1, 2, or 3, and Tx denotes various surface terminations (OH, O, and/or F groups). MXenes 

are typically produced by top-down wet-chemical roots by selectively etching out the A layers 

from ternary Mn+1AXn phases, where A is mainly a group IIIA or IVA (i.e., group 13 or 14) 

element. 2 The atoms inside a single layer are held by strong mixed metallic/covalent/ionic 

bonds, while the stacked layers are weakly bonded after the removal of the “A” layer from the 

parent MAX phase. The inner conductive carbon core, crammed by outer transition metal 

oxides/hydroxide-like surfaces and surface terminations in MXene (e.g. Ti3C2Tx MXene, Fig. 

1) enables a combination of metallic electron conductivity and hydrophilicity. 3  

Among the various members of the MXene family, the first reported titanium carbide (Ti3C2Tx) 

MXene possesses the highest reported electronic conductivity (> 10000 Scm-1) and surface 

hydrophilicity suggesting its prospective use as electrode material in electrochemical 

applications, including energy storage, electronics, catalysis, and sensors, where it may 

outperform graphene.4 Pristine graphene displays no inherent electrochemistry over a stable 
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and large window, although graphite oxide (GO) shows various electrochemical reductions 

originating from electroactive oxygen functionalities such as quinones.5 In contrast with 

pristine graphene but similar to GO, Ti3C2Tx possesses a conducting carbon core sandwiched 

by active Ti and surface terminations, which are prone to intrinsic redox reactions. The 

voltammetry of Ti3C2Tx in an aqueous electrolyte shows a chemically irreversible oxidation 

signal on a first scan which rapidly diminishes in subsequent scans, indicating surface 

passivation and is inferred to arise from the formation of TiO2.
6 Such oxides on Ti3C2Tx MXene 

are reportedly beneficial for the claimed ultrasensitive detection of H2O2. Also, recent studies 

have suggested that partial anodic oxidation of Ti3C2Tx MXene improves the electrochemical 

performance compared to pristine Ti3C2Tx MXene electrodes. 7 On the other hand, some effort 

has been paid to preserve the surface chemistry of MXene from oxidation by depositing cobalt 

layered double hydroxide (Co-LDH) and Pt NPs over the surface, which is suggested to avoid 

the irreversible oxidation of Ti3C2Tx MXene whilst simultaneously enhancing its stability in 

the anodic potential window.8, 9 

Despite these preliminary investigations on the intrinsic oxidative nature of Ti3C2Tx 

MXene and extensive research on its electrochemical applications as a catalyst, catalyst 

support, and co-catalyst,4 a general literature search reveals a comparative lack of basic 

essential knowledge on the quantitative innate oxidation behavior or analysis of its 

origin. Taking note of the significant past wide research on Ti3C2Tx MXene and the 

current vast interest to exploit MXene for a myriad of electrochemical applications, 4, 10, 

11 we suggest that a quantitative analysis on the inherent oxidative properties is timely 

and prudent. Toward this objective, we report the first-ever study of single particles of 

Ti3C2Tx MXene studied as a suspension in an aqueous solution via Single-Entity 

electrochemistry (SEE), a contemporary appealing electrochemical technique having 

the ability to quantify the response of individual microscopic entities via stochastic 

collision with the electrode surface (Nano-impact).12 SEE has shown remarkable 

success on 0D nanoparticles,13,14 1D CNTs,15 Nanorods,16 and biological entities (e.g. 

bacteria, virus)17,18  in the past. Of late its extension on 2D layered materials (graphene, 

transition metal dichalcogenides (TMDs)) 19,20 reveals extensive new mechanistic 

insights on their fundamental electrochemistry and novel applications. By implementing 

SEE, we explore the extent to which individual Ti3C2Tx MXene particles can be electro-

oxidized and find the material to be surprisingly resistant to electro-oxidation in aqueous 

electrolytes. The study is extended to define the implications for ensembles of Ti3C2Tx 

MXene particles. 
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2. Results and Discussion 

Ti3C2Tx MXene was prepared by wet-chemical etching of Ti3AlC2 MAX phase with HF 

according to the details described in Section 1, Supporting Information. After etching, 

the Ti3AlC2 bulk particles turn into accordion-like Ti3C2Tx of average area (4.0 ± 0.2) 

µm2 (from a total of 1182 particles of as-prepared MXene), as imaged via SEM and as 

shown in Fig. S1a-c, Section 1, Supporting Information. The as-prepared Ti3C2Tx bulk 

particles are meta-stable in suspension for tens of seconds and seen to settle after a few 

minutes. However, for single-particle Nano-impact measurements, a stable suspension 

is essential to record information from the particle-electrode collision during its 

Brownian motion.12 To achieve this, we separated the lighter Ti3C2Tx particles via mild 

sonication followed by a sedimentation-based separation technique under centrifugal 

field and named Sample A and Sample B (details described in Section 2, Supporting 

Information, Fig. S2a-g). Controlled mild sonication effectively shatters MXene flakes 

and reduces their average lateral size, 21, 22 resulting in a stable dispersion of Ti3C2Tx 

particles in samples A and B, which remains stable in suspension for over an hour. The 

concentrations of Ti3C2Tx MXene particles in Sample A and Sample B were estimated 

by vacuum filtration (details in Section 3 Supporting Information) and correspond to 23 

µg/ml and 103 µg/ml respectively. As illustrated in the FESEM images (Fig. 2a and Fig. 

S1d, e), a stacked 2D sheet-like morphology is observed for Ti3C2Tx particles. 

Compared to as-prepared Ti3C2Tx MXene bulk particles (4.0 ± 0.2) µm2, the SEM 

particle areas for Sample A and B are smaller (2.2 ± 0.1 µm2 and 3.5 ± 0.4 µm2) as 

evident from the distribution plot of projection areas for both the samples (from a total 

of 464 particles from Sample A-Fig. 2b and 223 particles from Sample B-Fig. S1f).  

 

Fig.1 Schematic model showing the structure of Ti3C2Tx MXene 
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Fig. 2 (a) Field emission scanning electron microscopy (FESEM) image of Ti3C2TX 

MXene from Sample A, (b) plot of relative frequency vs projection area from the FESEM 

images of a total of 464 particles. 

 

This size reduction resulting from mild ultrasonication possibly enhances the stability 

of Ti3C2Tx MXene particles in the dispersion. 

To explore the oxidation of Ti3C2Tx particles at a single particle level, nano-impact 

measurements were carried out by inserting a clean carbon fiber micro-wire electrode 

(length ca. 1 mm and diameter ca. 7 µm) into a dispersion containing Sample A (23 

µg/ml) in 0.1 M H2SO4 (details in Section 4, Supporting Information). Figure S3, 

Supporting Information shows an image captured by optical microscopy showing the 

suspended MXene particles in solution where they were observed to undergo Brownian motion. 

Chronoamperograms were immediately recorded at a series of applied potentials from 

0 V to 1.3 V vs. saturated calomel electrode (SCE). As evident from Fig. 3a, several 

current spikes appear in the amperogram ascribed to electron transfer to the 

potentiostated electrode due to possible oxidation during the stochastic collision of 

single Ti3C2Tx particles with the electrode. In a typical spike (inset of Fig. 3a), the sharp 

current step-up signals the arrival of the single entity at the electrode surface, and the 

duration of the current step reflects its residence time followed by a sharp step-off, 

indicative of departure of the entity from the electrode surface. The average oxidative 

charge was calculated by integrating the area of each spike and a large number, “n”, 

spikes were considered from several chronoamperograms at a particular applied 

potential. The plot of average impact charge Qavg vs. applied potential (Fig. 3b) reveals 

an onset oxidative potential around 0.3 V, whilst a notable increase of Qavg is observed with 

a progressive increase of applied potential. The values of Qavg at potentials more positive than 

1V tend towards a plateau, suggestive of maximum oxidation of Ti3C2Tx particles at a high 

applied potential. The error bar was derived from the equation SD/(n)1/2, where SD is the 
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standard deviation and “n” is the number of spikes. Fig. 3c shows the distribution of charge of 

spikes at the highest potential, reflecting the range of size of Ti3C2Tx particles present. The 

average charge was determined to be (1.7 ± 0.3) nC from a total of 81 spikes. The plot of ln(Q) 

against ln(t) (Fig. 3d) depicts a reasonable linear dependence, suggestive of an increase in 

oxidation with impact time. Very similar oxidative features were observed for Sample B (Fig. 

S4a, b, Supporting Information) with an onset oxidative potential ~0.3 V and plateau depicting 

maximum oxidation at potential more positive than 1V. However, a slightly lower average 

charge (1.1 ± 0.2 nC, Fig. S4c) was obtained at the highest potential compared to Sample A. 

Although scattered, a reasonable linear dependence is observed for the plot of ln(Q) against 

ln(t) (Fig. S4d). The chronoamperograms recorded at different applied potential are shown in 

Fig. S5, Supporting Information. 

Having evidenced the electro-oxidation of single Ti3C2Tx particles through SEE 

measurements, the study was extended to an ensemble of Ti3C2Tx particles by drop-

casting particles onto a conventional glassy carbon (GC) macro electrode. About 4 µl 

aliquot of Ti3C2Tx particles (Sample A) suspension was drop-casted over GCE and air-

dried. Cyclic voltammetry was conducted on the Ti3C2Tx particles modified GCE in 0.1 

M H2SO4. The voltammogram for Sample A particles shows an irreversible oxidation 

peak in the anodic potential window with peak potential at ca. ~0.7 V (Fig. 4a). No 

oxidative feature is observed in the second scan, suggestive of complete passivation of 

Ti3C2Tx particles in the first scan. A very similar observation was seen for as-prepared 

Ti3C2Tx particles and Sample B, as shown in Fig. S6a, d, Section 5, Supporting 

Information. Analogous experiments were carried out for different aliquots of dispersion 

drop-cast over GCE. A clear increase of oxidation peak current is seen in the 

voltammogram (Fig. S6b, e, and Fig. S7), validating the expected increase in oxidation 

with an increase in material loading (Fig. 4b and Fig. S6c, f). Along with the oxidation 

peak, a small reduction peak appeared in the CVs (Fig. 4a, Fig. S6a, b, d, e) for MXene 

modified GCE, which also appears for bare GCE. This is likely due to the oxygen 

reduction reaction (ORR). The possible mechanism of oxidation is speculated to be the 

following reaction:6 

Ti3C2Tx + 8H2O           3TiO2 + 2CO + 16H+ + (16-x) e- + xT-……………..  (1) 

However, the possibility on the formation of CO2 as an oxidation product 

cannot be excluded. For Ti3C2Tx MXene, the Tx number per formula unit is found 

to be ~2 from recent studies. 23 Based on this, the average % of total Ti converted into 
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TiO2 is calculated to be ca. 2.3 % for Ti3C2Tx particles in Sample A, and less for Sample 

B (1.1 %) and as-prepared Ti3C2Tx particles (0.9 %). The average oxidation calculated 

per single particle from the average impact charge (Fig. 3c) is 2 % for Sample A and 0.7 

% for Sample B respectively. The apparent decrease in oxidation for Sample B and the 

as-prepared Ti3C2Tx particles compared to Sample A can be related to their 

comparatively larger size (evident from the SEM projection areas), and hence smaller 

surface area to volume ratio. The size-dependent electro-oxidative features correlate 

with the reported size-  

Fig.3 (a) Chronoamperogram recorded at a carbon fiber microwire electrode in a 23 

µg/ml Ti3C2Tx MXene suspension in 0.1 M H2SO4 at 1.3 V applied potential vs. SCE, (b) 

Plot of Qavg as a function of applied potential E; the error bars are derived from 

SD/(n)1/2, where SD is the standard deviation and n is the number of the spikes. (c) 

Distribution of charge from oxidation of single particles spikes by analysis of 81 current 

spikes at 1.3 V applied potential vs. SCE, (d) the linear fitting (black line) of the natural 

logarithm of individual spike charge (Q) vs. logarithm of time. The black dot indicates 

the logarithm of average charge per particle vs logarithm of time from the drop-cast. 

 

dependent chemical oxidation of MXene at the exposed sites on the sheet edge or the 

basal plane, that originate during the harsh chemical etching of Ti3C2Tx MXene.24, 25 

Apart from Ti3C2Tx MXene, the size and edge-plane dependant electrochemistry is also 

widely validated for other layered materials ca. graphite,26 graphenes,27 black 

phosphorous,28 and transition metal chalcogenides,29 where changed electrochemical 



7 
 

reactions with size reduction likely reflect surface area to volume ratios. In addition, the 

oxidation product (TiO2) is same as that produced by thermal oxidation of MXene in 

controlled air atmosphere, which is reportedly beneficial for several electrochemical 

applications.30,31 The average charge per particle from the voltammetry at the drop-cast 

electrode was calculated from the average number of particles in the drop-cast and the 

average projection area assuming the particles are cubic (detailed calculation in Section 

6, Supporting Information, Fig. S8). The plot of log(Q) vs log(t) calculated from the 

average oxidation charge per particle (Q) and average oxidation time (t) from drop-

casted particles is superimposed (black dot in Fig. 3d) over the scattered log(Q) vs log(t) 

plot from impact measurements. A careful perusal of the plot suggests a fair correlation 

between the two datasets. Analogous calculations are done for Sample B particles and 

log(Q) vs log(t) is plotted over the impact plot (red dot in Fig. S4d, Supporting 

Information), which is found consistent with the Ti3C2Tx MXene particles from Sample 

A. The correlation validates SEE measurement as a potential tool for understanding 

MXene electrochemistry at a single-particle scale.  

To further validate the above we characterized Ti3C2Tx MXene ensembles by X-ray 

photoelectron spectroscopy (XPS) and Raman spectroscopy before and after electro-oxidation. 

The experimental details of XPS are discussed in Section 1, Supporting Information. Fig. S9a 

depicts the CV of the as-prepared Ti3C2Tx MXene ensembles, showing the electro-oxidation at 

positive potentials. Fig. S9b depicts the deconvoluted high-resolution Ti 2p spectra revealing 

different valence/charged states of Ti tentatively assigned to Ti-C, Ti-O, Ti-O2, Ti-O2-xFx and 

C-Ti-O/Fx.
23 As seen, the deconvoluted spectrum contains many overlapping peaks along with 

Fig. 4 (a) Voltammogram at GCE modified with Ti3C2Tx MXene (Sample A) for two repeated 

scans in 0.1 M H2SO4. The plot of charge and % of Ti converting into TiO2 vs mass of particles 

drop cast over GCE. Reference electrode: SCE; Scan rate: 100 mV/s. 
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a qualitative increase in the ratio of oxygen to Ti consistent with Ti oxidation. Overall some 

net loss of Ti from the surface was seen (Fig. S9c) and speculated to be due to the likely 

formation of soluble Ti species during the multi-step formation of TiO2 from Ti and leading to 

leaching from the surface during electro-oxidation. Fig. S10 shows the comparison of Raman 

spectra for the as-prepared Ti3C2Tx MXene and oxidised Ti3C2Tx MXene. It is evident that the 

intensity of the peaks corresponding to Ti3C2Tx MXene (at 214 and 705 cm-1) decrease after 

electrochemical oxidation. This can be due to the presence of defects and holes after oxidation 

weakening the out-of-plane vibration.7 The peaks in the range of 1100 to 1700 cm-1 could be 

attributed to C-C bonds from amorphous carbon produced by the oxidation of Ti3C2Tx. This 

also supports the XPS results on the formation of soluble Ti species in acidic electrolyte leaving 

amorphous carbon in the MXene surface. 

 

3. Conclusions 

To conclude, the intrinsic oxidation of individual Ti3C2Tx MXene particles is studied 

both by single entity electrochemistry and conventional drop-cast measurements in this 

work. Impact measurements revealed that Ti3C2Tx MXene undergoes irreversible 

oxidation in the anodic potential window (> 0.3 V), with a dependence of the extent of 

oxidation on the applied electrode potential. At the highest applied potential (ca. 1.3 V), 

oxidation up to ca. 2 % of total Ti (Sample A) is observed, which further declines to 0.7 

% for Sample B, attributed to a change in the surface area to volume ratio. These charges 

transferred showed a close correlation with that seen in the voltammetry of drop-cast 

particles (2.3 % for Sample A and 1.1 % for Sample B) at least for up to sub-mono 

layers of particles. This work provides the first-ever study on quantitative innate electro-

oxidation behavior of Ti3C2Tx MXene down to a single particle with a fair resemblance 

to a dispersed ensemble of particles.  
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