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1. Introduction 
 

Since the discovery of single-layer graphene, two 

dimensional (2D) materials have received considerable 

attention because of their unique properties compared to 

their bulk counterparts (Nejadi et al. 2021, Cai et al. 2022). 

Recently, MXene 2D materials have attracted attention due 

to their hydrophilic surfaces and high metallic conductivities 

(Naguib et al. 2011, Cai et al. 2021), which have enabled 

promising performance in diverse applications, including 

transparent electrodes (Zhang et al. 2017, Chen et al. 2020, 

Ahn et al. 2020), supercapacitors (Jiang et al. 2018, Zhu et 

al. 2016, Fan et al. 2018), bio sensors (Liu et al. 2019), 

water desalination (Fan et al. 2020, Malik 2018, Ihsanullah 

2020), electromagnetic interference shielding (Shahzad et 

al. 2016, Iqbal et al. 2020, Yun et al. 2020), radioactive 

substance treatment (Hwang et al. 2020), and lithium-ion 

batteries (Hwang et al. 2019). MXene is comprised of 
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transition-metal carbides, carbonitrides, or nitrides with a 

general formula of Mn+1Xn, where M represents transition 

metals (such as Ti, Sc, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.) and 

X is carbon and/or nitrogen (Cai et al. 2022). For example, 

Ti3C2 is a representative MXene phase, which is fabricated 

by the selective etching of the A layer from its precursor 

MAX phase using a highly acidic (HF or HCl-based) 

solution. Al (or Si) has been used as a material for the A 

layer in the MAX (Gogotsi and Anasori 2019, Feng et al. 

2022), resulting in the Ti3AlC2 phase. The removal of Al 

from the Ti3AlC2 phase by aqueous chemical methods leads 

to the formation of MXene (Mn+1XnTx) and its multilayered 

accordion-like structures (Gogotsi and Anasori 2019). Here, 

Tx refers to surface-termination groups.  

The Ti3C2Tx MXene has a very high specific surface 

area (SSA) (Yan et al. 2021, Fen et al. 2022). In 

combination with its conductive core and hydrophilic 

surface, the high SSA enables this material to bind various 

cations between the layers of the MXene structure. This 

implies that the MXene can be used as a key material in 

various energy-storage devices (Natu et al. 2018, Dong et 

al. 2018, Zhang and Nicolosi 2019). It is also known that 

multilayered MXene has one of the largest known 

volumetric capacitances (520 F/cm3 at 2 mV/s) and 

therefore can be used as an electrical-double-layer capacitor 

 
 
 

Calcium annealing approach to control of surface groups  
and formation of oxide in Ti3C2Tx MXene 

 
Jung-Min Oh1†, Su Bin Choi2†, Taeheon Kim3, Jikwang Chae1, Hyeonsu Lim4,  

Jae-Won Lim3, In-Seok Seo3 and Jong-Woong Kim2,5 
 

1R&D center, INNOMXENE Co.,Ltd., 66, Daehwa-ro 106beon-gil, Daedeok-gu, Daejeon 34365, Republic of Korea 
2Department of Smart Fab Technology, Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu,  

Suwon, Gyeonggi-do 16419, Republic of Korea 
3School of Advanced Materials Engineering, Jeonbuk National University, 567 Baekje-daero, Deokjin-gu, Jeonju 54896, Republic of Korea 

4Department of Strategy Planning, Jeonbuk Institute of Automotive Convergence Technology, 6,  
Dongjansan 2-gil, Gunsan 54158, Republic of Korea 

5School of Mechanical Engineering, Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon,  
Gyeonggi-do 16419, Republic of Korea 

 

(Received July 26, 2021, Revised March 6, 2023, Accepted March 7, 2023) 

 
Abstract.  Ti3C2Tx MXene, a 2D material, is known to exhibit unique characteristics that are strongly dependent on surface 

termination groups. Here, we developed a novel annealing approach with Ca as a reducing agent to simultaneously remove F 

and O groups from the surface of multilayered MXene powder. Unlike H2 annealing that removes F effectively but has difficulty 

in removing O, annealing with Ca effectively removed both O and F. X-ray photoelectron spectroscopy (XPS) and energy 

dispersive X-ray spectroscopy revealed that the proposed approach effectively removed F and O from the MXene powder. The 

results of O/N analyses showed that the O concentration decreased by 57.5% (from 2.66 to 1.13 wt%). In addition, XPS fitting 

showed that the volume fraction of metal oxides (TiO2 and Al2O3) decreased, while surface termination groups (–O and –OH) 

were enhanced, which could increase the hydrophilic and adsorption properties of the MXene. These findings suggest that when 

F and O are removed from the MXene powder, the interlayer spacing of its lattice structure increases. The proposed treatment 

also resulted in an increase in the specific surface area (from 5.17 to 10.98 m2/g), with an increase in oxidation resistance 

temperature in air from ~436 to ~667 °C. The benefits of this novel technology were verified by demonstrating the significantly 

improved cyclic charge–discharge characteristics of a lithium-ion battery with a Ca-treated MXene electrode. 

Keywords:   deoxidation; lithium-ion battery; MXene; surface termination group; Ti3C2Tx 
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(Dall’Agnese et al. 2014). Therefore, it is advantageous to 

increase the SSA to improve MXene performance. In 

multilayered MXene, control of the SSA is performed after 

producing the accordion-like structures. The SSA of the 

multilayered MXene can be increased via mechanical 

methods, such as sonication or shaking (Munir et al. 2020); 

these methods increase the inter-layer distance through 

intercalation with ions or guest molecules (Wen et al. 2017), 

physical adsorption or covalent bonding with guest 

molecules or nanoparticles (Wang et al. 2018), and/or 

complexing with other 2D nanomaterials (Shen et al. 2017, 

Yan et al. 2020). It is very difficult to precisely control the 

SSA through mechanical methods alone. However, 

alternative methods require the introduction of other 

materials, which can affect other properties of the MXene in 

addition to the SSA.  

In addition, the etching of the MAX phase with an 

aqueous medium in HF solutions results in a variety of 

surface terminations, such as fluorine (–F), oxygen (–O) 

and hydroxyl (–OH) groups (Gogotsi and Anasori 2019). 

Since the discovery of MXene materials, many research 

groups have reported that the surface terminations 

significantly affect the electronic and adsorption properties 

of the MXene (Hu et al. 2018, Schultz et al. 2019). Schultz 

et al. (2019) reported that F solely occupies the face-

centered cubic (FCC) adsorption sites of MXene surfaces, 

affecting the work function. In particular, in the case of 

lithium-ion batteries, it was found that F on the surface of 

MXene adversely affects the adsorption of lithium ions (Lu 

et al. 2019, Rakhi et al. 2015). Similarly, O on the surface 

of MXenes can generate TiO2, which increases the contact 

resistance and consequently degrades the electrical 

performance (Lee et al. 2020). In addition, other researchers 

have noted that when MXene is used as an adsorbent for 

radioactive substances, the MXene can release the absorbed 

radioactive substances in the presence of O on the surface 

(Hwang et al. 2020).  
In recent studies, high-temperature annealing was 

performed under vacuum or H2 gas to remove F from the 

surface of MXene (Rakhi et al. 2015, Kong et al. 2018). 

While F was effectively removed by these methods, O 

remained or increased in concentration in the worst case. 

For this reason, it is necessary to develop a process that can 

simultaneously remove F and O from the MXene surfaces. 

Since Ti and its compounds readily react with O and 

generate a TiO2 oxide layer on the surface, there have been 

an attempt to prevent this oxidation process (Oh et al. 

2014). The solution requires reducing Ti and its compounds 

to remove O via reactions with Ca, Mg, or Al, which have 

higher affinity for O than Ti. Herein, we demonstrate a 

novel Ca reduction process to remove F and O from the 

surface of Ti3C2Tx MXene. We also investigated the effect 

of Ca treatment on the SSA of multilayered MXene. In 

addition, the lattice parameters and thermal properties of the 

multilayered MXene powders were examined according to 

the concentrations of F and O. We compared the effect of 

Ca treatment with that of H2 annealing on the MXene 

properties. To verify the applicability of the proposed 

method, we applied the MXene before and after Ca 

treatment to a lithium-ion battery and evaluated the changes 

in the cyclic charge–discharge characteristics. 

2. Experimental section 
 
2.1 Preparation of Ti3AlC2 MAX precursor and multi-

layered MXene powder 
 

To prepare the Ti3AlC2 precursor, commercially 

available Ti (99.9%), Al (99.9%), and C powder from High 

Purity Chemical (Japan) were used as starting materials, 

and were mixed with a molar ratio of 3:1:2 in a planetary 

ball mill. Then, a graphite die with the powder mixture was 

placed in a spark plasma sintering (SPS) furnace and 

sintered at 1100 °C for 10 min under vacuum (9.8 × 10-3 Pa) 

with a pressure of 60 MPa. The sintered powder was heat 

treated at 1400 °C for 2 h under vacuum of 6.7 × 10-3 Pa 

and ground to a powder with a 10-μm mean particle size. To 

prepare the MXene powder, 1 g of synthesized precursor 

powder with Ti3AlC2 MAX phase was slowly added to 20 

mL of HF (49 wt%, Sigma Aldrich) in a Teflon beaker. The 

reaction mixture was stirred at 35 °C for 24 h using a 

magnetic stirrer with a Teflon bar. After the selective 

etching reaction, the sediment was washed by repeated 

centrifugation at 3500 rpm for 5 min using 40 mL of 

deionized H2O. Then, the acidic supernatant was decanted, 

and the process was repeated until the pH reached neutral. 

The obtained sediment was separated from the deionized 

H2O by vacuum filtering and dried at 80 °C for 2 h under 

vacuum. 

 

2.2 Annealing of the MXene powder 
 
For H2 annealing, 1 g of the obtained multilayered 

MXene powder was inserted into the furnace, then heated to 

750 °C under H2 gas (99.9999%) with a pressure of 101 kPa 

and was maintained under these conditions for 2 h. The 

chamber and pot of the furnace used for H2 annealing were 

made of Inconel steel to prevent brittle fracture of the metal 

by H2 gas at high temperature. For the reduction of the 

MXene powder, Ca granules (purity: 99.5%, mean size: 2–5 

mm) from Junsei (Japan) were used as the reduction agent. 

Multilayered MXene powder (1g) underwent heat treatment 

with Ca (molar ratio of 2:1) under a vacuum of 6.7 × 10-3 Pa 

at 750 °C for 2 h. After heat treatment, most of the Ca 

granules mixed with the MXene powder were clearly 

separated, and fine Ca and CaO were removed by washing 

with deionized H2O. The obtained MXene powder was 

recovered by vacuum filtering and drying at 70 °C for 1 h 

under vacuum. 

 

2.3 Fabrication of lithium-ion half-cell battery 
 
Electrodes were fabricated by blending MXene powder 

with carbon black as a conductive agent and polyvinylidene 

difluoride as binder at a weight ratio of 8:1:1. This was 

mixed in a ratio of X:Y with N-Methyl-2-pyrrolidone 

(Sigma Aldrich) as the solvent. The electrolyte was 1.2 M 

of LiPF6 in a 1:1 (v/v, %) solution of ethylene carbonate 

and dimethyl carbonate. The electrode sheet was fabricated 

using a micrometer film applicator to apply the electrode 

slurry onto a Cu-foil substrate. The fabricated half-cell was 

prepared in the form of a CR2032 coin cell.   
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2.4 Characterization 
 

X-ray diffraction (XRD; XRD-6100, Shimadzu, Japan) 

and X-ray photoelectron spectroscopy (XPS; Escalab 250, 

Thermo Fisher Scientific, USA) were used to analyze the 

lattice parameters and chemical composition of the samples, 

respectively. In the case of O, the concentration was 

specifically measured using an O/N analyzer (ON-900, 

Eltra, Germany) and compared with the XPS results. The 

microstructural evolution was observed by field-emission 

scanning electron microscopy (FE-SEM; SUPRA40VP, 

Carl Zeiss, Germany) and transmission electron microscopy 

(TEM; JEM-2100, JEOL, Japan). UV-vis absorbance 

spectra of MXene dispersions with a mass concentration of 

0.1 mg/mL were measured using an UV-vis-NIR spectro-

photometer (Cary 5000 UV-Vis-NIR, Agilent, USA). A 

Brunauer–Emmett–Teller analyzer (BET; Trista-3000, 

Micromeritics Instrument, USA) was used to examine the 

SSA. Differential thermal and thermal gravimetric (DT/TG) 

analysis was performed at a heating rate of 3 °C/min up to 

1000 °C in ambient atmosphere to observe changes in the 

high-temperature oxidation behavior using a thermal 

analyzer (DTG-60, Shimadzu, Japan). The electrochemical 

properties of the half-cell battery were evaluated using a 

WonATech battery tester (Korea). Galvanostatic charge–

discharge tests of the half-cell battery were performed over 

the potential range of 0.1–3.0 V. The half-cell battery was 

evaluated at various C-rates (0.2, 0.5, 1, and 2 C). The cycle 

retention of the half-cell battery at 50 cycles was also 

evaluated. Electrochemical impedance spectroscopy (EIS) 

 

 

was performed with an amplitude of 10 mV from 10 mHz 

to 100 kHz. 

 

 

3. Results and discussion 
 
Fig. 1a shows the XRD patterns of the Ti–Al–C powder 

mixture, MAX powder obtained by SPS, MAX powder 

after crystallization, and MXene powder acquired after 

etching to eliminate Al. After SPS, the XRD pattern reveals 

that two phases, Ti3AlC2 and Ti2AlC, were present. The 

subsequent powder was crystallized through an additional 

heat treatment at 1400 °C under vacuum to obtain a single 

Ti3AlC2 phase. The aim of this two-step sintering process is 

to first sinter at a low temperature and then crystallize the 

material at 1400 °C under vacuum to prevent Al from being 

removed when the temperature is raised to 1400 °C in a 

single process. This is a result of the significant difference 

in vapor pressure of Al and Ti (16.9 Pa and 4.82 × 10-3 Pa, 

respectively) at 1400 °C. The XRD patterns show that a 

single phase of Ti3AlC2 was successfully obtained after the 

crystallization at 1400 °C, and no significant Al peak was 

observed. Multilayered MXene powder was obtained by 

eliminating Al from the prepared MAX powder with the 

Ti3AlC2 phase using an HF solution via the selective 

etching of Al. The XRD pattern of the resulting MXene 

powder revealed that a single phase of Ti3C2 was produced 

by Al etching. Each obtained MXene layer is connected by 

a hydrogen bond or a weak van der Waals force (Gogotsi 

and Anasori 2019), which enables the delamination of the  

 

Fig. 1 (a) XRD patterns of MAX powder fabricated by SPS crystallization from Ti–Al–C powder mixture, and MXene 

powders obtained after HF etching to remove Al. FE-SEM images of (b-d) powder obtained by each process and (e) 

Ti–Al–C powder mixture. 
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Table 1 Gibbs free energy of each oxidation reaction 

according to temperature and the oxygen partial pressure at 

750 °C 

Oxide reaction 
ΔGo at temperature (kJ/mol) PO2 at 

750 °C  

(atm) 550 °C 650 °C 750 °C 850 °C 

2C + O2 = 2CO - 360 - 380 - 400 - 420 1 × 10-19 

C + O2 = CO2 - 400 - 395 - 390 - 385 1 × 10-19 

2H2 + O2 = 2H2O - 405 - 390 - 375 - 365 1 × 10-19 

Ti + O2 = TiO2 - 780 - 760 - 745 - 725 1 × 10-37 

4/3Al + O2 = 

2/3Al2O3 
- 930 - 910 - 885 - 865 1 × 10-45 

2Ca + O2 = 2CaO - 1110 - 1090 - 1075 - 1055 1 × 10-54 

 

 

Fig. 2 (a) and (b) FE-SEM image and (c-f) EDS elemental 

mapping results of MXene powder obtained by Ca 

annealing at 850 °C. EDS mapping was performed on the 

area marked in (b) with a red dotted line. 

 

 

layers as needed. FE-SEM images of the Ti–Al–C powder 

mixture and those obtained by each process are shown in 

Fig. 1b–e. 
Prior to the main fabrication experiments, preliminary 

tests were conducted to optimize the annealing temperature 
of the MXene powder. Table 1 shows the oxidation reaction 
that can occur in this experiment and the Gibbs free energy 
according to each temperature, derived from the Ellingham 
diagram. Oxidation of Ca has the lowest Gibbs free energy, 
implying that it can be used as an efficient reducing agent 
for the reduction of MXene. The reduction effect using Ca 
is maximized when annealing is conducted above the 
melting temperature of Ca (830 °C) (Oh et al. 2012).  

However, in the preliminary experiment, when the 
annealing was performed at 850 °C, small reactant particles 
were evenly spread on the surface of MXene (Fig. 2a and 
b). According to the EDS elemental maps obtained from the 
area marked with a red dotted line in Fig. 2b (Fig. 2c–f), 
Ca-containing reactants were formed. The reactants were 
probably calcium carbonate or oxide, both of which are 
unfavorable as they reduce the electrical conductivity of the 
MXene. Therefore, for further experiments, a lower 

temperature (750 °C) than the melting temperature of Ca 
was used. We confirmed that no reactants were generated 
under these conditions.  

Henceforth, the MXene samples after etching in HF 

solution, after H2 annealing, and after Ca annealing are 

denoted as HF-MXene, H2-MXene, and Ca-MXene, 

respectively. Fig. 3a–d show FE-SEM images of the MAX, 

HF-MXene, H2-MXene, and Ca-MXene powders, 

respectively. Fig. 3a shows that a layered MAX powder was 

obtained by the two-step SPS crystallization process. In Fig. 

3b, each layer in the MXene was clearly separated, with an 

accordion-like structure after HF etching. There were no 

further significant changes in the morphology of the MXene 

after either annealing process (Fig. 3c and d). The XRD 

patterns of the MAX powder with the Ti3AlC2 phase and 

HF-MXene, H2-MXene, and Ca-MXene with the Ti3C2 

phase are shown in Fig. 3e and f. In the XRD pattern of the 

HF-MXene, a considerable loss in crystallinity and 

structural order compared to the MAX phase was observed. 

The (002) peak in the MAX phase broadened and shifted to 

a lower angle after HF etching, indicating an increase in the 

d-spacing in the HF-MXene. The shifts in the d-spacing, 

and lattice parameters, after each processing step are 

summarized in Fig. 3g. Changes in these parameters are 

caused by the removal of the Al layer from the Ti3AlC2 

phase by HF etching. In addition, a small peak 

corresponding to TiO2 was observed in the XRD patterns of 

the HF-MXene, which was produced by the local heat 

generated during HF etching (Rakhi et al. 2015). For H2-

MXene and Ca-MXene, the (002) peak shifted to a lower 

angle and the d-spacing further increased compared with 

those of HF-MXene. The d values of H2-MXene and Ca-

MXene were 0.993 nm and 0.998 nm, respectively. The c 

values of H2-MXene and Ca-MXene were 1.984 nm and 

1.996 nm, respectively. This clearly indicates that the 

interlayer spacing of MXene increased upon annealing 

under H2 and Ca reduction. In particular, the interlayer 

spacing of the Ca-MXene was larger than that of other types 

of MXene, suggesting the removal of functional groups 

from the sample. The intensities of the TiO2 peaks were the 

highest for H2-MXene, which seemed to react with the trace 

amounts of O2 gas in the atmosphere during H2 annealing. 

Since H2 annealing cannot be performed under high vacuum 

as a gas flow is required, it is difficult to prevent partial 

oxidation of metals with high oxygen affinity. Similar 

trends were also observed in the H2 annealing of Ti-based 

alloy powder (Oh et al. 2014). Because TiO2 was observed 

for all MXenes, it is thought to have mainly formed during 

HF etching, with some further oxidation occurring during 

H2 annealing. In particular, from the large increase in the 

intensity of the TiO2 peak at approximately 43°, it seems 

that the metastable anatase phase transformed to rutile 

during annealing, as the latter is more stable at high 

temperature. In contrast, in the MXene powder subjected to 

Ca reduction, the intensity of the TiO2 peaks did not change 

significantly compared to the HF-MXene. Nevertheless, for 

all MXenes, TiO2 peaks were observed, so further detailed 

analyses were performed using XPS and O/N analysis. 

Fig. 4a shows XPS patterns of the MAX, HF-MXene, 

H2-MXene, and Ca-MXene powders. The elemental 

concentrations derived from the XPS analyses for all  
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samples are shown in Fig. 4b and Table 2. In HF-MXene, 

almost no Al was detected, while the F content significantly 

increased compared to that of MAX. Since the HF-based 

solution was used to remove Al from the MAX phase, an 

increase in F content in the MXene was inevitable. The F 

content of 21.54 at% in HF-MXene decreased to 8.71 at% 

after H2 annealing. It has been reported that F on the surface 

of MXene is easily removed by H2 annealing or vacuum 

heat treatment (Lu et al. 2019, Rakhi et al. 2015, Lee et al.  

 

 

 

2020, Kong et al. 2018). However, after H2 annealing, the O 

content greatly increased to 31.28 at% (from 19.25 at% for 

HF-MXene). This indicates that, contrary to expectation, H2 

annealing was not very effective for removing O from 

MXene. However, after Ca annealing, Ca-MXene showed a 

decrease in the O content from 19.25 at% to 12.51 at% as a 

result of the reduction effect of Ca due to its high O affinity. 

The F content was simultaneously reduced from 21.54 at% 

to 9.98 at%, which is attributed to the high-vacuum  

 
Fig. 3 FE-SEM images of (a) MAX (Ti3AlC2), (b) MXene (Ti3C2Tx) after etching in HF solution (HF-MXene), (c) 

MXene after annealing under H 2 atmosphere (H2-MXene) and (d) MXene after annealing with Ca (Ca-MXene). XRD 

patterns of the MAX, HF-MXene, H2-MXene, and Ca-MXene for (e) a wide angular range and (f) enlarged view 

around the main (002) peak. (g) Lattice parameters from XRD patterns of MAX, HF-MXene, H2-MXene, and Ca-

MXene. 

 

Fig. 4 (a) XPS profiles and (b) elemental concentrations of the MAX, HF-MXene, H2-MXene, and Ca-MXene samples. 

FE-SEM images and EDS profiles for (c) MAX, (d) HF-MXene, (e)H2-MXene, and (f) Ca-MXene. 
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Table 2 XPS element concentrations of MAX, HF-MXene, 

H2-MXene and Ca-MXene 

 Element concentrations (at%) 

 Al C N Ti O F 

MAX 16.94 31.25 5.51 18.94 25.78 1.57 

HF-MXene 1.57 33.55 0.9 23.18 19.25 21.54 

H2-MXene 2.11 32.45 - 25.44 31.28 8.71 

Ca-MXene 2.85 44.79 - 29.86 12.51 9.98 

 

 

conditions used for Ca annealing. The Ca-MXene sample 

showed the highest content of Ti and C, which is known to 

improve the electrical properties of MXene (Rakhi et al. 

2015). The elemental concentrations from SEM–EDS 

analyses of all samples are shown in Fig. 4c-f. The results 

of the SEM-EDS analysis were in good agreement with 

those of the XPS results.  

Further detailed quantitative analysis of the O 

concentration in the MAX and MXene powders was 

performed using an induced melting method with O/N 

analysis and XPS. Unlike XPS, which analyzes only the 

surface of the powder, the O/N analyzer completely melts 

the sample and reacts the released O with the internal C to 

measure its concentration with an infrared cell. Since the 

O/N analyzer only calculates the absolute amount of O and 

N through their reactants, the content of other elements 

cannot be measured. Instead, since the absolute amount of 

O and N in the entire sample can be measured, meaningful 

data can be derived when compared with the measurement 

of the relative content of elements obtained via XPS or 

EDS. In practice, this method is used to analyze the actual 

O concentrations in metals and ceramics. The 

concentrations of O and N measured by the O/N analyzer 

for all samples are shown in Fig. 5a–d.  

The results showed that the O concentration of the MAX 

powder was 2.56 wt%, which increased to 2.66 wt% after 

HF etching, and further increased to 2.81 wt% after H2 

annealing. However, the O concentration of the Ca-MXene 

powder decreased to 1.13 wt% via the Ca reduction effect. 

 

 

These results were broadly consistent with the results of 

XPS, but there was a difference in the case of HF-MXene. 

The XPS results showed that the O concentration in the HF-

MXene was slightly lower than that of the MAX powder, 

whereas it was slightly higher when determined by O/N 

analysis. This difference is caused by that the F content 

increasing significantly during HF treatment, resulting in a 

relative decrease in the O content determined by XPS. 

However, the O/N analysis confirmed that the O 

concentration actually increased after HF treatment. This 

indicates that attention should be paid to the technique 

when analyzing the O concentration of compounds such as 

MXene. Fig. 5 confirms that, unlike H2 annealing, the O 

concentration in the MXene clearly decreased after Ca 

annealing. Additionally, similar to the XPS results, the N 

content was much lower than that of MAX for all MXene 

samples. This is favorable because N can cause internal 

strain in the lattice structure (Ramirez-Gonzalez et al. 

2020). To investigate the differences in the O content 

between MAX, HF-MXene, H2-MXene, and Ca-MXene, 

the XPS (O1s) spectra are shown in Fig. 5e–h. The O group 

in the MAX and multilayered MXene powder was mainly 

present as C–Ti–OH, C–Ti–Ox, TiO2, Al2O3, and H2O. The 

HF-MXene powder consisted of the same five components. 

The OH and O existed as termination groups in the C–Ti 

structure of MXene (Ti3C2), and a small amount of H2O was 

attached to the surface. In addition, metal oxides in the form 

of TiO2 and Al2O3 were present. Further, TiO2 was detected 

in the XRD patterns of the MXene powders (Fig. 5e), but 

Al2O3 was not detected. This was presumably because the 

Al2O3 (113) peak around 43° overlaps the TiO2 (111) peak. 

Al2O3 is known to form by reaction between O from the HF 

solution and Al that has not been completely removed 

during the MAX etching process (Scheibe et al. 2019). The 

volume fractions of TiO2 and Al2O3 increased (Fig. 5g), 

while the total O concentration increased (Fig. 5c) after H2 

annealing because of the introduction of O2 gas in the H2 

annealing atmosphere. Finally, in the case of Ca-MXene, 

the volume fraction of surface termination groups (–OH, –

O) and adsorbed H2O was a total of 78.1%. In particular,  

 

Fig. 5 Concentration of O and N in (a) MAX, (b) HF-MXene, (c) H2-MXene, and (d) Ca-MXene measured by O/N 

analysis. Component peak-fitting of XPS O 1s spectra: (e) MAX, (f) HF-MXene, (g) H2-MXene, and (h) Ca-MXene. 
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the volume fractions of TiO2 and Al2O3 notably decreased 

after Ca annealing, due to Ca having a higher affinity for 

oxygen than Ti or Al at the annealing temperature. The 

Gibbs free energy (ΔGo) values for the oxidation of Ti, Al, 

and Ca are shown in Eq. (1)–(3), respectively, while those 

for the reduction reactions of TiO2 and Al2O3 by Ca at 750 

°C are shown in Eq. (4) and (5), respectively.  

ΔGo (Ti + O2 = TiO2) = -745 kJ/mol (1) 

ΔGo (4/3Al + O2 = 2/3Al2O3) = -885 kJ/mol (2) 

ΔGo (2Ca + O2 = 2CaO) = -1075 kJ/mol (3) 

ΔGo (TiO2 + 2Ca = Ti + 2CaO) = -330 kJ/mol (4) 

ΔGo (Al2O3 + 3Ca = 2Al + 3CaO) = -190 kJ/mol (5) 

Both reduction reactions occur spontaneously because 

the ΔGo values are negative. This indicates that our analyses 

are in good agreement with thermodynamic calculations. 

TEM was used to examine the distribution of TiO2 on 

the surface of the MXene samples. Fig. 6 shows TEM 

 

 

images of HF-MXene, H2-MXene, and Ca-MXene 

particles. In these images, TiO2 was located on the edge of 

MXene rather than on the wide plane. Unlike Ti metal 

particles, TiO2 does not strongly bond to the surface and 

hence, it was sparsely distributed over the surface and edges 

of the MXene particles. It is expected that Al2O3 particles 

were also formed in a similar manner, and they were easily 

removed during sample preparation and did not appear on 

the TEM images. As shown in Fig. 6a–c, TiO2 covered the 

MXene surface, and its inter-planar distance was 0.35 nm, 

which corresponds to the (101) plane of anatase. In contrast, 

the TiO2 on the H2-MXene surface has both anatase and 

rutile structure (Fig. 6d–f). As discussed above, it seems 

that two types of TiO2 were present due to the phase 

transformation of some metastable anatase to the more-

stable rutile structure at high temperatures. In the case of 

Ca-MXene (Fig. 6g–i), there were notable morphological 

changes in the TiO2 phase on the surface and edges of the 

MXene particles after Ca annealing compared to HF-

MXene and H2-MXene. The overall area of TiO2 decreased 

and it was mainly located on the edge of the MXene 

particles. The (111) plane of rutile was predominant.  

 

Fig. 6 TEM images of (a)-(c) HF-MXene, (d)-(f) H2-MXene, and (g)-(i) Ca-MXene. 

7



 

Jung-Min Oh et al. 

 

 

Fig. 7 UV-vis absorbance spectrum of (a) HF-MXene, (b) 

H2-MXene, and (c) Ca-MXene dispersions with the same 

concentration (0.1 mg/mL). 

 

 

UV-vis absorbance spectra of dispersions of HF-MXene, 

H2-MXene, and Ca-MXene are shown in Fig. 7a–c, 

respectively. Each MXene powder was dispersed in 

deionized H2O with a concentration of 0.1 mg/mL. In 

general, the main absorption bands of MXene (Ti3C2 phase) 

appear at wavelength ranges of 250–350 nm and 700–800 

nm (Sarycheva et al. 2017). The bands identified for the 

dispersions of HF-MXene, H2-MXene, and Ca-MXene 

matched these ranges well. However, as shown in Fig. 7(c), 

the peak at 300–350 nm for Ca-MXene had a lower 

intensity than those of the other samples. Given that the 

main spectrum of TiO2 occurs in this wavelength range 

(Xiang et al. 2019), this is consistent with the lower content 

of TiO2 in Ca-MXene. In addition, these spectra confirm 

that only single-phase Ti3C2 was dispersed in all samples; 

there was no discernable peak for Ti2C (expected around 

500–550 nm) (Shao et al. 2017). 

The results of the previous analyses confirmed that –F 

generated from HF and oxygen groups containing –O and –

OH first existed as surface termination groups on the initial 

MXene surface. Further, metal oxides such as TiO2 and 

Al2O3 existed as oxygen-containing compounds. Although 

F can be easily removed by H2 or Ca annealing at high 

temperatures, the concentration of O considerably increased 

during H2 annealing, increasing the content of TiO2 and 

Al2O3. These metal oxides increase the surface contact 

resistance of the MXene, resulting in a severe deterioration 

of its electrical properties. In contrast, during Ca annealing, 

the concentrations of both F and O decreased 

(corresponding to a decrease in TiO2 and Al2O3 contents). In 

addition, the number of surface termination groups, such as 

–O and –OH, increased, which is expected to contribute to 

enhancing the hydrophilicity and adsorption properties of 

the MXene surface.  

The changes in the fundamental properties of MXene by 

the modification of the surface groups were investigated by 

BET analysis. The N2 adsorption and desorption isotherms 

of MAX, HF-MXene, H2-MXene, and Ca-MXene powders 

are shown in Fig. 8a, giving BET SSA values of 1.63, 5.17, 

9.45, and 10.98 m2/g, respectively. The significant increase 

in the SSA after HF treatment indicates the successful 

removal of the Al layers from MAX due to the selective 

etching by HF. The isotherms of H2-MXene and Ca-MXene 

had clear hysteresis loops in the range of 0.45–1.0 P/P0, 

which indicate a mesoporous structure. This structure is 

consistent with that of typical multilayered MXene powder 

(Peng et al. 2018). MXene samples annealed in H2 

atmosphere and reduced with Ca had higher SSA values 

than that of HF-MXene, which may be due to the increase 

in the interlayer spacing after annealing and reduction 

(Rakhi et al. 2015). The pore volume distributions of the 

samples using the Barret–Joyner–Halenda (BJH) method 

are shown in Fig. 8b. The calculated pore volumes for the 

MAX, HF-MXene, H2-MXene, and Ca-MXene powders 

were 0.0783, 0.2504, 0.4647, and 0.6093 cm3/g, 

respectively. The large pore volume of Ca-MXene indicates 

its potential for achieving high volumetric energy density 

values when used for battery and capacitor applications.  

To analyze the thermal stability of each MXene powder 

under ambient atmosphere, simultaneous DT/TG analysis 

was conducted from room temperature to 1000 °C (Fig. 8c 

and d). The MAX powder showed a typical TG curve for 

oxidation in air, where oxidation started at 250 °C and 

weight changes were observed up to 1000 °C. At 1000 °C, 

the weight of the MAX sample was 45% higher than the 

initial weight. In contrast, the MXene powders had 

completely different TG and DT behaviors. It has been 

reported that MXene goes through three stages in DT/TG 

analysis in air (Kong et al. 2018): (i) weight loss; (ii) rapid 

oxidation, and (iii) second weight loss. Step (i) is a result of 

the loss of physically adsorbed water or gases, while (ii) is 

due to the oxidation of C to CO2, and (iii) is related to the 

removal of remaining surface functional F groups. For HF-

MXene, an initial weight loss of 2.15% was observed 

between room temperature and ~280 °C due to the removal 

of surface moisture and gas. Due to the strong adsorption 

tendencies of MXene, this stage cannot be avoided. 

Subsequently, rapid oxidation commenced at about 300 °C, 

and the weight increased by 15.46%. According to the 

strong exothermic peak in the DT curve, MXene has  
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moderate thermal stability with an oxidation resistance 

temperature of 435.7 °C. Unlike HF-MXene, in the DT/TG 

analysis curves of H2-MXene and Ca-MXene, no initial 

weight loss was observed. This is because the moisture or 

gases on the surface of the MXene were removed during the 

earlier heat treatments. The oxidation of the H2-MXene 

started from approximately 200 °C and proceeded slowly, 

unlike the HF-MXene. According to the main exothermic 

peak in the DT curve, MXene had good thermal stability 

with an oxidation resistance temperature of 635.7 °C. 

Additionally, the oxidation of the Ca-MXene started from 

approximately 250 °C and proceeded very slowly. The 

weight gain of Ca-MXene occurred up to approximately 

555 °C, increasing at a rate of 11.05%. As a result, the 

oxidation starting temperature of the Ca-MXene was raised 

to 250 °C, and the rate of weight gain was significantly 

lower than those of the other samples. This is attributed to 

the lower oxygen content of the MXene after Ca treatment. 

The supply of oxygen in the oxidizing environment was 

delayed because the total concentrations of O and metal 

oxide compounds attached to the surface were minimized 

during Ca annealing.  

The use of MXene with a high SSA and thermal 

stability, as well as low F and oxide concentrations is 

expected to improve the performance of the lithium-ion 

batteries. To verify this, we applied the Ca-MXene to a 

lithium-ion battery and compared its performance to that of 

a battery using HF-MXene. The MXene electrodes were 

galvanostatically tested in half-cell configurations paired 

 

 

with Li metal as the counter electrode. Fig. 9a and b show 

the charge–discharge capacities of the half-cell battery at 

various C rates (0.1, 0.2, 0.5, and 1C) using the HF-MXene 

and Ca-MXene electrodes, respectively. The charge–

discharge capacity profiles for both electrodes were similar 

from 0.1C to 1C. The two cells showed a similar discharge 

capacity of ~120 mAh/g at 1C (1st cycle). With increasing 

cycle numbers from the 1st to the 5th cycle at 1C, while the 

charge–discharge capacity profiles for Ca-MXene showed 

similar behavior, the capacity of HF-MXene decreased (at 

the same voltage). It is noted that the Ca-MXene electrode 

had higher electrochemical stability than that without Ca 

annealing (HF-MXene). The cycle tests of the battery using 

the MXene electrodes with and without Ca annealing were 

performed over 50 cycles at 1.0 C, as shown in Fig. 9c. In 

addition, the Coulombic efficiency of the battery after 50 

cycles is also shown in Fig. 9c. The discharge capacity of 

the battery using Ca-MXene was 139.09, 121.99, and 

111.19 mAh/g at the 1st, 25th, and 50th cycle, respectively, 

while that of the battery using HF-MXene was 132.03, 

62.34, and 51.05 mAh/g, respectively. While the discharge 

capacity of the battery with the Ca-MXene slightly 

decreased up to the 8th cycle, and then showed linear 

behavior up to the 50th cycle, that of the battery with HF-

MXene decreased significantly over 13 cycles, and then 

showed linear behavior up to the 50th cycle. Both batteries 

showed initial drops in the discharge during cycling (first 

~10 cycles) due to irreversible reactions and formation of 

the solid electrolyte interphase (SEI) (Lv et al. 2014, Son et 

 

Fig. 8 (a) Nitrogen adsorption- desorption isotherms, (b) pore volume, (c) TG and (d) DTA curves for the MAX, HF-

MXene, H2-MXene, and Ca-MXene. 
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al. 2014). From the cycle data, the performance of the 

battery with Ca-MXene was superior to that with HF-

MXene. Similarly, the Coulombic efficiency of the Ca-

MXene battery was superior to that of the HF-MXene one.  

The rate capabilities of the batteries using HF-MXene or 

Ca-MXene electrodes were analyzed (Fig. 9d). The rate 

capability at various C rates (0.2C, 0.5C, 1C, 2C, 1C, 0.5C, 

and 0.2C) is shown for 5 cycles at each C rate. While the 

discharge capacities of the battery with the Ca-MXene 

electrode were steadily maintained at each C rate, those of 

the battery with HF-MXene decreased at each C rate. This 

reveals that the rate capability of the battery with Ca-

MXene was superior to that with HF-MXene. Cyclic 

voltammetry (CV) curves of the half-cell batteries at 1 mVs-

1 with or without Ca annealing were investigated over 50 

cycles (Fig. 9e). In the case of the battery with Ca-MXene, 

 

 

strong anodic and cathodic peaks were observed at 1.35 V 

and 1.44 V, respectively, indicating the reversible alloying 

and dealloying processes, respectively. However, the CV 

data of the battery with HF-MXene showed no clear peaks, 

implying that the anodic and cathodic reactions were not 

strong and possible interfacial Li storage occurred via 

irreversible parasitic reactions (Choi et al. 2015). The 

results of EIS analysis of both batteries after 50 cycles are 

shown in Fig. 9f. Both electrodes showed two 

hemispherical arcs in the Nyquist plots. However, the 

charge-transfer resistance of the battery with Ca-MXene 

was much lower than that with HF-MXene after 50 cycles. 

The low interfacial resistance and enhanced charge-transfer 

kinetics of the Ca-MXene battery are attributed to the low F 

and oxide concentration and large SSA. This is the first 

report clarifying the effect of Ca annealing of electrodes on 

 
Fig. 9 Half-cell performance of batteries using HF-MXene or Ca-MXene electrodes. Charge–discharge capacities of 

the battery with (a) HF-MXene or (b) Ca-MXene at various C rates. (c) Discharge cycle retention at 1C and Coulombic 

efficiency of the battery using HF-MXene or Ca-MXene for 50 cycles. (d) Rate capability at various C rates of the 

batteries using HF-MXene or Ca-MXene. (e) Cyclic voltammetry profiles of the batteries using HF-MXene or Ca-

MXene at 1 mVs-1. (f) Electrochemical impedance spectroscopy data of the batteries using HF-MXene or Ca-MXene. 

The inset figure is the structure of the fabricated lithium-ion half-cell battery. 
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the charge–discharge performance of lithium-ion batteries. 

These findings are expected to contribute to the 

development of batteries using MXenes electrode in the 

near future. 

 

 
4. Conclusions 

 

We developed a novel Ca reduction method to improve 

the fundamental performance of the Ti3C2Tx MXene by 

controlling its surface termination groups and metal-oxide 

content. In particular, because MXene surface termination 

groups with F and O strongly affect the conductivity, 

adsorption properties, SSA, and thermal conductivity of the 

electrode, the removal of F and O from the MXene surface 

was a priority. Unlike H2 annealing, Ca annealing 

successfully removed O in addition to F, which favorably 

modified the MXene lattice structure and provided a larger 

SSA and pore density. Some of the decrease in O content in 

Ca-MXene was related to the reduction of TiO2 and Al2O3, 

which improves the electrical properties of the MXene, and 

also delays the oxidation of MXene at high temperatures, 

consequently increasing its thermal resistance. Furthermore, 

surface termination groups such as –O and –OH are 

reinforced by Ca annealing, which is expected to enhance 

the hydrophilicity and adsorption properties of the MXene 

surface. As a result of this novel approach, the charge–

discharge characteristics of a lithium-ion battery with Ca-

MXene electrodes were considerably improved compared to 

a reference cell. To the best of our knowledge, the use of Ca 

reduction annealing to improve the properties of the MXene 

has not been reported previously. Considering the 

noticeable improvement in the performance of MXene after 

Ca annealing, this approach is expected to be highly 

beneficial for the development of highly efficient and stable 

batteries and supercapacitors that require good charge-

transfer characteristics. 
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