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Abstract 

MXenes are ultra-thin two-dimensional layered early-transition metal carbides and nitrides 

with potential applications in various emerging technologies, such as energy storage, water 

purification, and catalysis. MXenes are synthesized from the parent MAX phase with different 

etching agents (HF or fluoride salts with a strong acid) by selectively removing a more weakly 

bound crystalline layer of Al or Ga replaced by surface groups (-O, -F, -OH, etc.). Ti3C2Tx MXene 

synthesized by CoF2/HCl etching has layered heterogeneity due to intercalated Al3+ and Co2+ that 

act as pillars for interlayer spacings. This study investigates the impacts of etching environments 

on the compositional, interfacial, structural, and thermodynamic properties of Ti3C2Tx MXenes. 

Specifically, compared with HF/HCl etching, CoF2/HCl treatment leads to a Ti3C2Tx MXene with 

a broader distribution of interlayer distances, increased number of intercalated cations, and 

decreased degree of hydration. Moreover, we determine the enthalpies of formation at 25 °C 

(ΔHf,25°C) of Ti3C2Tx MXenes etched with CoF2/HCl, ΔHf,25°C = –1891.7 ± 35.7 kJ/mol Ti3C2, and 

etched with HF/HCl, ΔHf,25°C = –1978.2 ± 35.7 kJ/mol Ti3C2, using high-temperature oxidation 

drop calorimetry. These energetic data are discussed and compared with experimentally derived 

and computationally predicted values to elucidate the effects of intercalants and surface groups of 

MXenes. We find that MXenes with intercalated metal cations has a less exothermic ΔHf,25°C from 

an increase in the interlayer space and dimension heterogeneity and a decrease in the degree of 

hydration leading to reduced layer–layer van der Waals interactions and weakened hydration 

effects applied on the MXene layers. The outcomes of this study further our understanding of 

MXene’s energetic–structure–interfacial property relationships.
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Introduction 

MXenes are a family of two-dimensional layered materials with a “magazine” style 

morphology. 1 These ultra-thin ceramics present great potential in various applications, especially 

in electrochemical energy storage. 2–5 Compositionally, MXenes are early transition metal carbides 

and nitrides in the form of Mn+1XnTx, where M is an early transition metal such as Ti or V, X is C 

or N, and Tx represents the capping end-groups (-F, -OH, =O, etc.) determined primarily by the 

synthesis environment. 6,7 In addition, MXenes can host intercalants, especially tightly confined 

interlayer water and ions, which defines its energy storage mechanism. 8–13 Ti3C2Tx MXene is the 

most widely investigated of its family and acts as a representative system. Ti3C2Tx MXene was 

originally synthesized by selective etching of the Al layer of stratified Ti3AlC2 with hydrofluoric 

acid (HF). 14 Since, new synthesis methodologies have arisen. Specifically, HF formation is created 

indirectly by combining strong acids with fluoride salts. For example, LiF/HCl etching is prevalent 

and has been found to feature a gentle etching mechanism allowing large MXene flakes. 10,15 Other 

salts have also been used with HCl, such as NaF, KF, and FeF3. 16,17 Recently, we reported a new 

method in which CoFx/HCl (x = 2 or 3) was used as the etching agent. 18 Variation in the etching 

agent and/or environment leads to significantly different surface chemistry, type, and 

concentration of intercalants, and MXene structural features, this, in turn, affects its properties, 

such as thermal stability, conductivity, capacitance, etc. 19–24 The fluoride content and ionic 

strength in solution control the formation of AlF3 precipitated as AlF3∙3H2O, a common impurity. 

15,18,25,26  

We recently reported the unexpected structural heterogeneity of Ti3C2Tx MXene etched 

with CoF2/HCl, which has low AlF3∙3H2O impurity. 27 We found that CoF2/HCl etching leads to 

Ti3C2Tx MXene with pillared layers. Removal of interlayer confined molecular water revealed two 
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distinctive layering systems, specifically, (i) typical Ti3C2Tx MXene layers reduced the interlayer 

spacing upon water removal, and (ii) pillared Ti3C2Tx MXene layers that retained their open and 

large interlayer spacing even after deintercalation of water. 27 Such structural heterogeneity is 

probably due to the presence of trapped/intercalated Al3+ and/or Co2+ species in the interlayer space 

because of the high diffusion barrier from the strong ionic strength of the CoF2/HCl etching 

environment. However, the energetics of formation and intercalant–layer guest–host interactions, 

which govern the formation of this unique Ti3C2Tx MXene system featuring heterogeneously 

pillared layered structures, have not been experimentally investigated.  

The thermodynamic stability of Ti3C2Tx MXenes synthesized with different etching agents 

has been studied computationally and experimentally. Sharma et al. determined the enthalpy of 

formation for Ti3AlC2 MAX and a Ti3C2Tx MXene etched in LiF/HCl using high-temperature 

oxide melt solution calorimetry. 28 This study confirms that the formation of Ti3C2Tx MXene is 

more exothermic than Ti3AlC2 MAX, and highlights the role that surface chemistry plays in the 

stabilization of Ti3C2 MXene layers. Likewise, computational studies predicted the role of 

termination groups to stabilize the surface. 29–34 These studies provide crucial energetic insights 

into the thermodynamic stability of MXenes and the surface chemistry of the stacked layers. 

Nevertheless, the roles of different interlayer species and the guest–host interfacial 

chemistry play in determining thermodynamic, structures, and interfacial properties of MXene 

materials have not been systematically explored. 35–38 There has been progress towards 

investigating water/ion–layer interactions, yet the energetics of intercalated particle – MXene layer 

interactions and why they present higher exothermic formation enthalpies from elements than the 

bulk parent MAX phases after synthesis and high-temperature treatments have not been clearly 

understood. 11,39–43 In other words, unlocking MXene’s full potential requires an improved 
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understanding of the energetic interplay of intercalants, surface chemistry, and specific layered 

structures for samples synthesized under different etching conditions and with varied etching 

agents. 

Here, we present a thermochemical investigation into the energetics of formation and 

intercalates–layer guest–host interactions of MXenes synthesized using CoF2/HCl and HF/HCl as 

the etching agents. We have recently reviewed common calorimetric methods to investigate guest–

host interactions. 44 In this study, leveraging high-temperature oxidation drop calorimetry, we 

derive the enthalpies of oxidation and standard enthalpies of formation from elements at 700 °C 

in the oxygen atmosphere. Further, these new energetic insights into the formation of MXenes 

under different synthesis conditions were discussed and compared with experimentally measured 

and computationally predicted values reported in earlier studies.  

Experimental Methods 

Synthesis of Ti3C2Tx MXene by CoF2/HCl Etching 

Ti3AlC2 MAX phase was purchased from Luoyang Tongrun Info. Technology Co., Ltd. 

with a reported mean particle size of ~800 nm. 1.0 g of Ti3AlC2 corresponding to 4.3 wt.% was 

added to 20 mL of 6 M HCl, prepared from 37 wt.% HCl (Sigma-Aldrich) mixed in a 50 mL 

polypropylene test tube. 1.75 g of CoF2 (Sigma-Aldrich) corresponding to a CoF2 to Ti3AlC2 molar 

ratio of 3.6. The solution was mixed for 30 sec using a test tube agitator and then put into the bath-

sonicator for 30 min, after which the mixture was heated to 60 °C for 48 hrs. The suspension was 

washed with copious amounts of deionized water over a vacuum filtration system and left to dry 

for 12 hrs. The powder was collected and dried overnight in a vacuum at ~ 60 °C.  

Synthesis of Ti3C2Tx MXene by HF/HCl Etching 
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1.0 g of Ti3AlC2 was introduced to a solution made of 1.6 mL 48 wt.% HF (Sigma-Aldrich), 

7 mL of 37 wt.% HCl (Sigma-Aldrich), and 11.4 mL of deionized water. The solution was 

calculated to contain the same fluoride ions (F-) and pH as performed in the CoF2/HCl etching 

described above. The synthesis and post-synthesis treatments were identical to that of the 

CoF2/HCl etched sample.  

Compositional Analyses 

Inductively coupled plasma–optical emission spectrometry (ICP-OES, Agilent 

Technologies 5100) was used to determine the quantitative elemental ratios of Ti, Al, and Co 

within the samples. About 2.0 mg of each powdered sample was dissolved in 50 mL of an acidic 

aqueous medium (~4% HNO3) by heating the mixtures overnight at 75 °C. Calibrant stock 

solutions were prepared through the dilution of ICP standards purchased from Ultra Scientific (Ti) 

and Inorganic Ventures (Al and Co) in an acidic aqueous solution (adjusted to ~4% HNO3). 

Powder X-ray fluorescence was conducted before ICP-OES analysis to estimate the contents of Ti, 

Al, and Co. The C, H, F, and Cl contents were determined at the Atlantic Microlab, Inc., Norcross, 

GA. Specifically, the analyses of C and H were performed by combustion using automatic 

analyzers. F and Cl analyses were carried out by flask combustion followed by ion chromatography. 

The water content was quantified by thermal analysis, which is described below. The 

measurements were repeated to ensure accuracy and reproductivity, five times for CoF2-MXene, 

and four times HF-MXene. To calculate the sample compositions, first, the measured total C 

content (Atlantic Microlab) is used as the basis. The cationic stoichiometries of Ti, Al, and Co are 

derived based on the ICP-OES results. The minor impurity species, AlF3∙3H2O and unreacted 

Ti3AlC2 MAX are determined by quantitative X-ray diffraction (QXRD) with corundum as an 

internal standard and are subtracted from MXene sample mass. The contents of pure MXene (Ti3C2) 
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with termination functional groups F and Cl are determined with Atlantic Microlab. The OH group 

content is determined by subtracting H of all H2O from the total amount of H measured (Atlantic 

Microlab). The remaining mass is attributed to =O groups. Moreover, according to the synchrotron 

XRD data, we have not seen any detectable bulk oxide phases such as TiO2 or Al2O3 following 

synthesis.  

Thermal Analysis  

Thermogravimetric analysis and differential scanning calorimetry (TG-DSC) were 

performed on a Netzsch Jupiter STA 449 F1 at a heating rate of 10 °C/min under 50 ml/min oxygen 

flow. 5 to 10 mg of MXene sample was analyzed in an alumina crucible from 30 to 900 °C. The 

sensitivity calibrations were performed with sapphire pucks in each environment before the 

measurement. The H2O content was determined from TG curves, 7.2 ± 0.3 wt.% (CoF2-MXene) 

and 10.8 ± 0.7 wt.% (HF-MXene). 

Synchrotron X-ray Diffraction (XRD) 

Synchrotron powder XRD was conducted at Sector 17-BM-B of Advanced Photon Source 

(APS) at Argonne National Laboratory (ANL). The wavelength of the X-ray beam was λ = 0.24099 

Å. The sample’s distance to the detector was fixed at 700 mm for the XRD measurements. The 

MXene sample powders were contained in Kapton capillaries sealed on both sides with epoxy. All 

collected two-dimensional images were calibrated, masked, and integrated using Dioptas 

processing software. 45 Lattice parameters of Ti3C2Tx MXene were calculated using Bragg’s law 

in the P63/mmc [194] space group. 46 

XRD data for quantitative compositional analysis was obtained using a Bruker D8 Advance 

with Cu Kα radiation (λ = 1.5406 Å) operated at a scan rate of 1 °/min between 5 and 80°. 20 wt.% 
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of corundum powder was ground into the MXene powders with acetone using a Brinkmann grinder. 

Rietveld refinements were performed using Profex 4.3.5 software with phases from the 

Crystallography Open Database, www.crystallography.net. 47–52 The crystallographic information 

files (CIFs) of Ti3AlC2 MAX (ID: mp-3747) and Ti3C2 MXene (ID: mp-1094034) were retrieved 

from the Materials Project online database, www.materialsproject.org. 53 The range of 2θ = 14 to 

60 was used for the refinements to reduce difficulties caused by MXene’s preferred orientation 

effects in low 2θs. XRD patterns for the Ti3AlC2 MAX phase were obtained with a Rigaku 

Smartlab with Cu Kα radiation operated at a scan rate of 4 °/min from 5 to 80°. For isothermally 

treated MXenes, XRD was obtained using a Bruker D8 Advance with Cu Kα radiation operated at 

a scan rate of 4 °/min in the 2θ range of 5 – 80°.  

Transmission Electron Microscopy (TEM) 

An FEI Tecnai T20 transmission electron microscope (TEM) using a LaB6 cathode was 

operated at 200 kV for imaging. MXene particles were dispersed in ethanol (2 mg MXene/mL 

ethanol). ~3 µL dispersion was taken and deposited on a 200 mesh formvar/carbon TEM grid. 

Micrograph analysis was conducted using ImageJ (NIH). 54 

High-Temperature Drop Oxidation Calorimetry  

Calorimetric measurements were conducted using a Tian-Calvet twin microcalorimeter, 

Setaram Alexis-1000. 55–57 Powdered MXene samples were pressed into ~5 mg pellets under an 

ambient environment using a hand die. Each sample pellet was dropped from room temperature 

into the calorimetry chamber maintained at 700 °C, where quartz crucibles with pure oxygen flow 

~110 mL/min. The heat effects reflect the sample oxidation at the temperature of measurement. 

The heat effect is integrated over time to derive the enthalpy of oxidation drop (ΔHox,700°C).  
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Figure 1. X-ray diffraction (XRD) 
patterns of CoF2-MXene and HF-
MXene were collected with 
synchrotron radiation (λ = 0.24099 
Å). (a) Full XRD patterns and (b) 
low 2θs, showing MXene’s (002) 
peak with a shoulder between 0.5 – 
1°. (c) The XRD pattern (Cu Kα 
radiation) of their parent Ti3AlC2 
MAX phase is also plotted. 

  

a

b

c
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Successful oxidation is ensured by heat flux return to baseline. The calorimeter calibration was 

carried out by using the heat content of α-Al2O3 (corundum) powder pellets dropped in an empty 

crucible. Errors were calculated as the two standard deviations of the mean.  

Results and Discussion 

We denoted the Ti3C2Tx MXene synthesized from the Ti3AlC2 MAX phase by etching 

using CoF2/HCl and HF/HCl with the same pH and fluoride content as CoF2-MXene and HF-

MXene, respectively. According to the synchrotron X-ray diffraction (XRD) patterns in Figures 

1a and b, both CoF2-MXene and HF-MXene are confirmed to have a near-complete conversion 

from MAX to MXene. The benchtop XRD patterns of the Ti3AlC2 MAX parent phase are plotted 

in Figure 1c. XRD analysis suggests a minor amount of AlF3∙3H2O residual. The contents of 

AlF3∙3H2O and unreacted Ti3AlC2 MAX are calculated via refinements of XRD patterns (see 

Figures S1 and S2). The compositions of MXene samples synthesized in this study are 

summarized in Table 1. CoF2-MXene has a calculated MXene composition of 

Ti3C2F1.05Cl0.09(OH)1.15O3.10Al0.26Co0.03(H2O)0.76 with 0.15 mol AlF3∙3H2O impurity and 0.06 mol 

Ti3AlC2 unreacted MAX phase. HF-MXene has a calculated MXene composition of 

Ti3C2F1.71Cl0.12(OH)1.64O2.51Al0.02(H2O)0.95 with 0.29 mol AlF3∙3H2O impurity and 0.04 mol 

Ti3AlC2 unreacted MAX phase.  

Under reaction conditions, in an aqueous solution, F- etch the Al layer of Ti3AlC2 MAX. 

To balance charges in solution and the surface charges of the functional groups attached to the 

Ti3C2 MXene, a positively charged species must also insert into the interlayer space. Due to the 

acidic synthesis environment and significantly smaller size of H+ and greater mobility, H+ is likely 

the predominant charge balancing species. From ICP-OES, XRF, and energy dispersive X-ray 

spectroscopy (EDS not presented here), we find that Co2+ is significantly lower in content than 
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Al3+ with very low quantities. The compositional analysis finds that, in our synthesis conditions, 

the insertion of Co2+ into the interlayer space is less preferred than the insertion of H+ or exchange 

with recently etched Al3+. This is mostly related to the greater size of the Co2+ and its complexes 

with water, and the energy required to remove the hydration shell of Co2+.  

Table 1. Compositions of all as-synthesized samples, including MXenes, AlF3∙3H2O by-product, 
and unreacted Ti3AlC2 MAX. 

Sample Composition 

Total CoF2-MXene sample Ti3C2F1.05Cl0.09(OH)1.15O3.10Al0.26Co0.03(H2O)0.76 + 0.15 AlF3∙3H2O + 0.06 Ti3AlC2 

Total HF-MXene sample Ti3C2F1.71Cl0.12(OH)1.64O2.51Al0.02(H2O)0.95 + 0.29 AlF3∙3H2O + 0.04 Ti3AlC2 

 

As anticipated, we have found that the CoF2-MXene sample contains cationic species that 

cannot be ascribed to unreacted Ti3AlC2 or bulk AlF3∙3H2O, specifically, 0.26 mole of Al3+, 0.03 

mole of Co2+ per mole of Ti3C2. In comparison, HF-MXene has 0.02 mole of Al3+ per mole of 

Ti3C2. Typically, the cationic species are intercalated within the interlayer spacing of MXene. 

Otherwise, they would have been easily removed in the post-synthesis washing. This is in line with 

our previously reported results. We reported intercalated Al3+ species that act as pillaring agents 

and are “trapped” in the interlayer space post-synthesis and washing treatments. 27 Both CoF2-

MXene and HF-MXene, feature rich interfacial chemistry with complex surface functionalization. 

This is most likely due to surface attachment past ideal stoichiometry. The speciation of 

intercalated ion complexes, such as the interlayer AlF3 species, could also contribute. Surface 

attachment past stoichiometry is computationally predicted by exergonic attachment of F– to an 

already fully terminated Ti3C2O2 MXene. 30 Although our samples show more bound surface 

groups than the ideal stoichiometric surface functionalization (Ti3C2Tx, x = 2), the ratio of surface 

groups are O0.58F0.19(OH)0.21Cl0.02 and O0.42F0.29(OH)0.27Cl0.02 for CoF2-MXene and HF-MXene, 
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respectively. Only O and F functional groups are predicted to exist in an ambient oxygen 

environment. 30 However, using a multilevel computational strategy, Gibb’s free energy of 

formation was found to be the lowest with a ratio of surface groups for a Ti3C2Tx MXene in a 

solution with pH = 0 (and an open circuit potential of 0 V) was found to be O0.5F0.25OH0.25. 31 Our 

MXenes, synthesized in a calculated pH of – 0.8, support this prediction with experimental 

evidence. Here, the low content of Cl functional groups observed is typical in MXene synthesis. 

Adsorption of Cl as a surface functional group is unlikely due to its lower energy of adsorption 

compared with that of O, OH, and F. 30 Generally, it is difficult to intercalate anions, and it has 

been suggested that large anions (Cl, Br, etc.) may be adsorbed to the edges of MXene during 

synthesis. 9,58  

Table 2. Lattice parameters of the MXenes, determined from synchrotron X-ray diffraction (XRD) 
patterns. 

Sample 
Lattice Parameters 

a (Å) c (Å) Unit Cell Volume (Å3) 

CoF2-MXene 3.025 27.011 214.1 

HF-MXene 3.027 26.858 213.1 

 

Ti3C2Tx MXenes have a hexagonal structure with a P63/mmc space group. According to the 

synchrotron XRD data, the lattice parameters and unit cell volumes were calculated with Bragg’s 

law using the (002) and (110) peaks (see Table 2). Both MXene samples have similar lattice 

parameters and unit cell volumes, a = ~ 3 Å, c = ~ 27 Å, and V = ~ 215 Å3. However, interestingly, 

CoF2-MXene displays a much broader (002) peak compared with that HF-MXene, which is 

centered at 2θ = 1°. The (002) plane is representative of the interlayer direction of Ti3C2Tx MXene; 

the broader (002) peak of CoF2-MXene suggests it features a broader distribution of interlayer 

distances compared with HF-MXene (see Figure 1b). HF-MXene has an interlayer distance that 
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is more uniformly distributed. CoF2-MXene has a distinct shoulder to the (002) peak between 2θ 

= 0.5 – 1.0°, reflecting the presence of a pillared structure. 27 Using this shoulder at 0.77° to 

calculate a c lattice parameter of 36 Å reveals layering with ultra-large interlayer spacing for CoF2-

MXene. Smaller cations with lower charges, such as Na+ or K+, lead to larger interlayer spaces 

than multivalent cations like Al3+ due to their smaller hydration shell, allowing two layers of 

cations and associated water within an interlayer space. 59 Al3+ has been considered an effective 

pillaring agent by expanding the MXene’s interlayer channels and providing greater access for 

water to pass through when driven by an osmotic gradient. 60 Despite having a portion of larger 

interlayer spacings, surprisingly, CoF2-MXene contains less water (0.76 mole H2O per mole of 

Ti3C2) compared with HF-MXene (0.95 mole H2O per mole of Ti3C2). For the as-made, hydrated 

MXenes, with similar unit cell volumes and c lattice parameters, Al3+ and Co2+ cations occupy 

interlayer space in CoF2-MXene that likely hosts intercalated water in HF-MXene. Our 

interpretation is supported by the evidence that less water resides in the metal-ion-intercalated 

Ti3C2Tx MXenes. 61 Thus, the pillared heterogeneity of CoF2-MXene is caused by the intercalation 

of Al3+, Co2+, and water which modifies the interlayer space. The compositional and structural 

analyses support this. 

Using transmission electron microscopy (TEM), sample morphology was investigated. 

Figure 2 shows TEM images with a perspective parallel to the layer-layer stacking. Both samples 

present the same laminated structure with dense layers and less dense interlayer spaces, and the 

layers stack tightly. Figure 2a displays a few particles loosely attached to the Ti3C2Tx MXene 

particles, which are minor etching residuals described in our previous investigations into the 

morphology of Ti3C2Tx MXene. 18,27 Ti3C2Tx is oxidized in the air over long periods, showing 

these small popcorn-like particles on the surface. 62 Our samples do not show detectable oxidation  
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Figure 2. Transmission electron microscopy (TEM) images of (a) CoF2-MXene and (b) HF-
MXene, oriented in the planar direction so that the layer-layer stacking is observed. 
 

 

Figure 3. Thermogravimetric analysis – differential scanning calorimetry (TG-DSC) curves of (a) 
CoF2-MXene and (b) HF-MXene in oxygen (50 ml/min) at a scan rate of 10 °C/min. 

a bCoF2-MXene HF-MXene

a

b
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products compared to those with significant TiO2 particle growth on their surface. 17 Figure 2b 

highlights Ti3C2Tx MXene’s mechanical flexibility; the near-edge MXene layers bend like paint-

brush bristles. According to the TEM images, CoF2-MXene and HF-MXene exhibit similar 

morphological behaviors. 

Thermal analysis was performed using TG-DSC in oxygen flow (see Figure 3). Both 

samples present the same behavior. The physisorbed and interlayer confined water molecules are 

liberated between 100 to 150 °C leading to a broad TG mass loss. The second TG step is associated 

with a weakly endothermic peak between 150 and 200 °C, suggesting the removal of crystalline 

water from AlF3∙3H2O as it decomposes to AlF3∙0.5H2O. 63 Subsequently, oxidation reactions of 

C and Ti, occur above 300 °C, suggested by a series of significantly exothermic peaks and 

continuous mass increase for both samples. Not able to be differentiated here, AlF3∙0.5H2O is 

expected to decompose to AlF3 between 277 and 550 °C. 63 More specifically, the first two broad 

exothermic shoulders and initial weight gain, occurring at ~415 °C and ~450 °C, correspond to 

oxidation of the Ti outer layers of MXene and oxidation of AlF3 to Al2O3. Here, it is unclear which 

reaction is associated with which peak due to the significant overlap in the reactions. This agrees 

well with results from previous studies. 62,63 The -F and -Cl functional groups of the outer layers 

of Ti are evolved as F2 and Cl2. Hydroxyl groups are detached forming H2O and leaving behind 

an O. A relatively weak exothermic peak emerges simultaneously as a loss of mass at about 480 °C 

for CoF2-MXene and at about 460 °C for HF-MXene. This is associated with the oxidation of 

innermost layer of Ti of MXene. Eventually, the carbon layers rapidly oxidize (combustion) to 

CO2 between 500 and 600 °C (combustion). 69 Above 600 °C and up to 800 °C, the TG and DSC 

profiles are nearly featureless. We find that MXene and AlF3∙3H2O complete their conversion to 

oxides below 700 °C.  
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Successful decomposition to oxide phases at 700 °C was ensured by performing TG-DSC 

and XRD on MXenes after isothermal treatment in air at 700 °C for 1 hr. TG-DSC measurements 

show completion of exothermic reactions and mass change at 700 °C, discussed above. The XRD 

patterns have no evidence of Ti3C2Tx, Ti3AlC2, or AlF3 phases but do show TiO2 (anatase >> rutile) 

and corundum Al2O3 (see Figure 4). Anatase is the preferred phase formed during the oxidation 

of Ti3C2Tx MXene, so we use anatase as the reference phase in thermochemical cycles. 62 Other 

studies also support complete oxidation at 700 °C in oxygen or air. For example, in oxygen, 

Ti3C2Tx MXene loses its water and surface groups at 150 °C. Subsequently, Ti and C are oxidized 

between 150 and 350 °C, evidencing the oxidation reaction completion below 500 °C. 64,65 Since 

the MXene samples are completely oxidized at 700 °C in oxygen, high-temperature drop oxidation 

calorimetry is appropriate for the formation enthalpy measurements. 

 

Figure 4. X-ray diffraction (XRD) patterns of CoF2-MXene and HF-MXene using Cu Kα radiation 
after isothermal treatment at 700 °C for 1 hr and allowed to naturally cool to room temperature in 
the furnace over an ~8 hr period. 

High-temperature drop oxidation calorimetry was primarily used to investigate the 

thermodynamics of other carbon materials, including carbon nanotubes, onion-like carbon, 

nanodiamonds, and metal-organic frameworks. 66–69 Dropping samples from room temperature to 
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an oxidative environment was used to measure the enthalpic response from heating to 700 °C and 

oxidation, ΔHox,700°C. The individual heat effects of drop oxidation calorimetry measurements are 

summarized in Table S1. The total enthalpies of drop oxidation returned ΔHox, 700°C, total = – 2337.3 

± 34.9 kJ/mol [Ti3C2F1.05Cl0.09(OH)1.15O3.10Al0.26Co0.03(H2O)0.76 + 0.15 AlF3∙3H2O + 0.06 Ti3AlC2] 

for CoF2-MXene, and – 2279.1 ± 34.8 kJ/mol [Ti3C2F1.71Cl0.12(OH)1.64O2.51Al0.02(H2O)0.95 + 0.29 

AlF3∙3H2O + 0.04 Ti3AlC2] HF-MXene. The ΔHox, 700°C, total was then corrected by removing the 

enthalpic contribution of the unreacted Ti3AlC2 MAX phase, ΔHox, 700°C, MAX = – 1387.7 ± 21.4 

kJ/mol Ti3AlC2 using the thermochemical cycle in Table S2. The remaining enthalpic effect is the 

enthalpy of drop oxidation calorimetry of MXene and AlF3∙3H2O (ΔHox,700°C, MXene+AlF3·3H2O). The 

reaction describing the heating and oxidation of MXene and AlF3∙3H2O is shown in Equation 1. 

Equation 1: 

Ti3C2FβClγ(OH)δOεAlζCoη(H2O)κ (25 °C, s) + μ AlF3∙3H2O (25 °C, s) + [3 + 2 + 1.5(0.5ζ+0.5μ)  

+ 2(0.33η) – 0.5(δ + ε)] O2 (700 °C, g) →  

3 TiO2 (700 °C, s) + 2 CO2 (700 °C, g) + (0.5β+1.5μ) F2 (700 °C, g) + 0.5γ Cl2 (700 °C, g)  

+ (0.5ζ+0.5μ) Al2O3 (700 °C, s) + 0.33η Co3O4 (700 °C, s) + (0.5δ+ κ+3μ) H2O (700 °C, g) 

ΔHox, 700°C, MXene+AlF3·3H2O = – 2254.0 ± 35.3 kJ/mol Ti3C2 (CoF2-MXene), – 2223.6 ± 35.1 kJ/mol Ti3C2 (HF-

MXene) 

At 700 °C, in atmospheric pressure, the Co2+ species is fully oxidized to Co3O4. 70 Using the 

thermochemical cycle in Table S3, the enthalpy of oxidation of MXene and AlF3∙3H2O at 25 °C 

(ΔHox, 25°C, MXene+AlF3·3H2O) is derived. The reaction of the oxidation of MXene and AlF3∙3H2O at 

25 °C is presented in Equation 2. 

Equation 2: 

Ti3C2FβClγ(OH)δOεAlζCoη(H2O)κ (25 °C, s) + μ AlF3∙3H2O (25 °C, s) + [3 + 2 + 1.5(0.5ζ+0.5μ)  

+ 2(0.33η) – 0.5(δ + ε)] O2 (25 °C, g) →  

3 TiO2 (25 °C, s) + 2 CO2 (25 °C, g) + (0.5β+1.5μ) F2 (25 °C, g) + 0.5γ Cl2 (25 °C, g)  



 18 

+ (0.5ζ+0.5μ) Al2O3 (25 °C, s) + 0.33η Co3O4 (25 °C, s) + (0.5δ+ κ+3μ) H2O (25 °C, l) 

ΔHox, 25°C, MXene+AlF3·3H2O = – 2541.9 ± 35.3 kJ/mol Ti3C2 (CoF2-MXene), – 2576.9 ± 35.1 kJ/mol Ti3C2 (HF-

MXene) 

Enthalpies of crystallization of AlF3∙3H2O from AlF3 and H2O and enthalpies of oxidation of AlF3 

at 25 °C are calculated in Table S4. 71,72 These heat effects are used to derive the enthalpy of 

oxidation of AlF3∙3H2O at 25 °C (ΔHox, 25°C, AlF3·3H2O = – 1479.7 ± 10.2 kJ/mol AlF3∙3H2O) using 

the thermochemical cycle in Table S5. The enthalpy of oxidation of MXene at 25 °C (ΔHox, 25°C, 

MXene) was derived by removing the enthalpic contribution of ΔHox, 25°C, AlF3·3H2O from ΔHox, 25°C, 

MXene+AlF3·3H2O using the thermochemical cycle presented in Table S6. The reaction of the oxidation 

of MXene at 25 °C is shown in Equation 3. 

Equation 3: 

Ti3C2FβClγ(OH)δOεAlζCoη(H2O)κ (25 °C, s) + [3 + 2 + 1.5(0.5ζ) + 2(0.33η) – 0.5(δ + ε)] O2 (25 °C, g) →  

3 TiO2 (25 °C, s) + 2 CO2 (25 °C, g) + 0.5β F2 (25 °C, g) + 0.5γ Cl2 (25 °C, g) + 0.5ζ Al2O3 (25 °C, s)  

+ 0.33η Co3O4 (25 °C, s) + (0.5δ+ κ) H2O (25 °C, l) 

ΔHox,25°C, MXene = – 2320.0 ± 35.5 kJ/mol Ti3C2 (CoF2-MXene), – 2147.7 ± 35.5 kJ/mol Ti3C2 (HF-MXene) 

Subsequently, to calculate the enthalpy of formation from elements of MXene at 25 °C (ΔHf, 25°C, 

MXene), we use the thermochemical cycle in Table S7. The reaction of the formation of MXene 

from elements at 25 °C is presented in Equation 4.  

Equation 4: 

3 Ti (25 °C, s) + 2 C (25 °C, g) + 0.5β F2 (25 °C, g) + 0.5γ Cl2 (25 °C, g) + ζ Al (25 °C, s) + η Co (25 °C, s) 

+ (0.5δ+ κ) H2 + (0.5δ + 0.5ε + κ)] O2 (25 °C, g) →  

Ti3C2FβClγ(OH)δOεAlζCoη(H2O)κ (25 °C, s) 

ΔHf, 25°C, MXene = – 1891.7 ± 35.7 kJ/mol Ti3C2 (CoF2-MXene), – 1978.2 ± 35.7 kJ/mol Ti3C2 (HF-MXene) 

The thermochemical results are summarized and compared with experimentally derived literature 

values for a Ti3C2Tx MXene etched in a LiF/HCl environment (LiF-MXene, see Table 3). The 
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etching process of LiF-MXene is described in detail by Ghidiu et al.10 This etching route is known 

to intercalate Li+ ions during synthesis and produce large interlayer spacings (27 – 28 Å). 

Compared with our etching approach, this is quite similar. Both etching methods have the same 

pH, with relatively high amounts of F– ions. 15 It was also assumed that their pre-treatment 

conditions removed all interlayer water, so water was not included in the compositions of their 

MXenes. However, in another report on the same set of samples, it was speculated that there 

appeared to be intercalated water filling the interlayer spaces that were, in fact, not removed. 41 

 

Table 3. Compositions, enthalpies of oxidation, and enthalpies of formation from elements of 
MXenes. 

Sample Composition 
∆Hox,25°C 

(kJ/mol Ti3C2) 

∆Hf,25°C 

(kJ/mol Ti3C2) 

CoF2-MXene Ti3C2F1.05Cl0.09(OH)1.15O3.10Al0.26Co0.03(H2O)0.76 -2320.0 ± 35.5 -1891.7 ± 35.7 

HF-MXene Ti3C2F1.71Cl0.12(OH)1.64O2.51Al0.02(H2O)0.95 -2147.7 ± 35.5 -1978.2 ± 35.1 

LiF-MXene Ti3C2F0.25Cl0.02(OH)0.06O0.84Li0.38 -1917.0 ± 3.7 28 -1908.2 ± 5.4 28 

The formation enthalpy of the LiF-MXene sample is derived from high-temperature oxide melt drop solution 
calorimetry retrieved from Sharma et al. 28 The LiF-MXene sample is synthesized with LiF/HCl as the etching agent 
as described by Ghidiu et al. 10 Values are in kJ/mol Ti3C2 were MXene is defined as the composition stated. 
 

The enthalpies of formation of CoF2-MXene and HF-MXene from this study and LiF-

MXene and Ti3AlC2 MAX reported by Sharma et al. are presented in Figure 5a. 28 The ΔHf, 25°C, 

MXene for all three MXenes synthesized with different etching agents (CoF2/HCl, HF/HCl, and 

LiF/HCl) are strongly exothermic with around 100 kJ/mol Ti3C2 difference among each other. All  
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Figure 5. (a) Enthalpies of 
formation from elements of 
MXenes and MAX, (b) enthalpies 
of formation of MXenes as a 
function of the content of 
intercalated cations, and (c) 
enthalpy of reaction from MAX to 
MXenes in solution at 25 °C. The 
formation enthalpy data of LiF-
MXene and MAX (Ti3AlC2) is 
retrieved from Sharma et al. and 
derived from high-temperature 
oxide melt drop solution 
calorimetry. 28 LiF-MXene is 
Ti3C2Tx MXene synthesized in 
LiF/HCl as described by Ghidiu et 
al. 10 
  

a

b

c
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MXenes are significantly more exothermic than the enthalpy of formation from elements of the 

Ti3AlC2 MAX phase, – 409.8 ± 31.9 kJ/mol Ti3AlC2. 28 HF-MXene presents the most 

exothermic formation enthalpy. Specifically, the ΔHf,25°C of HF-MXene is ~ 86.5 kJ/mol Ti3C2 

more exothermic than CoF2-MXene, and ~ 70 kJ/mol Ti3C2 more exothermic than that of LiF-

MXene.  

Manipulation of MXene Energetics by Intercalated Cationic Species 

The major compositional and structural differences between CoF2-MXene and HF-MXene 

are in the (i) content of cations and the (ii) degree of hydration within the interlayer space. To 

elucidate the formation enthalpy from elements of MXene’s dependence on cationic content, we 

plot the enthalpy of formation from elements as a function of cationic content per Ti3C2 unit in 

Figure 5b. CoF2-MXene contains Al3+ and Co2+ as the interlayer cations, which results in larger 

interlayer spacings and interlayer heterogeneity. Using density functional theory (DFT), 

Berdiyorov and Mahmoud calculated the differences in total energy of the system due to insertion 

of ions into MXenes with different termination groups, including Ti3C2F2 and Ti3C2O2. The system 

is defined as Ti3C2Tx, where Tx is either O2 or F2. They predicted the energy change from insertion 

of Al3+ is 320 kJ/mol Ti3C2 (~3.3 eV/atom) less exothermic for Ti3C2F2 and 250 kJ/mol Ti3C2 

(~2.6 eV/atom) less exothermic for Ti3C2O2. 73 Less exothermic formation enthalpies from 

elements were generated from the increase in interlayer spacing that the cation insertion caused. 73 

Applying these predicted energy changes, if the 0.24 additional Al3+ that CoF2-MXene holds is 

inserted into HF-MXene, the enthalpy of formation from elements for HF-MXene would become 

~ 60 to 83 kJ/mol Ti3C2 less exothermic, close to the 86.5 kJ/mol Ti3C2 calculated difference we 

found. Although, HF-MXene appears to be significantly different compared to LiF-MXene, 

especially considering its surface chemistry. Here, we perform the same interpretation on this set 
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of thermodynamic data. It is also predicted that the insertion of Li+ ions changes the energy 150 

kJ/mol Ti3C2 (~1.5 eV/atom) less exothermic for both Ti3C2F2 and Ti3C2O2. 73 Similarly, using the 

Li composition of LiF-MXene, an energy change of ~57 kJ/mol Ti3C2 less exothermic would result 

upon the 0.38 mol Li inserted into a non-intercalated Ti3C2 MXene, close to the 70 kJ/mol Ti3C2 

energetic difference between LiF-MXene and HF-MXene. Thus, it is highly likely that the less 

exothermic formation enthalpy from elements of CoF2-MXene is closely related to the expanded 

interlayer distances caused by the intercalation of Co2+ and Al3+ within the interlayer space. Indeed, 

it is a common phenomenon that cationic intercalation increases the interlayer distances of 

MXenes, leading to reduced layer–layer van der Waals forces. 35,37,73 Because of the larger 

distribution of the interlayer distances of CoF2-MXene, particularly the increased interlayer 

distance due to pillaring, the layer–layer van der Waals forces are not as strong. Consequently, the 

carbide layers of CoF2-MXene tend not to stabilize each other as much as those layers of HF-

MXene that are uniformly apart and with smaller interlayer distances.  

Degree and Energetics of Interlayer Hydration 

The high degree of hydration of HF-MXene also effectively stabilizes the surface defects 

and functional groups through hydrogen bonding. Synthesized under aqueous acidic environments, 

Ti3C2Tx MXene has well-known hydrophilicity. 10,74–77 The replacement of -F surface groups by -

OH and -O leads to spontaneous water intercalation due to their higher hydrophilicity. 78 

Furthermore, upon heating, the Ti3C2Tx MXenes with more -F groups release water at lower 

temperatures than those with less -F. 79 According to calorimetric results, the Ti3C2Tx MXenes’ 

surface is weakly hydrophilic, exhibiting a low magnitude of water adsorption enthalpies and 

weakly exothermic enthalpies of immersion in water. 41 Based on our interpretation, higher surface 

oxygen -O concentration results in more potent hydration effects. Water has strongly exothermic 
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interactions with TiO2 nanoparticles. 80 Similarly, it was predicted that the energetic impact of 

hydration of the Ti3C2O2 layer was increasingly exothermic as the degree of hydration increased 

from 0 to 1 mole H2O per mole of Ti3C2O2. 81 Exacerbating the lack of hydration effects in CoF2-

MXene, interlayer Al3+ is expected to be adsorbed onto the -O surface groups. 60 Thus, we conclude 

that the formation enthalpies from elements of CoF2-MXene and HF-MXene are modified by the 

intercalated cationic species, decreased layer-layer van der Waals forces, and the degree and 

energetics of hydration. Hydration may play a more significant role in contributing to the 

exothermic enthalpy of formation from elements of MXenes than van der Waals forces. Hydrogen 

bonding is generally assigned interaction strengths of 4 – 40 kJ/mol per atom pair, an order of 

magnitude greater than van der Waals forces, 0.4 – 4 kJ/mol per atom pair. 82,83  

Entropic Contributions of Interlayer Cations 

Furthermore, the metal ions confined within the interlayer space may have significant 

entropic effects on the intercalated water, directing the local order of interlayer-confined water. 

Using inelastic neutron scattering techniques and molecular dynamics (MD) simulation, the 

interlayer water in HF etched Ti3C2Tx MXene was “bulklike” in character with the significant 

disorder. 61 However, as the intercalated metal ions are introduced, the confinement effects lead to 

water molecules with a greater interlayer order. 61 Among cation-intercalated Ti3C2Tx MXenes, 

this relationship appears not to be a function of interlayer distance, as the interlayer distances are 

near-identical. 61 The highly ordered water on the surface of TiO2 nanoparticles led to a decrease 

in entropy compared to ice for both anatase and rutile phases. 84,85 In another study, it was found 

that in MD simulations, Al3+ features two distinct hydration shells while intercalated. 86 Therefore, 

in this study, we anticipate that the water confined in CoF2-MXene is higher in order or has lower 

entropy compared with that intercalated within the interlayer space of HF-MXene. 
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Intralayer Termination Groups 

To distinguish the effect of the intralayer on the formation enthalpies from elements, we 

separate the exothermic contributions of Al2O3, Co3O4, and adsorbed H2O from the enthalpy of 

formation from elements. We estimate this to be the energetic effects of MXene intralayer 

formation (ΔHf,25°C, MXene-layer) and calculate this using the thermochemical cycle presented in 

Table S8. The reaction of the formation of MXene from elements and Al2O3, Co3O4, and “free” 

H2O at 25 °C is presented in Equation 5.  

Equation 5: 

3 Ti (25 °C, s) + 2 C (25 °C, g) + 0.5β F2 (25 °C, g) + 0.5γ Cl2 (25 °C, g) 0.5δ H2  

+ (0.5δ + 0.5ε – 0.75ζ – 0.66 η – 0.5κ) O2 (25 °C, g) + 0.5ζ Al2O3 (25 °C, s) + 0.33η Co3O4 (25 °C, s)  

+ κ H2O (25 °C, l) →  

Ti3C2FβClγ(OH)δOεAlζCoη(H2O)κ (25 °C, s) 

ΔHf,25°C,MXene-layer = – 1447.6 ± 35.7 kJ/mol Ti3C2 (CoF2-MXene), – 1689.9 ± 35.7 kJ/mol Ti3C2 (HF-MXene) 

Markedly, even with the contributions from the interlayer water and intercalated cationic species 

subtracted, both CoF2-MXene and HF-MXene present strongly exothermic enthalpies of formation 

from elements (see Figure 5a). Earlier several studies have predicted enthalpies of formation from 

elements for Ti3C2 MXene without surface functionalization or termination groups to have – 

176.15 kJ/mol Ti3C2 (– 0.365 eV/atom) 87 and – 115 kJ/mol Ti3C2 (– 0.238 eV/atom) using the first-

principle calculations. 88 These predictions lead to models with significantly less exothermic 

enthalpies of formation from elements compared to Ti3C2Tx MXenes with termination groups. The 

significant differences in formation enthalpies from elements between our experimentally 

measured thermodynamic data and these predicted values highlight the crucial roles of surface 

terminations in the effective stabilization of Ti3C2Tx MXenes. In addition, using a multiscale 

computational approach, it was found that surface functionalization had a strong, energetic driving 
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force and was primarily dependent on external conditions and not the intralayer composition of 

MXene. 31 The enthalpies of formation from elements have been calculated using first principle 

methods to be – 1233, – 1843, and – 1191 kJ/mol Ti3C2 for ideal Ti3C2O2, Ti3C2F2, and Ti3C2(OH)2, 

respectively, suggesting that these modeled materials with termination groups are energetically 

favorable. 29 We use these computational data to interpret the enthalpies of formation from 

elements for Ti3C2Tx MXenes with the same ratio of functional groups at ideal stoichiometry, x = 

2.0. We estimate these values using simple mechanical mixing, which does not incorporate any 

interactivity among functional groups (see Equation 6). 

Equation 6: 

 ΔHf,ideal-mix = ε ΔHf,ideal,Ti3C2O2 + β ΔHf,ideal,Ti3C2F2 + δ ΔHf,ideal,Ti3C2OH2 

 where OεFβOHδ, CoF2-MXene ratio is O0.58F0.19OH0.21Cl0.02 and HF-MXene ratio is O0.42F0.29OH0.27Cl0.02. 

Our model samples’ estimated ΔHf,ideal-mix values are – 1315 kJ/mol Ti3C2 with a CoF2-MXene 

balance and – 1374 kJ/mol Ti3C2 with an HF-MXene balance. The presence of Cl– is neglected 

because of its low content. A comparison of CoF2-MXene and HF-MXene with these modeled 

“hypothetical” structures suggests that ΔHf,ideal-mix from elements of these ideal systems are 

significantly less exothermic than either of the enthalpies of formation from elements and 

compounds we derive, ΔHf,25°C, MXene or ΔHf,25°C, MXene-layer. In other words, our experimental results 

reflect that the surface functionalization enables more exothermic formation enthalpies from 

elements along with that of intercalated species.  

To investigate the thermodynamic driving forces present in a model etching environment, 

we further calculated the enthalpy of reaction from Ti3AlC2 MAX to Ti3C2Tx MXenes in solution 

at 25 °C (ΔHaq-rxn,25°C) from ΔHf,25°C, MXene of CoF2-MXene and HF-MXene using the 

thermochemical cycle in Table S9. Considering the significantly favorable exothermic etching 

reaction and low surface area of bulk MAX ceramics, the energetic effects of MAX hydration are 
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neglected. The reaction of the formation from elements of MXene from MAX through etching in 

solution at 25 °C is presented in Equation 7 (see Figure 5c).  

Equation 7: 

Ti3AlC2 (25 °C, s) + β F- (25 °C, aq) + γ Cl- (25 °C, aq) + η Co2+ (25 °C, aq) + δ H+ (25 °C, aq)  

+ (0.5δ + 0.5ε) O2 (25 °C, g) + 3μ H2O (25 °C, l) + κ H2O (25 °C, ad) →  

(1 – α) Ti3C2FβClγ(OH)δOεAlζCoη(H2O)κ (25 °C, s) + α Ti3AlC2 + μ AlF3∙3H2O (25 °C, s)  

+ (1 – α – μ – ζ) Al3+ (25 °C, aq) 

ΔHaq-rxn,25°C = – 1539.3 ± 47.7 kJ/mol Ti3C2 (CoF2-MXene), – 1706.5 ± 47.8 kJ/mol Ti3C2 (HF-MXene) 

The ΔHaq-rxn,25°C of Ti3AlC2 MAX to CoF2-MXene (– 1539.3± 47.7 kJ/mol Ti3C2) is less 

exothermic than that of Ti3AlC2 MAX to HF-MXene (– 1706.5 ± 47.8 kJ/mol Ti3C2), both of which 

are strongly exothermic. This interpretation suggests a clear driving force for the etching process 

from Ti3AlC2 MAX to the formation of Ti3C2Tx MXenes. Our findings align with the 

thermodynamic study on LiF-MXene by Sharma et al., with ΔHaq-rxn,25°C of – 1775.6 ± 32.2 kJ/mol 

Ti3C2. 28 Hence, the analysis above highlights the strong thermodynamic driving force of the 

etching environments for the formation of Ti3C2Tx MXene from Ti3AlC2 MAX even at room 

temperature. 15 

 The research performed here enables fundamental knowledge of the effects of layer–layer 

affinity and the effects of intercalants on the formation enthalpies of MXenes from elements 

synthesized under different etching conditions. These insights are crucial, as precise manipulation 

of the interlayer space is the go-to engineering tool used to control the properties and performances 

of MXenes and two-dimensional materials in general. As part of our ongoing studies on MXenes, 

advanced experimental studies on the refined local structure and orientation of species intercalated 

within the MXene layers with a systematically varied interlayer distance using a variety of 

intercalants will further enhance our understanding of the synthesis, interfacial chemistry, and their 



 27 

relations with the properties of MXenes. Furthermore, the complexity and heterogeneity of the 

system and composition of MXenes are often intentionally neglected to simplify experimental 

results and computational predictions, frequently assuming layer to layer homogeneity and 

stoichiometric surface chemistry. Commonly, impurities such as TiO2 and AlF3∙3H2O and 

unreacted Ti3AlC2 are ignored because they are difficult to quantify. Despite MXene’s inherent 

complexities, from a thermodynamic perspective, we provide vision into the intercalates – layer 

and layer – layer interfacial interactions of as-synthesized MXenes by integrating our calorimetric 

studies with models from computational predictions and experimental observations from the 

literature.  

Conclusions 

 We etched Ti3C2Tx MXenes in two different environments leading to similar layer 

chemistries but different structures and intercalant compositions. By investigating these MXene’s 

thermochemistry using high-temperature oxidation drop calorimetry, we correlate the derived 

thermodynamic stabilities with compositional, structural, and interfacial properties caused by the 

variation of etching environments. We derive the enthalpies of formation from elements at 25 °C. 

The surface functionalization of the MXene layers significantly impacts their formation enthalpy 

from elements. Specifically, CoF2-MXene and HF-MXene exhibit beyond stoichiometric surface 

functionalization leading to more exothermic enthalpies of formation from elements than 

computationally derived ideal Ti3C2Tx MXenes, even when the exothermic contributions of 

interlayer species are removed. Interestingly, we find that CoF2-MXene has an exothermic 

enthalpy of formation from elements than HF-MXene. The more exothermic enthalpy of formation 

of HF-MXene primarily originates from two factors: (i) HF-MXene features a higher degree of 

hydration, filling the interlayer spaces and leading to more effective stabilization of the layer-
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possessed functional groups; and (ii) HF-MXene has a lower and more uniform dimension of 

interlayer space, which results in stronger van der Waals forces between the adjacent planar 

surfaces, in other words, stronger layer–layer interactions. CoF2-MXene has more interlayer 

cationic contents, Al3+ and Co2+, largely Al3+. These intercalated cationic species displace the 

interlayer water and competitively bind to the surface functional groups of MXenes. Additionally, 

the cations act as pillaring agents, expanding the layer to layer distance of CoF2-MXene in some 

of the interlayer spaces, resulting in a broader distribution of interlayer distances with higher 

average d-spacings. Both samples have a significantly larger exothermic enthalpy of formation 

from elements than the Ti3AlC2 MAX parent phase. Moreover, we demonstrate that in an aqueous 

medium, the derived enthalpies of reaction from Ti3AlC2 MAX to Ti3C2Tx MXenes are exothermic, 

reflecting the driving force of etching in synthesis conditions. This study provides new insights 

into the energetic–structure–surface property relationships of MXenes and highlights the 

complexities of guest–host interactions in MXenes involving water, cations, and a spectrum of 

surface functional groups. The fundamental thermochemical insights on Ti3C2Tx MXenes etched 

with CoF2/HCl aqueous solution gained here may aid the design and modification of MXene 

materials for precisely tuned compositional, interfacial, and nanostructural properties. 
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