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Abstract
MXenes, as an emerging class of 2D materials, display distinctive physical and chemical properties, which are highly suitable for high-power battery applications, such as lithium ion batteries (LIBs). Ti3C2Tx (Tx = O, OH, F, Cl) is one of the most investigated MXenes to this day, however, most scientific research studies only focus on the design of multi-layered or mono-layer MXenes. Here, we present a comprehensive study on the synthesis of few‑layered Ti3C2Tx materials and their use in LIB cells, in particular for high-rate applications. The synthesized Ti3C2Tx MXenes are characterized via complementary XRD, Raman spectroscopy, XPS, EDX, SEM, TGA and nitrogen adsorption techniques to clarify the structural and chemical changes, especially regarding the surface groups and intercalated cations/water molecules. The structural changes are correlated with respect to the acidic and basic post‑treatment of Ti3C2Tx. Furthermore, the detected alterations are put into an electrochemical perspective via galvanostatic and potentiostatic investigations to study the pseudocapacitive behavior of few-layered Ti3C2Tx, exhibiting a stable capacity of 155 mAh g‑1 for 1000 cycles at 5 A g-1. The acidic treatment of Ti3C2Tx synthesized via the in-situ formation of HF through LiF/HCl is able to increase the initial capacity in comparison to the pristine or basic treatment. To gain further insights into the structural changes occurring during (de)lithiation, in-situ XRD is applied for LIB cells in a voltage range from 0.01 to 3 V to give fundamental mechanistic insights into the structural changes occurring during the first cycles. Thereby, the increased initial capacity observed for acidic treated MXenes can be explained by the reduced co-intercalation of solvent molecules. 
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Introduction
[bookmark: _Hlk23427205]Since their discovery in 2011, the understanding of the chemical and physical properties of 2D layered transition metal carbides and nitrides (=MXenes) has grown rapidly. For synthesis of MXenes, MAX phases are generally used as the precursor material, consisting of an early transition metal (M), a group IV element (A) and carbon and/or nitrogen (X) in a fixed stoichiometry of n=1, 2, or 3 for Mn+1AXn (e.g., Ti3AlC2). One of the most studied MXenes is Ti3C2Tx (Tx = O, OH, F, Cl; theoretically x=2). Here, Tx describes the surface termination groups, which substitute the “A” element of the MAX phases during the etching process to synthesize MXenes. The titanium-based MXene is one of the most studied ones to date, due to its high oxidative stability, high electronic and ionic conductivity and versatile activity towards different cations, such as Li+ and Na+.1-3
Variations in the preparation and post‑treatment of MXenes can result in significantly different particle characteristics, such as particle morphology, particle size and surface group chemistry. MXenes can be prepared in form of a multi-layered, few-layered or single/mono-layered particles/sheets, depending on the precursor material, etching procedure and subsequent washing and/or post‑treatment (calcination, acid washing, etc.). Furthermore, the surface group chemistry (amount and type of surface groups) can be adjusted through an etching method or post-treatment and also plays a major role for the performance as negative electrode (=anode) in lithium ion battery (LIB) cells. Theoretically, oxygen-terminated surface groups are preferred due to the higher, expected capacity of 268 mAh g-1 in comparison to fluorine-terminated groups, which exhibit a theoretical capacity of 130 mAh g-1. 1, 3-8 
Up to date, MXenes have mainly been investigated in form of the multi-layered particles or single-layered MXenes for various electrochemical storage devices, such as LIBs, sodium-ion batteries or supercapacitors. 9-12 Multi-layered particles usually display large particle sizes which limit their electrochemical rate performance and, therefore, display low reversible specific capacities at higher rates. Pure mono- or bi-layered MXenes display an excellent rate performance with high capacities of up to 420 mAh g-1 in organic electrolytes and can even be used as free-standing electrodes. Nevertheless, the monolayers are prone to severe oxidation and the high specific surface area typically results in a low Coulombic efficiency (CEff). 13-19
In this work, few-layered Ti3C2Tx MXenes were synthesized and investigated for the application as anode material in LIB cells. The synthesized Ti3C2Tx were comprehensively characterized via X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray analysis (EDX), scanning electron microscopy (SEM), nitrogen absorption analysis and thermogravimetric analysis (TGA) in order to systematically evaluate the impact of the synthesis route on the material properties. 8 This extensive study is not only motivated by the precursor/etching route but also by the latest finding of the role of the intercalated lithium and the steric chloride termination for LiF/HCl etched MXenes. The chlorine termination leads to a more open interspace layer and, therefore, increases the Li+ accessibility of the redox active sites with less diffusion limitations, resulting in higher specific capacities. 20-22
The material characterization is put into an electrochemical perspective via galvanostatic and potentiostatic investigations, demonstrating the high rate capability of the synthesized few-layered MXenes, driven by the pseudocapacitive behavior. Finally, the structural changes of MXenes are investigated using in-situ XRD for LIB applications with an organic electrolyte in the full voltage range (0.01-3 V). By combination of various complementary analytical and electrochemical techniques, we are able to give fundamental insights into structure-performance relationships and point out the importance of various processing steps in the MXene preparation. 
In summary, we aim to answer three distinctive questions to derive an improved fundamental understanding on the implications of acidic or basic post-treatment on the electrochemical behavior of titanium-based MXenes as anode materials for LIB cells: Firstly, we want to answer if there are significant structural or chemical composition changes induced by the post-treatment of few-layered MXenes. Secondly, we want to elucidate if these changes correlate to a change in the electrochemical behavior, especially with regard to the diffusion and non-diffusion limited processes (pseudocapacitive behavior). Thirdly, we want to clarify if the changes in electrochemical performance are induced by structural changes of the active material.

Results and discussion
The precursor material for MXene synthesis, i.e., Ti3AlC2 (MAX phase), was synthesized from its elemental constituents by solid-liquid state reaction at high temperature and the different Ti3C2Tx materials were synthesized as described in the supporting information. An overview of all samples can be found in Table S1. Only the samples ‘Ti3C2‑pristine‑250C’ (dried at 250 °C), ‘Ti3C2-HCl‑250C’ (washed with 6M HCl and dried at 250 °C) and ‘Ti3C2‑LiOH‑250C’ (treated with LiOH and dried at 250 °C) are discussed in this paper. A comprehensive discussion for the other samples can be found in the supporting information.
X-ray diffraction can be used to qualitatively confirm the successful removal of the Al‑layer from the MAX phase Ti3AlC2. Generally, the (002) reflection corresponding to the basal planes of the Ti3AlC2 shifts to lower 2θ values if the etching procedure is successful. Furthermore, the reflection shift is mainly influenced by the formation of interstitial states of intercalated water molecules during the synthesis. Formation of bi-layers as well as monolayers of water is possible corresponding to interlayer distances ranging from 25 to 33 Å, respectively. Moreover, if intercalated cations (e.g., Li+, K+) are present during the synthesis or post-treatment, the hydration energy of the cation plays a significant role in the intercalation process of water and results in clay‑like swelling of the MXene. The swelling is countered by the electrostatic attraction between the positively charged cations and the negatively charged Ti3C2Tx sheets, which in turn changes the interlayer distances. In addition to the cations, absorbed anions (e.g., Cl-) at the positively charges edges of the MXenes as well as surface functional groups can have a steric effect on the intercalation process of water and probably other polar, protic solvents. 20-26 Nevertheless, the following discussion will focus only on the samples dried at 250 °C. A more detailed discussion can be found in the supporting information.
As depicted in Figure 1a, all investigated samples display a clear shift from the theoretical (002) reflection of Ti3AlC2 from 9.50° towards lower 2θ values, indicating the successful synthesis of the MXene (PDF 00-052-0875). Clearly, a shoulder towards lower angles can be observed for Ti3C2-pristine-250C, which is due to the intercalation of water molecules. A detailed analysis and discussion can be found in the supporting information (see Figure S1, S3 and S4).
As depicted in Figure S1 and S2, all investigated samples display two distinctive crystalline reflections located at 36.2° and 42.0° between two broad reflections (shifted (010) and (012) from Ti3AlC2) at 35° and 43°. These reflections are most-likely the (103) and (106) reflections from the precursor Ti3AlC2, indicating few-layered Ti3C2Tx. Nevertheless, possible overlapping with impurities resulting from titanium carbide (TiC) cannot be ruled out as the phase is typically present in the precursor (PDF 01-071-0298). No distinctive TiO2 reflections from the anatase or rutile phase are present, indicating a minor or even no oxidation during the etching procedure (PDF 04-014-5794, PDF 04-014-0245). However, as these reflections also overlap with the shifted (004) and (008) reflections from Ti3C2Tx, Raman spectroscopy analysis is necessary to confirm these indications, which will be discussed later. Furthermore, a broad and small reflection, corresponding to LiF can observed at 38.9° and 45.0° (PDF 04-012-7777) especially for Ti3C2-pristine-250C, requiring the additional acidic washing step to remove these impurities (see also Figure S12). Washing of the few-layered MXenes with 6M HCl clearly led to the complete removal of the later mentioned reflections associated with LiF (Ti3C2-HCl in Figure S2). 
To further investigate the oxidation and, therefore, the quality of the 2D Ti3C2Tx material, Raman spectroscopy was conducted, which also allows for a qualitatively description of the present surface groups. Hu et al. firstly described the Raman characteristics of Ti3C2Tx MXenes theoretically as well as experimentally, therefore, the reported assignment of the corresponding modes (ω1 to ω7) is also used in their work. 27 Recently, the understanding of Raman spectra of Ti3C2Tx was expanded by Lioi et al., as they discovered the resonance Raman scattering of MXenes, which led to the possibility of differentiating the different surface groups applied by different etching methods. 28
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Figure 1. (a) X-ray diffraction patterns for Ti3C2-pristine-250C, Ti3C2-HCl-250C and Ti3C2-LiOH-250C in the 2θ range of 10° to 80°. The theoretical reflections discussed in the manuscript are labeled accordingly and marked by straight lines at the bottom. (b) Raman spectra for Ti3C2-pristine-250C, Ti3C2-HCl-250C and Ti3C2-LiOH-250C. The theoretical modes from Hu et al. are labeled accordingly and marked by straight lines. [31]

The Raman spectra of the three different samples can be observed in Figure 1b, while Figure S5a shows the full spectra and Figure S5b depicts only the ω3 mode of all investigated samples. The theoretically calculated modes for the terminated Ti3C2Tx are marked and shown at the bottom. 27 First and foremost, no modes of TiO2 can be observed, clearly visible by the absence of the B1g mode at 143 cm-1. 29 Furthermore, as shown in the full spectra in Figure S6, no D- or G-modes are visible for any of the samples (1200 to 1600 cm-1). 30-31 Therefore, the results from XRD, indicating no significant oxidation even after the LiOH treatment, can be confirmed. 32
Returning to Figure 1a, only the most important modes (ω1 and ω3) are discussed here, for detailed information, we refer the reader to the cited publications. Firstly, the resonant Eg mode at 123 cm-1 (ω1) corresponding to the in‑plane vibrations of the midplane titanium atoms is present for all samples and does not shift. Secondly, the ω3 mode corresponding to the A1g out‑of plane vibrations of the carbon atoms is particular sensitive to changes of the surface groups and is therefore enlarged depicted in Figure S5b. This ω3 mode is located at 725 cm-1 for all samples with no change upon drying for the pristine and HCl-treated samples (Ti3C2-pristine compared to Ti3C2-pristine-250C, etc.). However, a shift can be observed for the basic-treated samples (Ti3C2‑LiOH and Ti3C2‑LiOH‑250C) as the corresponding peak shifts to 730 cm-1, indicating a reduction of the fluorine-terminated MXene or a change in the layer thickness of the flakes.28 
To further investigate the change in surface groups, XPS and EDX studies were carried out, as shown in Figure S7a and b, respectively. A detailed discussion can be found in the supporting information. Summarizing, the aluminum content does not significantly change with other washing or drying steps and the chlorine content is also stable at ≈3 at.%. The fluorine and oxygen content also do not significantly change until the basic treatment (Ti3C2-HCl-250 compared to Ti3C2-LiOH-250C) is applied. The basic treatment leads to an increase of the oxygen content and a decrease of the fluorine content, supporting the change in the surface structure already observed by Raman spectroscopy. Obviously, EDX is not a suitable method for validating elemental changes for light elements, such as C, F and O, therefore, XPS analysis was further applied to further confirm the results.
The Ti2p core spectra shown in Figure 2 were fitted with the restrictions and suggestions made by Halim et al. 33 However, only the Ti, Ti2+, Ti3+ and the TiO2 component could be fitted, which is probably the result of the different synthesis method of the MAX and MXene phases. Nevertheless, it can be clearly seen that the TiO2 content increased for Ti3C2‑HCl from 4.2% to 6.1% for Ti3C2‑LiOH (Table S2 and Figure S11c and S12c). Therefore, the oxidation and the removal of fluorine are indistinguishable.
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[bookmark: _Ref57665151]Figure 2. Titanium core spectra fitted with restrictions made by Halim et al.33 for (a) Ti3C2‑pristine‑250C, (b) Ti3C2‑HCl-250C and (c) Ti3C2‑LiOH-250C. The calculated compositions are also listed.

Furthermore, calculating the composition of the MXene from the core spectra, the Ti to C ratio is clearly close to the theoretical value of 3/2 for all investigated samples, as depicted in Figure 2 (complete core spectra: Figure S8 to S10). In Figure 2 also the composition of the surface groups can be seen, which shows an increase in hydroxyl groups with the basic post-treatment. However, especially the corresponding C‑Ti‑O and C‑Ti‑OH components are not distinguishable from organic components and further XPS analysis via sputtering would be needed. Unfortunately, sputtering does not make sense on few-layered MXenes for quantitative purposes. In addition, no Al was observable in the core spectra, further confirming the successful etching procedure, as depicted in Figure S8f, S9f and S10f.
Additionally, the morphology of the flakes for different MXenes is shown in Figure S11. The MXene particle morphology does not change upon basic or acidic post-treatment and is dominated by the agglomeration of the few layered MXenes to macroscopic flakes. Furthermore, the BET specific surface area decreases from 30.1 m2 g-1 (Ti3C2‑HCl‑250C) to 20.1 m2 g-1 (Ti3C2‑HCl‑250C) upon the basic post‑treatment (Figure S13). 
In this first part, we wanted to answer the question if there are significant structural or chemical composition changes induced by the post-treatment of few-layered MXenes. In summary, there is no remarkable change in the surface group chemistry upon the acidic treatment of the MXene, however, a significant structural change with regard to the presence of Li cations (Ti3C2‑pristine-250C and Ti3C2-LiOH-250C). Additionally, the reduced F content, indicated by Raman spectroscopy, EDX and XPS analyses, cannot be fully separated from mild oxidation of the Ti species and, therefore, no clear suggestion can be made as also carbon impurities can be responsible for the reduced F content. Further, the shift observed in the Raman spectra can also be induced by reducing the flake size, as discussed before.
The as-synthesized MXenes (Ti3C2‑pristine‑250C, Ti3C2‑HCl‑250C, Ti3C2‑HCl‑250C; Table S1) were investigated by galvanostatic (rate and long-term cycling performance) and potentiostatic means to elucidate the pseudocapacitive behavior typically observed for MXenes.1 To get further fundamental insights into the storage mechanism, in-situ XRD experiments of were carried out. Figure 3 depicts the charge/discharge rate performance of the few-layered Ti3C2Tx MXenes at specific currents from 0.1 A g‑1 to 5 A g‑1, which were applied with regard to the active material weight. For comparison, the C-rate was based on theoretical capacity of 320 mAh g-1 for not terminated MXene, i.e., Ti3C2. 34 Generally, the few-layered MXenes display good rate performance, i.e., with a capacity of 174 mAh g-1 at 5 A g-1 (≈15.6C) for Ti3C2-HCl-250C. Especially the removal of cationic impurities and residual LiF through the acidic washing step leads to an overall improvement of the capacity regarding higher specific currents.
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[bookmark: _Ref57699686]Figure 3. Specific de-lithiation capacity of Ti3C2Tx materials (Ti3C2-pristine-250C, Ti3C2-HCl-250C and Ti3C2‑LiOH-250C) in Ti3C2Tx || Li metal cells (half-cell setup, three-electrode configuration; potential range: 0.01 and 3 V vs. Li|Li+) for different specific currents.

Nevertheless, even the not post-treated Ti3C2-pristine-250C material displays a de-lithiation capacity of 155 mAh g-1 (at 5 A g-1), which is one of the highest reported in the literature so far.1, 11-12, 15 Interestingly, the de-lithiation capacity decreases for Ti3C2‑LiOH-250C for all specific currents investigated in this work (e.g., 131 mAh g-1 at 5 A g-1). Moreover, after the rate performance investigation the electrodes are lithiated and de‑lithiated at 0.5 A g-1 and display high capacities of 197 mAh g-1 for Ti3C2‑pristine-250C, 237 mA g-1 for Ti3C2‑HCl-250C and 179 mAh g-1 for Ti3C2‑LiOH-250C. These capacities are even stable over 1000 charge/discharge cycles as depicted in Figure 4, showing the long-term cycling stability of the three different Ti3C2Tx materials for different specific currents ranging from 0.5 A g-1 (Figure 4a) to 5 A g-1 (Figure 4c). Besides the specific de-lithiation capacity, also the Coulombic efficiency (CEff) is illustrated. A summary of the electrochemical data can be found in Table S3 and S4 (supporting information). Firstly, the different samples display capacities of 320 mAh g-1 for Ti3C2‑pristine-250C, 332 mAh g-1 for Ti3C2‑HCl-250C and 387 mAh g-1 for Ti3C2‑LiOH-250C after 1000 cycles. Moreover, a clear trend can be observed as the capacity for each sample increases from the 200th cycle compared to 1000th cycle. This behavior was also observed for delaminated MXenes (Ti3C2Tx) in form of free-standing electrodes and was ascribed to the electrochemical activation of the MXenes. 35-36
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[bookmark: _Ref57699903][bookmark: _Hlk23261924]Figure 4. Specific de-lithiation capacity of Ti3C2Tx materials (Ti3C2-pristine-250C, Ti3C2-HCl-250C and Ti3C2‑LiOH-250C) in Ti3C2Tx || Li metal cells (half-cell setup, three-electrode configuration; potential range: 0.01 and 3 V vs. Li|Li+) for different specific currents during charge/discharge cycling for 1000 cycles: (a) 0.5 A g-1; (b) 1 A g-1; (c) 5 A g-1. All cells were cycled at 0.1 A g-1 for three formation cycles.

Additionally, on the one hand, Ti3C2‑pristine-250C and Ti3C2‑HCl-250C exhibit capacities at higher cycle numbers for lower charge/discharge current (0.5 A g-1), indicating a similarity in structure and composition between both materials. On the other hand, Ti3C2‑pristine-250C exhibits a local maximum after ≈50 cycles (Figure 4a). This effect could be due chemical reactions with impurities or due to an activation of the active material. Interestingly, Ti3C2‑LiOH-250C displays a higher capacity after 1000 cycles as Ti3C2‑pristine-250C or Ti3C2‑HCl-250C, which contrasts with the earlier described behavior during the rate performance investigation (Figure 3). The same behavior can also be observed for higher charge/discharge currents, i.e., for 5 A g-1 (Figure 4c). Here, the capacities are stable after reaching a local maximum, displaying values of 116 mAh g-1 for Ti3C2‑pristine-250C, 144 mAh g-1 for Ti3C2‑HCl-250C and 176 mAh g-1 for Ti3C2‑LiOH-250C at the 1000th cycle. These differences might be due to the co‑intercalation of solvent molecules which will be analyzed and discussed below.
A first indication of this behavior can be drawn from the differential capacity profiles (dQ/dV) shown in Figures S14-S16 for Ti3C2-pristine-250C, Ti3C2-HCl-250C and Ti3C2-LiOH-250C, respectively. Firstly, the specific de-lithiation capacity increase can be well observed in the dQ/dV profiles over the full electrode potential range. Therefore, we contribute the increase in capacity to a capacitive behavior. Further investigations are necessary, since all investigated samples (Figure S14a, 14a and 16a) display a significant increase of capacity from 2.5 to 3 V vs. Li|Li+ from the 100th  to the 1000th cycle. This phenomenon could be due to the oxidation of copper, although the potential range is lower than reported values in the literature (≥3.5 V vs. Li|Li+). However, impurities do play an important role in the oxidation behavior of the current collector and can lower the oxidation potential. 37-39 
Secondly, returning to the to the later discussed hypothesis of the co-intercalation of solvent molecules, all Ti3C2Tx materials exhibit two distinctive diffusion‑limited reactions at ≈1 V vs. Li|Li+ and ≈1.5 V vs. Li|Li+, during de‑lithiation (FigureS14-S16a, c, e). This is especially observable for higher rates and for Ti3C2‑LiOH‑250C, depicted in Figure S16f. Here, also the possible co-intercalation becomes visible as no distinctive, corresponding diffusion‑limited cathodic reaction can be observed, which would be expected for pseudocapacitive materials. This hysteresis behavior might be explained by the co-intercalation of the organic carbonate solvent molecules, as the intercalated molecules could hinder de‑intercalation of Li+ and, therefore, a more diffusion-limited process would be visible. 
Furthermore, the acidic or basic post‑treatment of the titanium-based MXene (Ti3C2‑HCl‑250C and Ti3C2‑LiOH‑250C) influences the proposed co-intercalation of solvent molecules. Ti3C2‑HCl‑250C does not display two distinctive diffusion-limited processes at higher rates as Ti3C2‑LiOH‑250C (Figure S15f and Figure S16f), but a rather capacitive-like behavior as expected for pseudocapacitive materials. The hysteresis observed in Figure S16f is therefore derived from over-potentials occurring due to the high specific current. Therefore, we postulate that the acidic-treatment of MXenes hinders the co-intercalation of solvent molecules and the basic-treatment of MXenes allows for a co-intercalation of solvent molecules for the investigated electrolyte. 
[bookmark: _Hlk26271406]Figure 5 depicts the first three cycles of cyclic voltammetry for (a) Ti3C2‑pristine-250C, (b) Ti3C2‑HCl-250C and (c) Ti3C2‑LiOH-250C, using a scan rate of 0.2 mV s-1. All samples display cathodic peaks at ≈0.7 V and ≈0.3 V vs. Li|Li+ in the 1st cycle, which can be correlated to the reduction of the linear and cyclic carbonates present in the electrolyte and corresponding formation of the solid electrolyte interphase (SEI).40 In the two subsequent cycles, two maxima are present at ≈0.8 V and ≈0.01 V vs. Li|Li+. The cathodic peak at ≈0.8 V vs. Li|Li+ can be assigned to the lithiation of the MXene as well as the peak at 0.01 V vs. Li|Li+, which will also contain capacity contributions from the conducting agent (=amorphous carbon). In summary, the cathodic peaks display capacitive characteristics as no clear diffusion-limited processes can be observed. 41-44 In contrast to this, the anodic peaks display more distinguishable maxima characteristics with anodic peaks located at 0.07 V, 0.90 V, 2.25 V and an additional maximum for Ti3C2-LiOH-250C at 2.5 V vs. Li|Li+ (see also Figure S17). Although the different MXenes display similar electrochemical characteristics, the striking difference between the samples is an anodic peak located at 0.07 V vs. Li|Li+, as it is only hinted for Ti3C2‑LiOH-250C (Figure 5c), clearly evident and decreasing with increasing cycles for Ti3C2‑HCl-250C (Figure 5b) and increasing and stabilizing for Ti3C2‑pristine-250C (Figure 5a). The origin for this current peak will be further analyzed via in-situ XRD.
For a closer look at the kinetics of the electrode reactions, different scan rates were applied. To quantify the pseudocapacitive behavior of the different Ti3C2Tx materials, the current should obey the power law-expression and the exponent was determined by fitting the cathodic and anodic current peaks at ≈0.8 V vs. Li|Li+ and ≈0.9 V vs. Li|Li+, respectively. The power law can be described by equation (1), where ip represents the measured maximum peak current, v the applied scan rate, and a and b represent fitting parameters.
ip=avb				(1)
The value of b can be used to distinguish between diffusion-controlled and non-diffusion-controlled contributions, i.e., b=1 would be considered a pure capacitive process and b=0.5 as purely faradaic process.45 The obtained values are displayed in Figure 6a and show a mixture of both processes. Since the few-layered Ti3C2Tx materials require an activation, as seen by the capacity increase over cycling, these results of course might change upon prolonged cycling.
Nevertheless, to further study the non-activated Ti3C2Tx materials, the non-diffusion limited capacities were calculated for all samples by using the method firstly introduced by Ardizzone et al.46 Here, the capacitive contribution to the overall capacity can be calculated by the fact that the capacitive contribution is not effected by the scan rate and, therefore, defined by equation (2), where C is the overall capacity, Ccap represents the capacitive contribution, v is the scan rate and k is the diffusion-controlled capacity.
C = Ccap + kv-1/2			(2)
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[bookmark: _Ref57704428][bookmark: _Hlk33969703][bookmark: _Hlk26271479]Figure 5. Cyclic voltammetry curves for (a) Ti3C2-pristine-250C, (b) Ti3C2-HCl-250C and (c) Ti3C2-LiOH-250C at a scan rate of 0.2 mV s-1 in a potential range from 0.01 to 3 V vs. Li|Li+ (half-cell setup, three-electrode configuration). The distinctive anodic and cathodic peaks are labeled accordingly.

The fitted results are depicted in Figure 6b, showing that Ccap is ≈144 mAh g-1 for Ti3C2‑pristine-250C, 202 mAh g-1 for Ti3C2‑HCl-250C and 104 mAh g-1 for Ti3C2‑LiOH-250C. This fitting allows the calculation of the non-diffusion limited capacity contribution at distinctive scan rates, as shown in Figure S18. Here, the Ti3C2-HCl-250C shows the lowest non-diffusion capacity contribution, as the activation of the material is not as substantial as for Ti3C2‑pristine-250C and Ti3C2‑LiOH-250C. As previously discussed, there is an increase in the overall specific de-lithiation capacity after the acidic (HCl) washing step, while the capacity decreases again after the basic (LiOH) treatment.
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[bookmark: _Ref57704748][bookmark: _Hlk26271607]Figure 6. (a) Calculated b parameters for Ti3C2-pristine-250C, Ti3C2-HCl-250C and Ti3C2-LiOH-250C. (b) Calculated Ccap for the later mentioned MXenes by linear fitting against v-1/2. (half-cell setup, three-electrode configuration; potential range: 0.01 and 3 V vs. Li|Li+).

To gain fundamental understanding of the lithiation/de-lithiation behavior of the MXenes, in-situ XRD investigations for the Ti3C2-pristine-250C (Figure 7), Ti3C2-HCl-250C (Figure 8) and Ti3C2-LiOH-250C (Figure 9) samples were conducted for three charge/discharge cycles. The in-situ XRD cell was galvanostatically cycled and the results were fitted with a pseudo‑Voigt function. In the 1st cycle, only the distinctive points marked in the voltage-time plot (right graphs in Figures 7, 8 and 9) were fitted for all samples. The fitted reflections can be found in the supporting information (Figures S19, S20 and S21). Furthermore, only the (002) reflection was fitted as it displays the highest intensity. Nevertheless, (002) and (004) reflections are both shown in Figures 7, 8 and 9. To the best of our knowledge, MXenes have been investigated via in-situ XRD only for the use as a negative electrode material in supercapacitors so far. Lin et al. and Wang et al. have both studied free-standing, single-layered Ti3C2Tx MXenes in ionic liquids as well as sulfoxide-, carbonate- and nitrile-based electrolytes. 47-48 From their works important electrochemical characteristics could be derived, which significantly improved the understanding of MXenes. However, LIB negative electrodes are usually operated at much lower potentials and, furthermore, only MXene flakes were investigated so far. Therefore, we conducted in-situ XRD experiments for few-layered Ti3C2Tx to decipher the above presented electrochemical results regarding the acidic and basic treatment.
Generally, comparing the results of all three samples, the similarity between Ti3C2‑pristine‑250C and Ti3C2‑LiOH‑250C is obvious (Figure 7 and Figure 9). Qualitatively, the intensity of the (002) reflection increases in intensity with lithiation and decreases upon de-lithiation. Additionally, a shift of the reflection towards lower 2θ values can be observed. The opposite of this behavior is present for Ti3C2‑HCl‑250C (Figure 8), as no shift can be observed, and the intensity of the reflection diminished upon lithiation. Due to the similarity of the Ti3C2‑pristine‑250C and Ti3C2‑LiOH‑250C samples and for reasons of simplicity, only LiOH is discussed here, while the discussion on Ti3C2-pristine-250C can be found in the supporting information (Figure S19). Firstly, no difference between the Ti3C2-HCl-250C material (powder) and the composite electrode can be detected as both samples display a reflection at 8.3° and 17° 2θ, which correspond to the shifted (002) and (004) reflections of Ti3AlC2, as discussed above (Figure S20a, ‘1/start’ and Figure S1). Therefore, intercalation of solvent molecules does not occur spontaneously for Ti3C2-HCl-250C. Upon lithiation, a reflection emerges at ≈9.3° 2θ (Figure S20a,’1/I’, 0.95 V) which continuously increases in relative area size (Figure S20b and c, ‘1/II’, 0.44 V), which will be referred to as ‘HCl-Reflex 2’. Despite the emerging reflection, the first reflection (‘HCl-Reflex 1’) remains constant at 8.3° 2θ. Further lithiation leads to a shift of ‘HCl-Reflex 1’ to 8.0° 2θ (‘1/III’, 0.25 V) and 7.74° 2θ after the full lithiation is reached (‘1/IV’, 0.01 V), as depicted in Figure S20d and e. Upon de-lithiation, the ‘HCl-Reflex 1’ shifts back to higher 2θ values (Figure S20f and g, ‘1/V’ and ‘1/VI’, 0.83 V and 2.5 V) and remains at 7.9° at the end of discharge (Figure S20g, ‘1/End’, 3 V). The relative area and intensity increase for ‘HCl-Reflex 1’ and the FWHM decreases upon de‑lithiation. This indicates a more ordered structure in the de‑lithiated state for ‘HCl‑Reflex 1’ (Figure S20g and h). Nevertheless, ‘HCl‑Reflex 2’ remains at 8.8° 2θ, suggesting trapped Li+ ions between the sheets, resulting in a decreased interspace layer (Figure S20h).
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[bookmark: _Ref57705903]Figure 7. Left: Heat map for the in-situ XRD analysis of Ti3C2-pristine-250C for the first three cycles showing the (002) and (004) reflections ranging from high intensity (red) to low intensity (purple). Right: The corresponding voltage response plotted against the time (cell voltage range: 0.01-3 V; specific current: 20 mA g-1). The discussed points are marked with Latin numbers for cycle (1-3) and Greek numbers for the highlighted points.
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[bookmark: _Ref57705917]Figure 8. Left: Heat map for the in-situ XRD analysis of Ti3C2-HCl-250C for the first three cycles showing the (002) and (004) reflections ranging from high intensity (red) to low intensity (purple). Right: The corresponding voltage response plotted against the time (cell voltage range: 0.01-3 V; specific current: 20 mA g-1). The discussed points are marked with Latin numbers for cycle (1-3) and Greek numbers for the highlighted points.

The behavior of HCl‑‘HCl-Reflex 1’ can be explained by the electrostatic repulsion occurring between the MXene layers, which upon lithiation leads to a shrinkage of the interlayer space as the Li+ ions attract the layers. 24, 49 Secondly, the shift of ‘HCl-Reflex 1’ can be explained by co-intercalation of solvent molecules or anionic species, as it has been shown in the literature.47, 50-51 Wang et al. recently showed that the intercalation of solvent molecules heavily depends on the used solvent and their properties towards the solvation of the cation.48 As this is the first time few-layered MXenes are investigated via in-situ XRD for LIB cells and also two distinctive reflections are observed for Ti3C2Tx, we allocate the second reflection (‘HCl-HCl‑Reflex 2’) to the intercalation of Li+ ions into the few-layered MXenes and the shift of the first reflection (‘HCl‑Reflex 1’) to the intercalation of Li+ ions between agglomerated few-layered MXenes and the simultaneous co-intercalation of solvent molecules. This is supported by the lower FWHM value observed for ‘HCl‑Reflex 1’ due to solvent co-intercalation, as described before for the intercalation of water molecules (see Figure S20b‑h). This two‑step intercalation behavior can be responsible for the high capacity retention for high specific currents, since the intercalation of Li+ ions between the agglomerated few-layered MXenes should be kinetically favored compared to the intercalation into few‑layered Ti3C2Tx. Therefore, this effect can buffer the overpotentials from the bulk process, leading to an increased capacity retention at high current rates (Figure 3). Moreover, this assumption is supported by the fact that the activation shown in Figure 4, occurs faster for higher currents (5 A g-1, Figure 4c) than for lower currents (0.5 A g-1; Figure 4a). This is also supported by the high reversibility of the later described behavior shown in Figure 8 and Figure 10. The fitted positions of both reflections (µ, ‘HCl‑Reflex 1’ and ‘HCl‑Reflex 2’; blue curves) and the corresponding voltage vs. time diagram are shown in Figure 10a and 10b, respectively. Here, the same behavior as described for the first cycle can be observed for the 2nd and 3rd cycle. The constant µ for ‘HCl‑Reflex 1’ in a voltage range of ≈1 V is especially striking (Figure 10b), correlating with the maxima observed in the cyclic voltammetry measurements (Figure 5). Further, it shows that the diffusion-limited process does not correlate to any changes in the structure of Ti3C2-HCl-250C and, therefore, supports the pseudocapacitive properties of Ti3C2Tx. The limitation of the diffusion can be related to the co-intercalation of solvent molecules. However, further studies are necessary to prove this hypothesis. Furthermore, at ≈2.5 V (‘2/VI’ and ‘3/VI’) there is a shift of ‘HCl‑Reflex 1’ towards higher 2θ values, indicating that a higher voltage is necessary to reach a fully de-lithiated state (Figure 8 and Figure 10). 
Comparing the in-situ XRD results of the HCl- (Ti3C2‑HCl‑250C, Figure 8) and the LiOH-treated samples (Ti3C2‑LiOH‑250C, Figure 9), the diffractograms display significant, structural differences. Firstly, at the beginning of the first lithiation (Figure S21a, ‘1/start’, 3 V) the (002) reflection is fitted with three reflections, named ‘LiOH-Reflex 1 to 3’, displaying 2θ values of 7.1°, 7.4° and 8.0°. This indicates a spontaneous intercalation of solvent molecules, contrary to Ti3C2-HCl-250C.
[image: ]
[bookmark: _Ref57705929]Figure 9. Left: Heat map for the in-situ XRD analysis of Ti3C2-LiOH-250C for the first three cycles showing the (002) and (004) reflections ranging from high intensity (red) to low intensity (purple). Right: The corresponding voltage response plotted against the time (voltage range: 0.01-3 V; specific current: 20 A g-1). The discussed points are marked with Latin numbers for cycle (1-3) and Greek numbers for the highlighted points.

Upon the first lithiation, a general shift is visible for the (002) reflection towards lower 2θ values (Figure 9, ‘1/I’ to ‘1/II’, 0.87 V to 0.48 V) and the intensity decreases to a cell voltage of 0.29 V (Figure 9, ‘1/III’), which agrees with the in-situ XRD results for Ti3C2‑HCl‑250C. However, the deconvolution of the (002) reflection shows the significant difference between the basic and the acidic post-treatment of Ti3C2Tx (Figure S21b-d). As the lithiation progresses, the three reflections (‘LiOH-Reflex 1‑3’, Figure S21b-c, ‘1/I’ and ‘1/II’, 0.87 and 0.48 V) only change in area1‑3, but their position µ1‑3 does not change significantly, while area1-2 increases in relation to area3. Moreover, ‘LiOH-Reflex 2’ and ‘LiOH-Reflex 3’ merge into one reflection and ‘LiOH‑Reflex 1’ almost vanishes (Figure S21d, ‘1/IV’, 0.21 V). Further lithiation of Ti3C2‑LiOH‑250C leads to a sudden increase of the intensity of the overall (002) reflection and to a shift towards lower 2θ values (Figure 9, ‘1/IV’ to ‘1/V’, 0.21 V to 0.01 V). This structural change during lithiation is in strong contrast to the behavior observed for Ti3C2‑HCl‑250C.
In Figure S21, it is evident that only the ‘Reflex‑LiOH 3’ is present and ‘LiOH‑Reflex 1’ has vanished. At the end of lithiation, ‘LiOH‑Reflex 3’ shifts from 7.2° to 6.9° 2θ and the FWHM decreases from 0.8° to 0.6°, indicating that the degree of crystallinity increases with the degree of lithiation (Figure S21e-f, ‘1/IV’ to ‘1/V’, 0.21 to 0.01 V). Upon de-lithiation, the interspace layer and the intensity decrease again (Figure 10, ‘1/VI’, 0.96 V). Further de‑lithiation leads to an increase of 2θ, from 7.1° (‘1/VI’, 0.96 V) to 7.2° (‘1/VII’, 2.5V) and to 7.3° (‘1/End’, 3 V), as depicted in Figure S21g-i. Interestingly, the FWHM also increases again from 1.3° to 1.1° (‘1/VII’ to ‘1/End’, 2.5 to 3 V). During de-lithiation and also for the subsequent cycles, there is only one reflection visible (Figure 10a and Figure S21f-i, ‘1/V’ to ‘1/End’, 0.01 V to 3V). Firstly, we allocate the three reflections (Figure S21a-c, ‘I/start’-‘1/II’, 3‑0.48 V) to at least two different stages of co-intercalation occurring during the lithiation. Here, ‘LiOH-Reflex 1’ and LiOH-Reflex 2’ represent two different stages of the intercalation of solvated Li+ ions between the few-layered sheets, while ‘LiOH-Reflex 1’ refers to the intercalation into the few-layered Ti3C2Tx. This is supported by the fact, that with further lithiation all deconvoluted reflections merge into a single reflection at a potential of 0.21 V (Figure S21, ‘I/IV’). Furthermore, since only a single reflection and no second reflection at a higher 2θ values is visible, like for Ti3C2‑HCl‑250C, the electrostatic attraction between Li+ and the negatively charged surface of the MXene is lifted due to co-intercalation of the solvent. Therefore, no structural difference exists after the first lithiation between the intercalation between and into the few-layered MXenes, in contrast to the acidic treated sample (Ti3C2-HCl-250C). Furthermore this observation leads to the conclusion that the solvation shell does desolvate for few-layered Ti3C2Tx, as it has been observed for Ti2CTx by ex-situ XRD results.49 The solvent co-intercalation is also responsible for the reduced capacity (Figure 3), similar to the results shown by Wang et al. for supercapacitors.48 This hypothesis can also explain the activation of the MXene by an effective SEI layer, hindering the co-intercalation of solvent molecules and, therefore, resulting in an increase of specific capacity.
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[bookmark: _Ref57708068]Figure 10. Results of the pseudo-Voigt fitting of the (002) reflection of the in-situ XRD analysis with two reflections showing in (a) the mean 2θ value (µ) of each reflection and (b) the corresponding voltage response plotted against the time. The discussed points are marked with Latin numbers for the 2nd and 3rd cycle and Greek numbers for the highlighted points.

Since no significant changes to the surface groups were detected and the only difference between Ti3C2-HCl-250C and Ti3C2-LiOH-250C is the intercalation of Li+ ions during the basic post-treatment, this behavior could be triggered by the pre‑intercalation of Li+ ions. However, further systematic in-situ XRD investigations are necessary to confirm this hypothesis.


Conclusion
In this work, a synthesis and post-treatment route was established to etch and synthesize few-layered Ti3C2Tx‑based MXenes from the respective MAX phases for application as negative electrode in lithium ion battery (LIB) cells. Firstly, the as‑synthesized materials and changes induced via an acidic (HCl) and basic (LiOH) post‑treatment were systematically characterized via XRD, Raman spectroscopy, XPS and EDX to decipher structural changes with an emphasis on the change of the surface groups of Ti3C2Tx. We aimed to answer three scientific questions to achieve an improved fundamental understanding on the implications of acidic or basic post-treatment. 
Firstly, we wanted to clarify if the post-treatment induces any significant structural or chemical compositional changes for few-layered MXenes. Besides a small oxidation and a decrease in the fluorine content of Ti3C2Tx occurring during the LiOH-post-treatment, no significant chemical changes were detected. Furthermore, the XRD investigations under ambient and Ar atmosphere revealed the literature‑known intercalation of water molecules, if Li+ ions are present in the MXene structure, which are intercalated during synthesis. Moreover, no significant morphological changes were detected for the few-layered MXene upon any post-treatment. In summary, the only significant change occurring after the acidic- and basic-treatment is the removal or placement of alkali cations, which influence the MXene behavior towards water molecules in ambient air.
Secondly, we aimed to elucidate if changes induced by the post-treatment correlate to a change in the electrochemical performance, especially regarding the diffusion- and non-diffusion-limited processes. Therefore, the electrochemical impact of the basic or acidic post-treatment was investigated by galvanostatic and potentiostatic means. The few-layered MXenes fortified their potential as a high-power negative electrode material with a stable capacity retention of over 1000 cycles due to their pseudocapacitive behavior. The acidic post-treatment of Ti3C2Tx lowered the non-diffusion-limited capacity in comparison to the basic post-treatment, which led to an increase in the overall specific de-lithiation capacity.
Thirdly, we intended to elaborate if the changes in electrochemical performance are induced by structural changes of the active material. Thereby, the increase in the specific capacity of the acidic-treated Ti3C2Tx could be assigned to a reduced solvent co-intercalation as shown by the deconvolution of the (002) reflection recorded via in-situ XRD. In contrast, the basic-treated MXene underwent huge structural changes during the (de)lithiation in the initial charge/discharge cycles, which was attributed to the co-intercalation of the cyclic or linear carbonates from the electrolyte (Figure 11).
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[bookmark: _Ref57713701]Figure 11. Schematic conclusion on the role of the acidic and basic post-treatment of Ti3C2Tx MXenes on the electrochemical behavior as negative electrode in LIB cells, pointing out the solvent co-intercalation for the basic-treated samples, as detected by in-situ XRD studies.

All in all, the presence/absence of lithium cations in the MXene host structure, induced by the basic(pristine)/acidic‑treatment, significantly decreases/increases the non-diffusion limited processes, which can be directly correlated to the occurring/inhibited co-intercalation of solvent molecules from the electrolyte. Overall, this study clearly underlines the importance of further systematic studies on the co-intercalationa of solvent molecules during (de)lithiation, especially focusing on the long-term stability and solid electrolyte interphase formation during the initial cycles.
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