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Abstract 

MXenes are a recently discovered class of two-dimensional materials that have shown great 

potential as electrodes in electrochemical energy storage devices. Despite their promise in this area, 

MXenes can still suffer limitations in the form of restricted ion accessibility between the closely 

spaced multistacked MXene layers causing low capacities and poor cycle life. Pillaring, where a 

secondary species is inserted between layers, has been used to increase interlayer spacings in clays 

with great success, but has had limited application in MXenes. We report a new amine-assisted 

pillaring methodology that successfully intercalates silica-based pillars between Ti3C2 layers. Using 

this technique, the interlayer spacing can be controlled with the choice of amine and calcination 

temperature, up to a maximum of 3.2 nm, the largest interlayer spacing reported for an MXene. 

Another effect of the pillaring is a dramatic increase in surface area, achieving BET surface areas of 

235 m2 g-1, a sixty-fold increase over the unpillared material and the highest reported for MXenes 

using an intercalation-based method. The intercalation mechanism was revealed by different 

characterisation techniques, allowing the surface chemistry to be optimised for the pillaring process. 

The porous MXene was tested for Na-ion battery applications, and showed superior capacity, rate 

capability and remarkable stability compared with the non-pillared materials, retaining 98.5% 

capacity between the 50th and 100th cycles. These results demonstrate the applicability and promise 

of pillaring techniques applied to MXenes providing a new approach to optimising their properties 

for a range of applications, including energy storage, conversion, catalysis and gas separations. 
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Introduction 

MXenes are a recently discovered group of two-dimensional materials with the general formula 
Mn+1XnTx, where M is an early transition metal, X is carbon and/or nitrogen and Tx are surface 
functional groups, which are typically O, OH, F or Cl.1–3  MXenes have been employed as active 
materials in a variety of applications, such as batteries, supercapacitors, fuel cells, water desalination 
and purification, and catalysis, with great success.4–6 This is due to their unique combination of 
properties such as high electrical and thermal conductivity, hydrophilic nature and high chemical 
stability.4,6,7 As such, they combine the advantages of graphene (high conductivity and stability but 
hydrophobic) and graphene oxide (high stability, surface functional groups and hydrophilic but lower 
conductivity) in one material. However, like many other 2D materials MXenes suffer from challenges 
associated with maintaining the properties and performance of the 2D nanosheets when combining 
them into stable 3D architectures. Common problems are comparatively poor performances when in 
multi-layered form and a reduction in surface area due to the restacking of nanosheets over time.8  



   
 

 

In addition, the specific surface areas of MXenes (4-20 m2 g-1)9–11 are significantly smaller than those 
of other 2D materials (300-2,000 m2 g-1 for graphene/graphene oxide materials)12–14 which limits 
their suitability for applications in energy storage, catalysis and gas capture and storage. Even when 
fully delaminated, the reported specific surface areas are no greater than 98 m2 g-1.15  Furthermore, 
the delaminated nanosheets tend to restack over time, leading to reduced performance, for 
example in a lithium-ion battery.15  
 
One method for overcoming these issues involves introducing secondary species between the 
MXene’s layers, resulting in increased interlayer spacings and therefore higher surface areas. In 
addition, the secondary species act as buffers between different flakes, preventing the restacking of 
the MXene layers, which improves the long term stability. To date, a number of different strategies 
have been reported, including the use of nanocarbon spacers,16,17 deliberate oxidation of 
the MXene surface,10 or insertion of metal ions.18–20 While these methods increased the MXene 
interlayer spacing, they have several drawbacks, including partial destruction of the MXene structure 
and poor control over the final interlayer distances. Additionally, the highest surface area achieved 
via these methods was 93.6 m2 g-1, lower than that of fully delaminated MXenes.10  
 
In this work we investigate a novel pillaring approach for controlling the interlayer spacing and 
hence the properties of MXenes. Pillaring has been studied for several decades in heterogeneous 
catalysis, where it has been used to develop porous clays that act as catalyst supports.21 It involves 
the insertion of ionic or molecular species between clay layers,  often utilising a pre-pillaring step, or 
a co-pillar, which aids the intercalation of the desired pillar.21 These techniques give a large degree 
of control over the final interlayer spacings and lead to high surface areas while maintaining the 
structural integrity of the starting material. Pillaring has been successfully applied to 
montmorillonite,21 kaolinite22 and titanosilicates,23 producing porous clays with surface areas as high 
as of 618 m2 g-1.23 Of particular interest are pillared titanosilicates, which have similar surface 
chemistries to titanium-based MXenes.23 There have been several reports on the intercalation of 
ionic surfactants24,25 and amines26,27 (common co-pillars in clays) into MXenes , which suggests that 
there is potential for applying pillaring techniques designed for clays to MXenes. Since many 
elements can act as pillars, this would create MXenes with a variety of interlayer spacings and 
different chemistries, adding a further element of control that can be used to tune MXenes for 
specific applications.  
 
Recently, Luo et al. demonstrated the pillaring of Ti3C2 with cationic surfactants and tin chloride.24 
They reported a large increase in the interlayer spacing to 2.7 nm, and showed improved long term 
performance when the pillared material was tested in a lithium-ion battery. Here we investigate an 
alternative pillaring method based on Si, which is a cheaper, lighter and more environmentally 
friendly element than Sn. We report a SiO2-pillared Ti3C2 material, which was synthesised using 
amines (dodecylamine - DDA and octylamine - OA) as co-pillars with tetraethylortho silicate (TEOS) 
as the Si source. The amines and TEOS intercalate simultaneously, removing the need for a pre-
pillaring step. A calcination step removes the amine template, allowing control of the 
interlayer spacing over a range of 0.75-3.2 nm.  
 
The resulting pillared MXenes were then tested as anodes for Na-ion batteries. Sodium-ion batteries 
are an emerging technology with several advantages over their lithium counterparts such as 
improved safety, sustainability and cost, owing to the high abundance of Na. As such, they are 
considered ideal candidates for next-generation energy-storage applications. However, their 
commercialisation has been limited by a lack of appropriate electrode materials capable of 
accommodating the relatively large sodium ions over many cycles and at high rates (Na+ has an ionic 
radii of 1 Å compared to 0.76 Å for Li+).28 The large interlayer spacings afforded by our method 
hinted at increased performance for Na-ion batteries, so our calcined porous MXene were tested as 



   
 

 

the negative electrode for a Na-ion battery. The pillared MXenes demonstrated significantly 
improved performance; showing superior capacity, rate capability and stability compared with the 
non-pillared sample. In addition, we investigated the intercalation mechanism, revealing how the 
functional groups can be tailored to optimise the pillaring process. This work demonstrates the 
applicability of pillaring strategies for MXenes, and is expected to drive further research on pillaring 
techniques and Si-MXene composites for a variety of applications.  

Figure 1. Schematic illustrating the pillaring process of MXenes.  

Results and discussion Figure 1 is a summary schematic illustrating the process of synthesising the 

pillared MXenes. The MXenes were synthesised from Ti3AlC2 MAX phase materials which were 

etched using a modified version of the HCl and fluoride salt-based method first reported by Ghidiu et 

al.2 The sample was washed with HCl to remove impurities and is referred to as Ti3C2-OH. The Ti3C2-

OH MXene was then mixed with DDA and TEOS to intercalate Si between the Ti3C2 layers (Ti3C2-OH-

Si). This was then calcined under argon at 300, 400 or 500 °C, which is shown by appending the 

calcination temperature onto the above sample names (e.g Ti3C2-OH-Si-400 refers to the Ti3C2-OH-Si 

material after calcining at 400 °C). At each stage of the synthesis the materials were characterised by 

a variety of techniques (see the methods section for full synthesis and characterisation details). 

Figure 2a shows that Ti3C2 was successfully etched from the sieved Ti3AlC2, with no MAX phase 

diffraction peaks remaining in the X-ray diffraction (XRD) plots. In particular, the (002) diffraction 

peak29 has shifted to lower angles (from 9.5 to 6.8˚ 2θ), corresponding to the enlarged interlayer 

spacing in the MXene compared to the MAX phase. Scanning electron microscopy (SEM) shows the 

open layered morphology which is typical of MXenes (Figure 2b),1,2 and energy dispersive 

spectroscopy (EDS) results (Figure S1 in Supplementary Information) show no Al content, confirming 

complete etching of the Al layer. The EDS results also show only low levels of F (9 wt.%) and Cl (3 

wt.%) in the sample, indicating that the majority of surface groups are -O based terminations (17 

wt.%).  



   
 

 

 

Figure 2. a) XRD patterns of the as made Ti3AlC2, Ti3C2 after HCl washing (Ti3C2-OH). The (002) and 
(004) diffraction peaks were indexed according to Peng et al.29 b) SEM micrograph of Ti3C2 c) Raman 
spectra of the acid treated MXene (red, Ti3C2-OH), and the intercalated (blue, Ti3C2-OH-Si) and 
calcined at 400 °C (green, Ti3C2-Si-400) pillared MXene, with dashed lines highlighting the key peaks 
corresponding to Ti-O (grey) and Ti-OH (orange) functional groups and d) Low angle XRD of the 
MXene after intercalation (Ti3C2-OH-Si). The asterisk highlights a peak corresponding to the glass 
sample holder (see SI Figure S9 for sample holder reference spectra). 

Raman spectroscopy has previously been used to study -OH and -O terminations of Ti3C2, as these 

are not easily distinguished using other techniques.30 Figure 2c shows the Raman spectra for the acid 

washed MXene (Ti3C2-OH), and for the pillared (Ti3C2-OH-Si) and calcined samples (Ti3C2-OH-Si-400). 

Ti3C2-OH shows a sharp peak at 207 cm-1, corresponding to the presence of Ti-O terminations and a 

smaller peak at around 270 cm-1 reveals the presence of Ti-OH groups in the sample.30,31The other 

peaks present up to 1,000 cm-1 are known to be formed by the overlap of Ti-X vibrations (where X is 

any of the known termination groups) and are therefore not relevant for the study of the surface 

chemistry.30 The broad peak at around 1,570 cm-1 shows that there is a small amount of amorphous 

carbon present in the treated MXenes, suggesting slight over-etching of the MAX phase precursor. 

 

 

 

 

 



   
 

 

 

DDA-TEOS Pillaring 

Ti3C2-OH was treated using DDA and TEOS in order to expand the MXene layers. After treatment, 

three new broad Raman peaks appear between 1,100-1,700 cm-1 corresponding to the presence of 

DDA and TEOS hydrolysis products (Figure 2c). There is also a large increase in carbon content 

observed in the STEM-EDS (Figure S2a) and the presence of C-H bonds are confirmed by IR 

spectroscopy (Figure S3). Taken together, these results confirm the successful co-intercalation of 

DDA and TEOS into the acid treated Ti3C2. When Ti3C2 is dispersed in just TEOS, there is no sign of 

intercalation (Figure S4).  

Figure 2d shows a clear diffraction peak at 2.1˚ 2θ corresponding to the (002) reflection of the 

MXene, with a large d-spacing of 4.2 nm. In addition, a small broad peak at 4.2˚ 2θ indexes to the 

(004) diffraction peak, with an expanded d-spacing of 2.1 nm. It has previously been reported that 

the thickness of a single Ti3C2 sheet is 0.95 nm,24 which gives a gallery height of 3.25 nm for the 

pillared MXene, around 10 times that of the starting MXene; a clear sign of successful pillaring.  

 

Figure 3. SEM and STEM Characterisation of the pillared MXene. a) SEM micrograph of the 
intercalated MXene (Ti3C2-OH-Si) b) STEM cross sectional image of atomic planes of Ti3C2-OH-Si-400, 
with an example d-spacing labelled. c) Graph showing the results of the 002 interlayer distances 
measured using STEM. d-g) STEM-EDS mapping of the pillared sample post calcination (Ti3C2-OH-Si-
400). 

Scanning transmission electron microscopy (STEM) analysis (Figure 3) also confirms the large 

increase in interlayer (002) d-spacing, from an average of around 1 nm in the non-pillared MXene to 

2.7 nm after pillaring (Figure 3b-c). This is slightly less than the spacing calculated by XRD, perhaps 



   
 

 

due to electron beam induced specimen damage or the movement / partial removal of the 

intercalated molecules within the TEM vacuum. This explanation is supported by the observation 

that after calcination, when the intercalated molecules are removed, there is little difference the 

interlayer spacings calculated by XRD (Figure 4a) or STEM (Figure 3c). Differences may also result 

from the sampling volumes between the two methods – XRD is a bulk method, whereas the STEM 

measurements are highly localised. The STEM measurements suggest that the standard deviation of 

interlayer distances increases with pillaring compared to the non-pillared MXene, suggesting that 

the pillars have local variations in height or concentration across the sample. To the authors’ 

knowledge, this is the largest interlayer distance reported for a MXene and one of the largest for any 

2D material, which are rarely above 2 nm.32–40 A summary of the highest previously reported 

interlayer spacings can be found in Table S1 and is illustrated in Figure 4c. This includes alkali metal 

cation pillars,41 organic molecules,42 carbon nanotubes (CNTs) grafted with ionic surfactants,43 

cationic surfactant CTAB and Sn2+,44 cationic surfactants and Sn4+,45 and pyrolyised amines.46 It can be 

clearly seen that our pillaring method achieves significantly larger interlayer spacings with control 

over a wider range than previously reported methods.    

STEM-EDS elemental mapping results (Figure S2a) confirm that this increase in interlayer spacing is 

correlated with the presence of Si in the sample (3.1 wt.%), although neither TEM or SEM 

characterisation shows any sign of SiO2 particles external to the MXene (Figures 3a and S2b).  

To produce a stable pillared MXene, the calcination treatment should retain the ordered MXene 

structure but remove residual molecular templates (DDA and TEOS). After calcination at 300 or 400 

°C, the (002) diffraction peak broadens and shifts to higher angles, suggesting a shrinkage of the 

interlayer spacings (Figure 4). Calcination at 300 °C produces a (002) diffraction peak at 4˚ 2θ 

corresponding to an interlayer spacing of 2.2 nm, while calcination at 400 °C gives a (002) peak at 5.2 

degrees corresponding to an interlayer spacing of 1.7 nm. The reduction in interlayer separation of 

the Ti3C2-OH-Si-400 sample was also measured by STEM, providing excellent agreement with the 

XRD data. This shows that our pillaring method can be used to create MXene materials with a range 

of interlayer spacings, which are summarised in Table S2. After calcining at 500 °C, the (002) 

diffraction peak is no longer visible, suggesting an unwanted loss of the ordered pillared structure. It 

should be noted that the XRD analysis showed that the (002) diffraction peak broadened slightly 

after calcination (Figure 4a), suggesting a larger variation in the interlayer spacings. This is likely to 

result from local variations due to slightly inhomogeneous distribution of the pillars through the 

interlayer. For example, the interlayer spacing is likely to be slightly decreased at areas between the 

pillars compared to where the MXene sheets are in direct contact with the pillars.  This is supported 

by the STEM studies (Figure 3c), which also found slight variations in the interlayer distances post 

calcination.  

 



   
 

 

 

Figure 4. Effect of calcination temperature on interlayer spacing and gallery height. a) XRD patterns 
tracking the (002) diffraction peak after different calcination temperatures (300, 400 and 500 ˚C). b) 
Chart showing the range of gallery heights achieved using the reported pillaring method. c) 
Comparison of interlayer spacings achieved in this work with other pillaring reports. 

TGA analysis of the intercalated Ti3C2 shows mass loss starting at 360 °C which increases rapidly 

above 400 °C (Figure S5). The SEM-EDS results for the sample calcined at 400 °C (Figure S6) show 

that the carbon content is decreased after calcination (12.1 wt.% after calcination compared to 33.0 

wt.% before calcination). Both results suggest the removal of the DDA template after calcining at 400 

°C or above. The decomposition and removal of the amine is further confirmed by the broadening 

and decrease in intensity of peaks between 1,100-1,700 cm-1 in the Raman spectrum (Figure 2c) and 

the loss of C-H vibrations in the IR spectrum (Figure S7).  

STEM-EDS maps (Figure 3) confirm the nanoscale layered nature of Ti and Si in the 400 °C calcined 

sample (Ti3C2-OH-Si-400) is retained after the heat treatment, with alternating bands of Ti and Si 

clearly visible. This matches STEM-EDS maps previously reported for MXene pillaring.24,41 

Importantly, neither XRD (Figure S8) nor Raman (Figure 2c) results show peaks relating to TiO2, 

showing that the MXene was not oxidised during calcination. Therefore, calcination at 400 °C (Ti3C2-

OH-Si-400) was taken as the optimum temperature due to retaining the ordered structure while 

maximising removal of the molecular templates and this sample has been used for further 

characterisation.  

To study the effect of the pillaring process on the surface area and porosity of the MXene in more 

detail, N2 adsorption-desorption experiments were carried out for all stages of synthesis (Figure 5). 



   
 

 

BET analysis on the nitrogen isotherms shows a large increase in the surface area, from 4 m2 g-1 after 

acid treatment, Ti3C2-OH, to 235 m2 g-1 after intercalation, Ti3C2-OH-Si (almost a 60-fold increase). 

This is comparable to, and in many cases superior to, that of many pillared graphene-based 

materials, which have typically reported specific surface areas between 130 and 330 m2 g-1, and 

pillared MoS2 (186 m2 g-1).36,38–40,47 Inset in Figure 5a-d are the corresponding the average pore 

widths predicted from Non-Local Density Functional Theory (NL DFT) calculations where the pore 

dimensions were found to increase from 0.82 nm to 3 nm after intercalation. These values are 

consistent with the BET pores being the interlayer gallery regions. To our knowledge, this is the 

highest surface area reported for an MXene using an intercalation-based pillaring method and 

demonstrates the creation of a new porous material. The only comparable surface area for MXene 

based materials was 290 m2 g-1, which was achieved by engineering a 3D structure via freeze drying 

of MXenes.48  

 

Figure 5. Adsorption isotherms from N2 adsorption-desorption experiments. The BET surface area is 
also given in each panel. a) Ti3C2-OH, b) Ti3C2-OH-Si, and c) Ti3C2-OH-Si-400. Insets: Pore size 
distributions derived from the NL DFT method for each sample. 

Interestingly, the adsorption isotherms for the pillared Ti3C2-OH-Si, and pillared + calcined Ti3C2-OH-

Si-400 materials (Figure 5c and d) (Type II according to the IUPAC classification guide)49 match those 

found in N2 adsorption studies of freeze-dried MXenes, with a small, but significant, hysteresis 

observed above 0.5 P/P0 partial pressures.48. However, unlike the report on freeze-dried MXenes, we 

observed only minimal formation of larger mesopores above 10 nm in diameter, suggesting that the 

increase in surface area is mostly due to the expansion of the interlayer of multistacked Ti3C2, by the 

incorporation of pillars, and not the delamination and re-stacking of nanosheets. This methodology 

also leads to a much more uniform pore size than those obtained in the freeze-dried MXene, as can 

be observed in Figure 5. We note that 3D structuring methods could be combined with our pillaring 

approach, and could potentially create even larger surface area MXene materials, with hierarchically 

ordered architectures. 

BET surface area measurements on the calcined sample show a decrease in surface area from 235 

m2 g-1 in the pre-calcination material to 141 m2 g-1 in Ti3C2-OH-Si-400 (Figure 5), with an average pore 

width of around 4 nm, and a wider pore size distribution than that observed before calcination. This 

overall decrease in surface area is consistent with the XRD, Raman and IR characterisation, and is 

likely due to the removal of the DDA template. The wider pore size distribution is also consistent 

with the XRD results (Figure 4), where the (002) diffraction peak broadens after calcination, 

suggesting a wider range of interlayer distances. However, the XRD results do not cover the region 

that would detect a 4 nm pore (d-spacing ~5 nm hence 2θ < 1.5°), so cannot show this increase. The 

XRD does show a (002) peak at around 1.75 nm d-spacing, consistent with TEM, which suggests the 4 

nm pores may be caused by restacking of the sheets rather than interlayer spacings. Importantly the 

surface area of the calcined Ti3C2-OH-Si-400 material is still ~30 times larger than the initial MXene, 



   
 

 

confirming that the post-calcination MXene maintains its porosity and consists of well-defined pores 

between the Ti3C2 nanosheets and the SiO2 pillars. The adsorption measurements were carried out 

10 months after synthesis of the pillared materials, confirming the long-term stability of these 

materials.  

Intercalation Mechanism 

Having confirmed successful intercalation, we now focus on understanding the intercalation and 

pillaring mechanism occurring during the pillaring process. Raman spectroscopy (Figure 2c), shows 

that the Ti-OH peak (270 cm-1) has broadened to between 220 cm-1 and 300 cm-1, shifted to slightly 

lower wavenumbers and lowered significantly in intensity in both the intercalated (Ti3C2-OH-Si) and 

calcined (Ti3C2-OH-Si-400) materials compared to the Ti3C2-OH material. This implies that the –OH 

surface groups are directly involved in the pillared process. In addition, there is no change in the 

vibrations linked to Ti-O (205 cm-1) upon intercalation, suggesting the –O functional groups are 

inactive. To investigate the effect of the two surface groups in more detail, an alkali wash (1 M 

NaOH) was used to remove all –OH terminations, leaving majority –O groups (denoted Ti3C2-O). The 

same pillaring procedure was then applied to this sample. Interestingly, the XRD pattern for the 

alkali treated material was identical to the sample holder at low angles, with no low angle (002) 

diffraction peak corresponding to a pillared MXene (Figure S9). This further implies that the –OH 

groups play an important role in facilitating the pillaring process.  

Solid-state nuclear magnetic resonance (NMR) was used to gain further information on the surface 

functional groups and pillaring species present in the MXene samples (Figure 6). There are three 

main H environments expected for the protons in the MXene samples (Ti-OH, H2O, and amine). The 
1H spectra for the four samples are different (Figure 6a), indicating differences in surface species, 

water content, and H-bonding. The 1H spectrum for Ti3C2-O is dominated by a peak at 4.2 ppm, 

which can be assigned to water present in the sample. A similar peak is observed in the calcined-

pillared sample (Ti3C2-OH-Si-400), but is absent in the 1H spectra for Ti3C2-OH and Ti3C2-OH-Si. The 1H 

spectrum for Ti3C2-OH has broad peaks at 13 and 7 ppm; the former can be assigned to Ti-OH,50 and 

is not observed in the 1H spectra for the pillared materials, supporting the Raman results (Figure 2c). 

The broad peaks around 7-9 ppm in the samples may correspond to Ti-OH and/or water, with 

different H-bonding to those discussed above. This, combined with the Raman spectroscopy results, 

provides strong evidence of the -OH terminations being active in the bonding between the amine co-

pillar and the MXene. The absence of a peak corresponding to Ti-OH in the alkali-treated sample 

(Ti3C2-O), is consistent with the Raman spectra (Figure 2c). There are additional peaks between 0-2 

ppm, which are as yet unidentified and considered negligible in the literature50 and so are assumed 

not to play a significant role in this work. In addition, the Ti3C2-OH-Si sample shows sharp peaks 

corresponding to the DDA, further confirming that this is present in the sample.  



   
 

 

 

 

Figure 6. Solid-state NMR spectra (16.4 T, 29-30 kHz Magic Angle Spinning (MAS)) of Ti3C2-O, Ti3C2-
OH, Ti3C2-OH-Si and Ti3C2-OH-Si-400. a) 1H MAS NMR spectra, where the inset shows the DDA peaks 
at full intensity, b) 19F MAS NMR spectra, c) 13C MAS NMR spectra, where the inset in Ti3C2-OH-Si is a 
magnification of the MXene C peak,  and d) 29Si MAS NMR spectra of the Si-containing samples. 

After calcination, a peak corresponding to interlayer water appears at 4.7 ppm, which was not 

present in Ti3C2-OH-Si (pre-calcination). This implies the adsorption of water from the atmosphere 

occurs between the calcination and the measurement, (the time between calcination and the NMR 

measurements was around 3 months), since the calcination was done under an argon atmosphere, 

and the high temperatures would not be compatible with additional water accumulating between 

the sheets. Both the pre- and post-calcination samples were stored in the same conditions for the 

same time, which suggests that the DDA repels any atmospheric water encountered during this time. 

It is possible, due to the hydrophobic nature of the DDA, that during the pillaring process, the DDA 

repels water molecules as it intercalates between the layers, and any remaining water molecules 

react with the TEOS to form the SiO2 hydrolysis product. Once the hydrolysis reaction is complete, 

no further water enters the interlayer due to repulsion by the DDA. The use of hydrophobic 

intercalants to keep the interlayer free of water could be important for applications where water 

would be harmful to performance. It is also possible that the 1H NMR signal from the amine, which 

has very high intensity, is masking the signal corresponding to the interlayer water. Importantly, the 

post-calcination material (Ti3C2-OH-Si-400) shows that water can re-enter the interlayer after the 

amine has decomposed, suggesting that the MXene surface has been returned to its original 

hydrophilic state.  



   
 

 

The 19F NMR spectra (Figure 6b) shows a main peak centred around -275 ppm for most of the 

samples, but which is shifted for the Ti3C2-OH sample and is assigned to –F terminations. It is noted 

that there were challenges in spinning the Ti3C2-OH sample, indicating some difference in behaviour 

of this sample. Generally, the similar shift for the other samples suggests that the -F surface groups 

are inactive with respect to the pillaring process, further emphasising the importance of -OH groups 

and surface chemistry in general for the intercalating and pillaring of MXenes. This also suggests that 

the amount of Si intercalated may be tuneable by carefully controlling the amounts of –F, -O and -

OH groups. The 19F NMR also shows the presence of F-containing impurities, likely to be from the 

etching process, as have been reported in other studies.3,50  

The 13C NMR spectra (Figure 6c) shows the C layer in the MXene with a broad peak at 400 ppm, 

which is consistent with the results from Hope et al. 50 and also confirms the presence of DDA in the 

corresponding sample with peaks between 20-50 ppm (note that the spectrum for the 13C NMR for 

the Ti3C2-OH-Si sample appears particularly noisy due to the high intensity of the DDA signals). A 

peak at around 125 ppm can be distinguished from the background C (0-200 ppm), this corresponds 

to the amorphous graphitic C as observed in the Raman (Figure 2c) and EDS (Figure S6). It is possible 

that this carbon content could help improve the electrical conductivity of the pillared MXene, which 

is particularly important for high rate electrochemical applications. 51,52 The 29Si NMR spectra (Figure 

6d) show that there are tetrahedral Si environments (SiO4) in the samples, with a broad peak 

between -100 and -120 ppm,8 confirming the successful DDA-catalysed hydrolysis of TEOS to silica, 

revealing SiO2 as the final pillar.  

Overall, these results suggest the intercalation mechanism relies directly on the Ti-OH termination 

groups. The –OH groups hydrogen-bond to the N-H groups of the amine (DDA), which intercalates 

between the MXene layers with the TEOS solvent, thus allowing the pillaring of the MXene with Si-

based pillars. Neither the –F or –O are active towards the intercalation and hydrolysis process, which 

is accompanied by the removal of water molecules from the interlayer. Upon calcination, the DDA 

templates are decomposed and largely removed from the pillared MXene, giving a highly porous 

material.  

Interestingly, other amines also assist the intercalation of TEOS into Ti3C2, as shown by the XRD of 

Ti3C2-OH intercalated with just octylamine and with octylamine and TEOS in Figure S10. Importantly, 

this gives a different interlayer spacing, showing the potential for this technique to give a range of 

pore sizes. The spacing achieved here is larger than those achieved by cationic surfactant pillaring of 

molecules of the same chain size.24 This shows that the orientation of the molecules in the interlayer 

is very different, with cationic surfactants thought to lay at an angle of around 30 degrees,24 whereas 

these amines are clearly more vertically aligned. In fact, DDA in clay pillaring is thought to form 

bilayers in the interlayer, giving gallery heights of 2 times that of the chain length.23,53 This is 

important for future work on the pillaring of MXenes, since it shows that consideration of the chain 

size of the pillar alone is not enough, as the interactions between the pillaring molecules and MXene 

surface groups must be well understood for controlled pillaring. 

 

 

 

 

 



   
 

 

Electrochemical performance in Na-ion batteries 

 

Figure 7. a-c) Galvanostatic data from half-cell tests against Na metal at 20 mA g-1 in the voltage 
range 0.01-3 V. a) Load curves for selected cycles for a) Ti3C2-OH and b) Ti3C2-OH-Si-400,  c) 
Coulombic efficiency and discharge capacities of the pillared and non-pillared samples over 100 
cycles. d and e) Cyclic voltammograms at 0.01-3 V vs. Na metal at a scan rate of 0.2 mV s-1 for d) the 
non-pillared, Ti3C2-OH and e) pillared MXene, Ti3C2-OH-Si-400 . f) Rate capability tests for the pillared 
and non-pillared MXene at rates of 20, 50, 200, 500 and 1,000 mA g-1. Five cycles are shown for each 
rate (one additional cycle at 20 mA g-1 was conducted to ensure SEI formation).  

To investigate the effect of the pillaring process on the electrochemical performance, the pillared 

and non-pillared materials were tested against Na as both a counter and reference electrode in the 

voltage range of 0.01 – 3 V for 100 cycles at 20 mA g-1. Figure 7 a, and b shows the load curves for 

the non-pillared and pillared MXenes, Ti3C2-OH and Ti3C2-OH-Si-400, respectively. The pillared 

material shows a higher capacity on the second cycle (156 mAh g-1 compared to 132 mAh g-1 for the 

non-pillared material) and significantly better cycling stability. By the 100th cycle, the pillared 

material showed a capacity 1.7 times that of the non-pillared material (131 compared to 76 mAh g-1 

for the pillared and non-pillared material respectively). Impressively, between the 50th and 100th 

cycles, the pillared MXene retains 98.5% of its capacity, whereas the as-made MXene only retains 

89%. Furthermore, the pillared material also shows better coulombic efficiency than the non-pillared 

MXene (after the first cycle). It takes only 14 cycles for Ti3C2-OH-Si-400 to reach efficiencies greater 

than 99%, whereas the as-made MXene takes over 40 cycles. It should be noted that the improved 

performance obtained in the pillared MXene can be ascribed to the enlarged interlayer spacing, 

rather than any capacity contribution via alloying processes from the SiO2. Ex-situ XPS results (Figure 

S11), revealed that the position of the Si peak does not change between OCV and full discharge. This 

is consistent with the SiO2 pillars being redox inactive, with purely structural benefits which allows 

the effect of the increased interlayer spacing on electrochemical performance to be studied without 

extra processes resulting from alloying for conversion reactions occurring, as has been seen in other 

reports.44  

Both materials showed a significantly increased capacity on the first discharge compared to 

subsequent cycles, which is likely due to SEI (solid-electrolyte interphase) formation and irreversible 



   
 

 

reactions with the MXene functional groups.54 This is further supported by the CV data (Figure 7 d-

e), which shows several peaks corresponding to irreversible processes on the first cycle. This is 

discussed in more detail below. It is important to note that the pillared material reaches a stable 

capacity from the 2nd cycle onwards, whereas the non-pillared one takes around five cycles to stop 

seeing rapid decreases between cycles (Figure 7c). The significantly higher initial discharge capacity 

in the pillared MXene compared to the first charge may be due to the irreversible reactions of Na or 

the electrolyte with the MXene surface groups, since more of the MXene surface will be accessible 

to the Na and electrolyte immediately. It is well known that electrode materials with high surface 

areas can suffer from low coulombic efficiencies on the first cycle due to the fact that there is a 

higher proportion of surface exposed to the electrolyte.55 This effect has also been observed in our 

previous work on pillared MXenes in other systems.56  That the pillared Ti3C2 reached stable cycling 

after just one cycle is consistent with the structure being already expanded, and fully wetted with 

the electrolyte on the first cycle. In contrast, in the non-pillared MXene, fresh surface may be 

exposed to the electrolyte due to expansion of the structure during the first few cycles. This large 

initial irreversible capacity led to a lower initial coulombic efficiency for the pillared material 

compared to the non-pillared one (57% to 70% respectively). Nonetheless, 40-60% initial coulombic 

efficiencies are typical for Ti3C2 and Li and Na systems, so at 57% efficiency the pillared material is 

still amongst the highest reported.6 The improved coulombic efficiency over subsequent cycles in the 

pillared MXene is likely to be due to the enlarged interlayer spacing allowing for improved ion 

transport in and out of the structure, thus avoiding the trapping of Na+ which is often seen in 

multilayer MXenes. 

To study the electrochemical performance in more detail, cyclic voltammetry experiments were 

conducted on the pillared, Ti3C2-OH-Si-400, and unpillared, Ti3C2-OH-Si-400, samples. Figure 7 (d-e) 

shows the cyclic voltammograms at a scan rate of 0.2 mV s-1 in the voltage range of 0.01-3 V vs. Na+/ 

Na. The non-pillared MXene shows clear anodic peaks at 2.1 and 0.3 V on the first cycle, with a small 

peak at 0.8 V. These have previously been assigned to Na+ intercalation, SEI formation and 

irreversible reactions between the MXene, Na+ and/or the electrolyte and do not appear on 

subsequent cycles. For the pillared MXene, anodic peaks are observed at 0.8 and 0.3 V, also 

corresponding to irreversible reactions and SEI formation. No peak is present above 2 V. Over cycles 

2-5, the non-pillared MXene displays clear redox peaks at 2.4 / 2.6 V (which has shifted from 2.1 V 

on the 1st cycle) and 0.6 / 0.65 V (sodiation / desodiation). These have previously been assigned as 

Na+ (de)-intercalation peaks, and equivalent peaks for Li+ intercalation are also reported.54,57 There is 

a noticeable decrease in current across these cycles below 0.6 V, which matches the loss of capacity 

seen in the load curves (Figure 7a). For the pillared MXene, no redox peaks are seen above 2 V. 

Interestingly, in a report on the mechanism of Ti3C2 in lithium-ion batteries, Cheng et al. showed that 

increasing the interlayer spacing of the MXene with NH4 also caused the loss of the equivalent high 

voltage peak, which they linked to intercalation in narrow interlayer sites.57 This suggests that the 

loss of this peak is directly due to the enlarged interlayer spacing present in our pillared material. 

The lack of high voltage redox peaks contributes to the majority of current being below 1 V in the 

pillared material, which lowers the average potential of this electrode compared to the non-pillared 

material. A lower voltage is ideal for negative electrodes when used in a full cell since this maximises 

the overall cell energy density. This change is also reflected in the load curves (Figures 7 a-b) where 

the pillared MXene has a greater proportion of the capacity occurring under 1 V compared to the 

non-pillared MXene (which shows a more linear relationship between capacity and current, 

inductive of a more capacitive-like behaviour). The CV results also support the improved stability and 

capacity of the pillared MXene (Figure 7e), with less fade over cycles 2-4 and higher currents than 

the non-pillared MXene material.  



   
 

 

Furthermore, CV experiments were run at increasing rates from 0.2-5 mV s-1 to study the kinetics in 
both systems (Figure S12). For the non-pillared material the previously sharp redox peaks shift and 
broaden, giving a fairly rectangular (capacitive) shape at 5 mV s-1, suggesting poor intercalation 
kinetics at high rates. However, the low voltage peak was still clearly visible. The pillared material 
keeps its shape well at all rates but sees a shift in the 0.6 V peak to 1.5 V by 5 mV s-1 (shown by the 
arrow in Figure S12). It is known that the relationship between the current (i) and scan rate (v) is 
given by Equation 1: 
 

i = avb     (1) 
 
where a and b are fitting parameters58. Importantly, a b-value of 0.5 corresponds to a faradaic 

battery-like charge storage process and a b-value of 1 indicates a capacitive process. A plot of log(i) 

against log(v) gives a straight line with a slope of b. Following this analysis, the non-pillared material 

shows a b-value of 0.83 on the sodiation and 0.89 on desodiation (Figure S12). The pillared MXene 

has b-values of 0.67 (sodiation) and 0.71 (desodiation). This shows that for both materials charge 

storage occurs via a combination of mechanisms with contributions from both faradaic and 

capacitive processes. The pillared material shows significantly more current from faradic processes 

than the non-pillared material, likely due to increased exposure of redox active Ti which explains the 

higher capacity seen in this material. Importantly, rate capability testing (Figure 7f) shows that the 

pillared MXene maintains a superior performance at all rates tested (current densities of 20, 50, 200, 

500, 1,000 mA g-1). For example, the pillared material shows capacities of 96 mAh g-1 at 200 mA g-1 

and 64 mAh g-1 at 500 mA g-1. In comparison, the non-pillared MXene has capacities of just 67 mAh g-

1 at 200 mAh g-1 and 49 mA g-1 at 500 mA g-1. This suggests that the faradic processes are fast, likely 

owing to easy ion transport within the pillared structure. Importantly, the capacity recovers back to 

144 mAh g-1 when the rate is returned to 20 mA g-1, showing that the structure is not damaged by 

the high cycling rates. Overall, these results show that pillaring is an effective approach to improve 

the cycling stability of MXene electrodes and that the pillared MXene is well suited to Na-ion battery 

applications where low cost, long life and high power are essential. This is further emphasised by 

comparisons to previously reported Ti-based MXenes with enlarged interlayer spacings for Na-ion 

applications (Table S3), which show that our SiO2-pillared Ti3C2 has capacities and stabilities among 

the highest reported without using alloying or conversion composites.  

Summary 

In conclusion, we have demonstrated the successful pillaring of Ti3C2 with low atomic number, 

inexpensive, earth-abundant silica-based pillars through an amine-assisted synthesis procedure. To 

our knowledge, this is the first report of silica-MXene composites, which was achieved without a 

pre-pillaring step, in contrast to the previous reports of Sn-pillaring of MXenes. It was shown that the 

choice of amine co-pillar and calcination temperature could be used to control the interlayer 

separation from 1.7 to 4.2 nm, corresponding to a gallery height of 0.7 nm to 3.2 nm, the latter 

being a > 10-fold increase over the unpillared material, the largest interlayer spacing reported to 

date for any MXene, and one of the largest reported for any two-dimensional material. The pillaring 

also led to a substantial increase in BET surface areas (around 60 times larger than the non-pillared 

material), with the intercalated MXene showing a surface area of 235 m2 g-1, which is the highest 

surface area obtained for any MXene using an intercalation-based method. The detailed 

characterisation of the surface chemistry revealed the pillaring mechanism and provided insight into 

the interactions between the MXene surface termination groups, the amine co-pillar and the TEOS 

silica precursor. This allowed optimisation of the surface chemistry for the reported 

pillaring method, using easily scalable wet chemical treatments. This methodology also provides a 



   
 

 

guide for the development and understanding of future techniques for the intercalation and pillaring 

of MXenes, and more widely on 2D materials. The pillared MXene was tested electrochemically as 

the negative electrode for a Na-ion battery system, and demonstrated superior capacity, rate 

capability and remarkable stability compared with the non-pillared materials. This is likely to result 

from the more open structure, with the pillars preventing the re-stacking of the MXene sheets. 

Crucially, for sodium-ion batteries, the material was extremely stable towards the reversible 

(de)intercalation of the large Na+ ion, retaining 98.5% capacity between the 50th and 100th 

cycles. Further work is ongoing to fully understand the effect of the pillars on the 

electrochemical performance. This work widens the tools available to researchers attempting to 

modify MXenes for improved performance in a wide range of applications, as increased interlayer 

spacings and porosity are critical for applications far beyond electrochemical energy storage, 

including catalysis, gas separations and storage. We expect this report to stimulate further studies 

on new pillaring methods, on the creation of new highly stable porous MXenes and on the use of 

organometallic precursors to introduce novel chemistries to MXenes. 

Experimental Methods 

Materials 

The following materials were used without any further purification: Titanium powder (-325 mesh, 

99% purity, Alfa Aesar), aluminium powder (-100+325 mesh, 99.5% purity, Alfa Aesar), titanium 

carbide powder (-325 mesh, 98% purity, Sigma Aldrich), sodium fluoride (99% purity, Alfa Aesar), 

hydrochloric acid (37.5% wt. Sigma Aldrich), tetraethylortho silicate (TEOS, 98% purity, Alfa Aesar), 

1-dodecylamine (DDA, 97% purity, Alfa Aesar), n-octylamine (>98% purity, TCI Chemicals), 

octylamine (>98% purity, TCI Chemicals), , sodium hydroxide (97% purity, pellets, Sigma Aldrich), N-

Methyl-2-pyrrolidone (NMP, 99.5% purity, Alfa Aesar), PVDF (99.0% purity, Alfa Aesar), Super P 

carbon black (99% purity, Alfa Aesar), NaPF6 (99% Alfa Aesar), diethyl carbonate (DEC) and ethylene 

carbonate (EC) (1:1 w/w%, 99% purity Gotion), Aluminium foil (Tob New Energy).  

Synthesis of Ti3AlC2 

For the synthesis of Ti3AlC2, Ti, Al and TiC powders were mixed in a pestle and mortar in a 1:1.2:1.9 

molar ratio. The mixture was then heated in a tube furnace under argon at 1,350 °C for 2 h, with a 

heating rate of 5 °C min-1. The resulting lightly sintered block was then crushed with a pestle and 

mortar and ground to give a fine grey powder.  

Synthesis of Ti3C2Tx 

To obtain the MXenes, 3 g of the as-synthesised Ti3AlC2 were sieved through a -400 mesh sieve (pore 

size of 38 µm) and added over 10 min to a 6 M HCl solution with pre-dissolved NaF (7.5:1 F to Al 

ratio). This mixture was heated to 40 °C and left to etch for 48 h with magnetic stirring. The acidic 

fluoride solution was then neutralised with 1 M NaOH (pH 7-8) and vacuum filtered through 

borosilicate glass microfiber filter paper (pore size 45 µm, Cole-Parmer) to collect the black solid, 

which was dried overnight at 60 °C. NaF was chosen as the etching salt due to its significantly higher 

abundance and lower cost, which is more in keeping with the aims of Na-ion battery research than 

using LiF, which still requires the use of expensive lithium resources. 

Synthesis of Ti3C2-OH and Ti3C2-O 

Previous reports have shown how the surface groups of Ti3C2 can be changed by different chemical 

treatment, with alkali treatments leading to a higher proportion of -O terminal groups compared to 



   
 

 

acid-treated ones.20,59 Therefore, two different washes were used to give two MXenes with different 

surface groups.  

To obtain the MXene with a greater number of -O terminations, denoted Ti3C2-O, the dried Ti3C2 

powder was immersed in 1 M NaOH at room temperature for 4 h. The powder was then recovered 

by vacuum filtration and washed with DI water. The resulting black powder was dried overnight at 

60 °C. For the MXene with the higher number of OH surface groups, denoted Ti3C2-OH, the NaOH 

treated powder was then placed in 1 M HCl at room temperature for 4 h at room temperature. This 

was filtered, washed and dried in the same way as Ti3C2-O.  

Pillaring of Ti3C2 samples 

For the pillaring experiments, 0.5 g of the NaOH or HCl-treated MXene were added to a solution of 

dodecylamine (DDA) dissolved in TEOS in a MXene:DDA:TEOS molar ratio of 1:6-10:15-20 under 

argon. This was stirred in a sealed glass vial under argon at room temperature for 4 h. The black 

powder was then recovered by vacuum filtration, dried on the filter paper under vacuum before 

being re-dispersed in DI water (25 ml) overnight at room temperature (18 h). The intercalated 

product was then recovered by vacuum filtration and dried overnight at 60 °C. These samples were 

then calcined at either 300, 400 or 500 °C for 2 h under argon with a heating rate of 5 °C min-1. Argon 

was used for the heat treatment steps instead of air (which would be expected to give more 

complete removal of the carbon template) to minimise the oxidation of the MXene. As can been 

seen from the thermal gravimetric analysis (TGA) results in Figure S13 in the Supporting Information, 

Ti3C2 is only stable in air up to 300 °C, before the mass starts to increase due to surface formation of 

TiO2 resulting from oxidation. This agrees with previous studies on the thermal stability of Ti3C2, 

which have shown oxidation at similarly low temperatures.51  

For the pillaring using octylamine as the co-pillar, the same procedure was followed, using a molar 

ratio of MXene:OA:TEOS of 1:10:20. For the experiment using only TEOS for intercalation, the same 

procedure as described for the DDA assisted method was used, with a MXene:TEOS molar ratio of 

1:20 used. 

Characterisation 

The samples were characterised by X-ray diffraction (XRD) in a Smartlab diffractometer (Rigaku, 

Tokyo, Japan) using Cu Kα radiation operating in reflection mode with Bragg-Brentano geometry to 

investigate the crystal structure. Prior to the XRD characterisation, all samples were dried in a 

heated oven for 18 h at 80 °C. The black powders were then ground and placed on a silica sample 

holder and pressed flat with a glass slide.  

Scanning electron microscopy (SEM) was done in a JEOL JSM-7800F (JEOL, Tokyo, Japan), and 

energy-dispersive x-ray spectroscopy (EDX) was done in a X-Max50 (Oxford Instruments, Abingdon, 

UK) using an accelerating voltage of 10 kV and a working distance of 10 mm, which were used to 

study the morphology and elemental composition. For the SEM and SEM-EDS studies, the dried 

powder samples were dry cast onto a carbon tape support, which was placed on to a copper stub for 

analysis. For (S)TEM characterisation, each specimen was crushed using a mortar and pestle, 

dispersed in methanol and drop-cast onto holey carbon grids. They were then loaded into an FEI 

Tecnai TF30 (FEI-Thermo Fisher Scientific, Hillsboro, US) and imaged in high-angle annular dark field 

(HAADF)-STEM mode at 300 kV. STEM-EDS was conducted using an UltimMax detector (Oxford 

Instruments, Abingdon, UK). 



   
 

 

Thermal gravimetric analysis (TGA) was done in a STA 449 F3 Jupiter (Netzsch, Selb, Germany) to 

look at the effect of heat treatments on the intercalated and pillared sample. Small amounts of the 

dried MXene (20 to 30 mg) were placed into alumina crucibles which were then placed directly into 

the heated chamber of the TGA. Samples were then heated at a rate of 1 °C min-1 from 25 °C to 700 

°C under air or nitrogen. The BET method was used to determine the specific surface area of the 

materials and was measured in a Micromeritics ASAP 2020 (Micromeritics Instrument Corporation, 

Georgia, USA). Nuclear magnetic resonance (NMR), and Raman spectroscopy were used to study the 

MXene surface chemistry and interactions with the pillars. For the NMR studies, 1H, 19F, 13C, and 29Si 

solid-state NMR spectra were obtained at 16.4 T on a Bruker Advance 700 MHz spectrometer 

(Bruker Biospin Corporation, Massachussetts, USA) operating at a Larmor frequencies of 700.1, 

658.8, 176.0, and 139.0 MHz, respectively. Powdered samples were packed into 2.5 mm MAS rotors, 

and rotated at a MAS rate of 30 kHz for most of the experiments. Further details are given in the 

supporting information (Table S4). 

Raman spectroscopy was carried out on a Horiba Lab Raman Spectrometer (Horiba, Minami-ku 

Kyoto, Japan) with an EM-cooled Synapse camera. For taking spectra, a 100x, 0.90 NA microscope 

objective was used. The dried powder was sandwiched between two glass microscope slides which 

were pressed together to give flat MXene particles. One of these slides was then discarded, with the 

other slide placed flat under the diode laser (532 nm, 200 μW) for measurements.  

Gas sorption isotherms were measured on a Micromeritics ASAP 2020Plus gas sorption analyser 

using high purity nitrogen gas at 77 K. BET surface areas were calculated over a relative pressure 

range of 0.05-0.15 P/P0. Pore size distributions were calculated using the NL-DFT method using a slit 

pore model.  

Ex-situ XPS was performed on a Thermo Fisher Scientific NEXSA spectrometer. Samples were 

analysed using a micro-focused monochromatic Al x-ray source (19.2 W) over an area of 

approximately 100 microns. Data were recorded at pass energies of 150 eV for survey scans and 40 

eV for high resolution scan with 1 eV and 0.1 eV step sizes respectively. Charge neutralisation of the 

sample was achieved using a combination of both low energy electrons and argon ions. To remove 

any surface contaminants, cluster cleaning was performed with 2 keV energy at 0.5 x 0.5 mm area 

for 60 s. The electrodes were extracted from the cell in an argon filled glovebox (O2 < 0.1 ppm, H2O < 

0.1 ppm) at the desired state of charge, washed with the electrolyte solvent to remove surface salts, 

dried at room temperature under vacuum, and packed under argon before testing. A polypropylene 

membrane separator (Celgard) was used instead of a microfiber glass separator to minimise surface 

contamination from fibres. 

Electrochemical characterisation  

To test the effect of the pillaring process on the electrochemical performance, the pillared and un-

pillared materials were tested in a half cell configuration using sodium metal disks as the counter 

electrode and 1 M NaPF6 in EC/DEC (1:1 weight ratio) as the electrolyte. The MXene was mixed with 

carbon black (super P, company) as a conductive additive and PVDF as the binder in a 75:15:10 

weight ratio respectively. These were added to NMP to make a slurry, which was then cast onto an 

aluminium foil current collector, from which electrodes with a diameter of 16 mm were punched. 

The active mass weighting was between 3 to 5 mg. CR2032 type coin cells were constructed in an 

argon filled glovebox (O2 and H2O levels < 0.1 ppm) using Whatman micro glass fibre paper as the 

separator. The charge-discharge tests were carried out on a Neware battery cycler (Neware battery 

system, China) at a current density of 20 mA g-1 in the voltage range of 0.01-3 V for 100 cycles. For 

rate capability tests, the cells were cycled at a current density of 20 mA g-1 for 1 cycle to stabilise the 



   
 

 

cell before 5 cycles at each current density of 20, 50, 200, 500 and 1,000 mA g-1 were 

run before returning to 20 mA g-1. Cyclic voltammetry (CV) measurements were conducted 

using an Ivium potentiostat (Ivium Technologies BV, The Netherlands) with a scan rate of 0.2 mV s-

1 for 5 cycles, followed by further cycles at 0.5, 2 and 5 mV s-1 sweep rates in the voltage range of 

0.01-3V.  
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