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Abstract 

Two-dimensional MXene materials with the composition Ti3C2Tx, where T represents a surface 

termination species, have become popular for many applications due to their large surface areas, 

unique mechanical and electrochemical properties, and the ability to create thin single-layer 

systems. The high surface area and hydrophilicity of this material renders it a viable option as a 

molecular adsorber in aqueous solutions. In recent studies using a simplified synthesis method 

called minimally intensive layer delamination (MILD), we have shown how the surface 

functionalization (T) affects the material's ability to adsorb urea. 

Here we present a new approach to enhancing urea adsorption by functionalizing the surface with 

amino acid and ‘amino acid-like’ moieties such as glutamic acid, lysine, and L-dopa. The 

differences between these functionalized MXenes are probed using PXRD, XPS, FTIR/Raman and 

solid state 13C MAS NMR, and appear to emanate from distinct steric bonding configurations 

between each amino acid and the MXene surface, thus facilitating a variety of organic-urea 

interactions in these regions. In particular, solid state 13C MAS NMR offers a detailed picture of 

each amino acid’s bonding configuration based on peak shifting/broadening due to paramagnetic 

interactions with the Ti3+ positions within the MXene surface. Furthermore, corresponding solid 

state 7Li MAS NMR measurements verified that the surface functionalization does, in fact, 

deintercalate Li+ ions, not only from Cu functionalization derivatives, but also for particular 

organic-functionalized systems. It was found that glutamic acid functionalized MXene has a 

maximum urea adsorption capability of 23.5 mg/g in aqueous media. This adsorption capacity was 

found to be superior compared to previous studies on using pristine MXene for urea adsorption.   
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1. Introduction 

Chronic kidney disease (CKD) affects a substantial percentage of the global population.1-3 The 

conventional treatment methods for CKD patients with compromised kidney function involve 

either kidney transplantation or dialysis. Kidney transplantation is seldom a viable choice due to 

the difficulties associated with sourcing a functional and compatible organ, and the post-operative 

challenges faced by patients after the transplant procedure. For example, patients are required to 

take immunosuppression drugs after the kidney transplant procedure to suppress the immune 

system and prevent rejection of the transplanted organ; however, the prolonged use of 

immunosuppression drugs causes the body to be vulnerable to infection.4 In most cases, dialysis 

offers a more viable choice, but unfortunately this option requires the patient to be in close vicinity 

to dialysis instrumentation for prolonged periods of time.5 Therefore, patients who undergo 

dialysis lead a compromised lifestyle to facilitate permanent dialysis treatment and a portable 

solution would be highly desirable to improve their quality of life. In recent years, there has been 

a strong drive to reduce the size and weight of dialysis machines in order to improve portability. 

To enable portability, the dialysis machine must operate in circulation instead of using a single-

pass system, thus requiring the use of selective membranes to remove uremic toxins in the fluid.6 

Among the metabolic waste products encountered, urea is the most difficult to remove as this 

molecule is inert at physiological pH.7 

A 2011 study by Naguib et al. reported a new class of 2D materials known as MXenes8 which are 

generally synthesized using a ‘top-down’ wet chemical selective etching approach from ceramic 

MAX phase precursor materials.9 The MXene obtained after etching can be defined by a general 

formula of Mn+1XnTx, where M is an early transition metal, X is carbon and/or nitrogen, and T is 

a general notation for surface termination species, which could be, for example, −O−, −halide, or 

−OH.8-10 The surface termination species on MXene enables intercalation of ions in the interlayers, 

and so the flexibility in surface composition allows for the adsorption properties of MXene to be 

fine-tuned.11-14 

Previous reports have demonstrated the capability of MXene systems to adsorb organic pollutants 

from aqueous environments.15, 16 Among such pollutants, it has been shown that urea can be 

intercalated into the MXenes interlayers.17-20 In 2018, Gogotsi et al.21 reported using 10 % 

hydrofluoric acid (HF) as an etchant to synthesize Ti3C2Tx MXene, which demonstrated the 
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potential of MXene as an urea sorbent material. The 10 % HF-synthesized multilayer Ti3C2Tx 

MXene demonstrated an affinity for the removal of urea in solutions up to ~30 mg/dL in 

concentration, with high removal efficiencies (99 % from aqueous solution, 94 % from dialysate). 

Using this method, the surface termination groups including species such as −O−, −OH, and −F, 

were studied. Density functional theory (DFT) studies have shown that −OH terminations on 

MXene have a better interaction with urea, followed by −O− and lastly −F terminations,21, 22 as 

determined by the calculated binding energy of urea molecules adsorbed to MXene surfaces 

terminated by these functional groups. 

An alternative method for Ti3C2Tx MXene synthesis is using the minimally intensive layer 

delamination (MILD) method in which 9 M hydrochloric acid (HCl) in 12 M lithium fluoride (LiF) 

is used to produce HF in-situ to etch the MAX phase in a single step, though this approach also 

leads to the simultaneous deposition of intercalated Li+ ions.9, 23 The MILD synthesis method 

offers a simpler approach to produce MXene with from one to a few layers via a single-step 

sonication process. This delamination process expands the interlayers, resulting in MXene with 

increased surface accessibility.9, 24 The surface of the MXene prepared by the MILD method can 

be readily functionalized and offers a safer and more environmentally compatible synthesis route 

compared to the conventional method, since this approach removes the requirement for the use of 

highly acidic HF solutions during the etching process. Previous studies have also demonstrated the 

functionalization of MXene synthesized using both HF and MILD solutions that enhances the 

physical properties.25-28  

Using quantitative solid state NMR techniques, Hope et al. showed that synthesis of the Ti3C2Tx 

MXene using the MILD synthesis method resulted in surface speciation dominated by −O− and 

−F terminations rather than −OH.29 Additionally, DFT calculations have revealed that with −O− 

as the dominant surface species, the binding energy of Li+ to the surface is much higher than that 

of urea.30 Thus, the intercalation of Li+ ions resulting from the MILD synthesis method is 

detrimental to urea adsorption. Ion exchange14 or surface functionalization of MXene can be used 

to remove the intercalated Li+ ions which in turn improves the urea adsorption energies for MXene. 

Functionalizing the surface with Cu significantly enhances the urea adsorption capability of this 

material, provided the Cu loading is sufficiently low so that Cu is evenly dispersed across the 

surface.31 This result was supported by DFT calculations, which showed that the formation of the 
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Ti−O−Cu linkage increases the binding energy of urea to the surface.32 Furthermore, it was 

proposed that Cu surface functionalization using the MILD method caused deintercalation of Li+ 

ions, which additionally contributes to the enhanced urea adsorption properties, although there is 

no direct evidence to support this hypothesis to date. 

To date, there are no studies that discuss the impact of functionalization of Ti3C2Tx MXene 

surfaces with organic molecules for enhanced urea adsorption. In 2007, Stumpe and Grubmüller 

calculated the degree of contact between urea and the 20 “essential” amino acids found in 

proteins.33 This involved the simulation of large volume systems containing water to urea 

molecules at a 1:1 ratio, and the average distances between inserted amino acid species and nearby 

water or urea molecules was calculated. Molecular dynamics (MD) calculations showed that 

shorter amino acid-urea distances were predicted in comparison to amino acid-water distances 

after sampling over large numbers of structural realizations, thus indicating preferential interaction 

of the amino acids with urea over water. Furthermore, they found that hydrophobic interactions 

are the dominant mechanisms driving these preferential interactions and overall behavior. 

Amongst the amino acids, those containing aromatic and nonpolar moieties were found to have 

stronger interactions with urea in comparison to water, whereas charged amino acids were found 

to exhibit much weaker interactions. In contrast, glutamic acid was found to have one of the poorest 

interactions with urea due to its overall negative charge and, in fact, had a slightly preferential 

interaction with water over urea. Lysine (which possesses an overall positive charge) was also 

found to have one of the poorest interactions with urea; however, this interaction was marginally 

favored over the interaction with water. On the other hand, phenylalanine (similar structure to L-

dopa, minus the catechol group) was calculated to have one of the best interactions with urea due 

to the strong attractions from the aromatic moieties. 

This study has selected three amino acids: glutamic acid, lysine, and L-dopa, for functionalization 

on Ti3C2Tx MXene surfaces, and reveals why some amino acids offer better interactions between 

the resulting surface and urea, thus enhancing the urea adsorption capabilities from solution. 

Glutamic acid was selected as it has two carboxylic acid groups, one of which could attach to the 

MXene surface leaving the other available to interact with urea. Likewise, for lysine which has 

two amine groups - one could attach to the MXene surface while the other interacts with urea. 

Lastly, L-dopa has a similar structure to phenylalanine which was reported to have one of the 
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highest interaction coefficients with urea by Stumpe and Grubmüller33. In this work, the 

implementation of a multi-characterization approach is demonstrated to be imperative to 

investigate the comparative effectiveness of various organo-functionalized MXene systems for 

urea removal. Amino acid (glutamine and lysine) and ‘amino acid-like’ (L-dopa) species have 

been deposited on the MXene surfaces to form modified Glu MXene, Lys MXene, and L-Dopa 

MXene systems, with the surface and bulk properties of these materials being by powder X-ray 

diffraction (PXRD), Fourier transform IR spectroscopy (FTIR), X-ray photoelectron spectroscopy 

(XPS) and solid state magic-angle-spinning NMR spectroscopy (MAS NMR). In particular, the 

solid state MAS NMR technique provides a quantitative, element specific probe of the short range 

chemical speciation of these systems despite the presence of paramagnetic centers such an Ti3+ in 

the material inventory. The application of the solid state NMR technique has been well-

documented in the studies of complex diamagnetic materials,34-36 although reports using this 

technique for the characterization of paramagnetic materials are much less prevalent.29, 37-41 

Contributions such as the Fermi contact and pseudocontact (or electron-nuclear dipolar) 

interactions to the overall paramagnetic character of the system lead to large-very large 

paramagnetic induced shifts and resonance broadenings. The extent of these effects can be used to 

infer the structural arrangement/disposition of these organic functionalities on the MXene surface 

and thus assist the understanding of the urea adsorption mechanism(s). This study aims to 

interrogate whether the urea adsorption properties of the functionalized Glu MXene, Lys MXene, 

and L-Dopa MXene systems reflect the simulated interactions for isolated organic molecules in 

aqueous media, or whether the amino acid bonding arrangements at the MXene surface are 

fundamental to the system’s urea adsorption capabilities as described in Scheme 1. 
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Scheme 1. Schematic representation of the process governing glutamic acid functionalization of 

the MXene surface prior to urea adsorption. 
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2. Experimental 

2.1  Materials  

Lithium fluoride 300 mesh powder (LiF), Hydrochloric acid 37% (HCl), l-3,4-

dihydroxyphenylalanine ≥95.0% TLC (L-Dopa), L-glutamic acid ReagentPlus®, ≥ 99% (HPLC), 

L-lysine, ≥ 98% (TLC), copper (II) chloride dihydrate ACS reagent ≥99.0% (CuCl2.2H2O), 

Trizma® base, Primary Standard and Buffer, ≥99.9% (titration), crystalline, Urea puriss. p.a., ACS 

reagent, reag. Ph. Eur., ≥99%, crystalline were purchased from Sigma-Aldrich, Inc., Physioneal 

40 dialysate 1.5% glucose was purchased from Baxter, sodium hydroxide (NaOH), AR grade 

Schedelco, and 200 mesh Titanium Aluminum Carbide MAX phase powder (Ti3AlC2) purchased 

from ANR Technologies. 

2.2  MXene synthesis 

The method was adapted and modified from Gogotsi et al.9 Typically, Ti3C2Tx was synthesized 

using acid etching. 2.0 g of MAX phase was added into the etchant solution (9 M HCl with 12 M 

LiF) and left to stir for 96 h. The reaction mixture was centrifuged at 3 500 rpm for 10 min. The 

supernatant was decanted and resuspended in DI water. The procedure was repeated until the 

supernatant pH reached > 5. For the MILD synthesized MXene, the mixture was purged and kept 

in N2 during sonication for 30 min. The sonicated mixture was centrifuged at 3 500 rpm for 30 

min and the supernatant was centrifuged at 10 000 rpm for 1 h. This supernatant was discarded, 

and the residue was freeze dried for 18 h. 

2.3  Organic functionalization of MXene 

2.3.1 Glutamic acid functionalization of MXene (Glu MXene) 

Ti3C2Tx (250 mg) was sonicated in DI water (125 mL) for 10 min. 125 mL of L-glutamic acid 

solution (2 mg/mL in DI water) was added into the Ti3C2Tx suspension and left to sonication for 

30 min, followed by stirring for 18 h. The mixture was centrifuged at 10 000 rpm for 30 min and 

washed with fresh DI water. The centrifuge step was repeated twice, and the residue was freeze 

dried for 72 h.  

2.3.2 Lysine functionalization of MXene (Lyx MXene) 

Ti3C2Tx (250 mg) was sonicated in DI water (125 mL) for 10 min. 125 mL of L-lysine solution (2 

mg/mL in DI water) was added into the Ti3C2Tx suspension and left to sonication for 30 min, 

followed by stirring for 18 h. The mixture was centrifuged at 10 000 rpm for 30 min and washed 
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with fresh DI water. The centrifuge step was repeated twice, and the residue was freeze dried for 

72 h.  

2.3.3 Levodopa functionalization of MXene (L-Dopa MXene) 

Ti3C2Tx (200 mg) was sonicated in pH 8 10 mM Tris base (20 mL) for 10 min. L-Dopa (300 mg) 

was dissolved using 1 M HCl and adjusted pH to 7-8 using pH 8 10 mM Tris base. The L-Dopa 

solution was added into the Ti3C2Tx suspension and left to sonication for 30 min, followed by 

stirring for 24 h. The mixture was centrifuged at 10 000 rpm for 30 min and washed with fresh DI 

water. The centrifuge step was repeated twice, and the residue was freeze dried for 72 h.  

2.3.4 Cu functionalization of Glu MXene (Cu 39.3 Glu MXene) 

The method was adapted and modified from Lam et al.31 Ti3C2Tx (250 mg) was sonicated in DI 

water (250 mL) for 10 min. 6.7 mL of CuCl2 (1 mg/mL) was Ti3C2Tx suspension. The mixture was 

left to stir 30 min and sonication for 1 h. 125 mL of L-glutamic acid solution (2 mg/mL in DI 

water) was added into the Ti3C2Tx suspension and left to sonication for 30 min, followed by stirring 

for 18 h. The mixture was centrifuged at 10 000 rpm for 30 min and washed with fresh DI water. 

The centrifuge step was repeated twice, and the residue was freeze dried for 72 h.  

2.4  Characterization 

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 Advance 

diffractometer operating with Cu Kα radiation (1.54 nm). The scan range used was 3° to 90° with 

a scan speed of 0.0625° s-1. 

XPS surface analysis was performed using a Kratos AXIS Supra monochromatic Al-Kα (1486.6 

eV) X-ray beam. Charge neutralization was used to correct the charge shift by irradiating low-

energy electrons and ion beams onto the sample. XPS narrow scan spectra for Ti 2p, C 1s, O 1s, 

and Cu 2p were collected. The background type used was Shirley and the binding energy scale for 

all XPS spectra was referenced to C 1s Ti−C−Ti of 282.0 eV. All samples were vacuumed 

overnight at 40 °C before loading into XPS. The spectra were processed using CasaXPS version 

2.3.23. 

Raman spectra were collected using a Renishaw InVia Reflex Raman Spectrometer with a laser 

source of wavelength 633 nm laser. The laser was focused on the sample with a 20X (NA = 0.4) 

objective lens on the microscope. 
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Transmission Electron Microscope (TEM) images was obtained using a JEOL-2200FS at 200 keV. 

The sample was suspended in ethanol and drop cast onto a Cu grid 300 mesh. 

Solid state 13C MAS NMR measurements on the organic functionalized MXene systems and 

corresponding amino acids were performed at 7.05 T using a 300 MHz Bruker Avance III HD 

spectrometer operating at a Larmor frequency of 75.34 MHz (299.62 MHz for 1H). All experiments 

were performed at 297 K which was maintained using variable temperature (VT) regulation in a 

Bruker 4 mm HX probe enabling an MAS frequency of 10 kHz throughout. The solid state 13C 

MAS NMR data for the amino acids were acquired using a cross-polarization magic-angle-

spinning (CPMAS) experiment consisting of an initial 1H π/2 excitation pulse of 2.5 μs, a 70−100% 

1H-13C CP ramp (1H 100 kHz maximum) comprising a 2 ms contact period, and a recycle delay of 

5 s. A 1H decoupling field of 100 kHz was implemented during the free induction decay (FID)/data 

acquisition. Solid State 13C MAS NMR data from the organic functionalized MXene systems were 

measured using single pulse excitation experiments which consisted of 13C π/2 excitation pulses 

of 3 μs and recycle delays of 30 s, with up to 20,000 transients recorded for viable data acquisition. 

All 13C MAS NMR data were referenced against the IUPAC recommended tetramethylsilane 

(TMS) reference (δiso = 0.0 ppm) via a secondary solid reference of alanine (δiso(CH3) = 20.5 ppm). 

Solid state 7Li MAS NMR measurements on the pristine MXene, Glu MXene, and Cu 39.3 Glu 

MXene systems were performed at 9.4 T using a Bruker 400 MHz Avance III HD spectrometer 

operating at a Larmor frequency of 155.00 MHz. All samples were spun at a MAS frequency of 

20 kHz using a Bruker 3.2 mm HX probe, whilst the sample temperatures were regulated at 297 

K throughout. Spectra were obtained by direct excitation of the 7Li resonances using selective π/6 

pulses of length 1 μs. A recycle delay of 5 s was used, and a total of 1024 transients were recorded 

for each sample. All 7Li MAS NMR data were referenced against the IUPAC recommended 

reference of 9.7 M LiCl solution in D2O (δiso = 0.0 ppm). 

For all solid state MAS NMR measurements, each MXene sample was mixed with 50 % by weight 

of magnesium oxide (MgO) and ground with a mortar and pestle to reduce bulk paramagnetic and 

susceptibility effects and thus facilitate magic-angle-spinning (MAS) inside the magnetic field. 

2.5  Urea adsorption  

For the urea adsorption test, each sample was prepared in a 10 mL glass vial, followed by the 

addition of 6 mL of 30 mg/dL urea solution. The mixture was shaken with an orbital shaker at 150 
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rpm for 4 min and left static in a 37 °C water bath for 1 h. Then 2 mL of the mixture was centrifuged 

at 14.8 k rpm for 5 min to remove as many large particles as possible. The supernatants were 

collected and centrifuged again at 14.8 k rpm for 5 min another two more times to obtain a colorless 

supernatant. The control solution was urea quantification before addition of MXene samples.  

2.5.1 Urea adsorption in various pH  

The urea adsorption experiments in different pH were prepared by adjusting the pH of DI water to 

pH 1, 3.3 and 10.5 using 1 M HCl and 1 M NaOH monitored using a pH meter. The stock solution 

was urea quantification before addition of MXene samples. 

2.5.2 High-Performance Liquid Chromatography (HPLC) 

Urea concentration was quantified using HPLC. The analyses were performed on Agilent 1200 

Gradient HPLC system, equipped with a quaternary pump (G1311A-1200 model), diode array 

detector (G1315D-1200 model), variable wavelength detector (G1314F-1260 model), micro 

vacuum degasser (G1322A-1200 model), thermostatted column oven (G1316A-1200 model), and 

thermostatted automatic sampler (G1329A-1200 model), and controlled by LC solutions software. 

Chromatographic separation was performed on a Luna NH2 RP column (5 μm, 4.6 × 250 mm), at 

room temperature and a flow rate of 1.5 mL/min of acetonitrile HPLC grade with Type I DI water 

95% (v/v): 0-10 min. Before the injection (5 L) in the HPLC system, the extract solutions were 

filtered through regenerated cellulose (0.22 m) syringe filter. A calibration curve was prepared 

from 5 to 100 mg/dL urea concentration and urea was detected by UV-Vis as 195 nm after 5 min. 

The calibration plot was obtained by using the area under the curve of detected urea to quantify 

the concentration of urea present in the solution.  

2.6  Adsorption isotherm 

The urea adsorbed was calculated from: 

𝑞 =  
(𝐶𝑖 − 𝐶𝑓)𝑉

𝑚
 

q is the amount of adsorbed urea in mg/g, Ci is the initial concentration of urea (mg/dL), Cf is the 

final concentration of urea at equilibrium (mg/dL), V is the volume of urea solution used (mL), 

and m is the mass of sample used (g). 
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The Langmuir (1) adsorption isotherm behavior was introduced according to the respective 

equations below where qe is the amount of urea adsorbed per gram of sample at equilibrium, q0 is 

the maximum urea adsorbed per gram of the sample, K is the Langmuir-type constant defined by 

the van’t Hoff equation, and n is the heterogeneity term relating to the site energies. 

𝑞𝑒 =
𝑞0𝐾𝐶𝑓

(1 + 𝐾𝐶𝑓)
      (1) 
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3. Results and Discussion 

Powder X-ray diffraction (PXRD) was used to characterize the Ti3C2Tx MXene systems obtained 

from the MILD synthesis, and the results are shown in Figures 1(a) and S1 (Supporting 

Information). The etching process is effective and this is evident from the absence of the distinct 

peaks from the MAX phase at 19.8° and 38.9° (see Figure S1) and the downshift of the (002) 

reflection from 9.5° to the 5.8 - 6.9° region, indicating the complete formation of the Ti3C2Tx 

MXene systems from the Ti3AlC2 precursor.8 The increase in 2θ for the (200) reflections of the 

organic functionalized MXene corresponds to a decrease in interlayer spacings between the 

MXene layers. The (200) reflection for the Glu MXene system is at a significantly higher angle, 

and also appears to be a broader compared to the other functionalized systems, indicating that not 

only are the average interlayer spacings smaller, but there is a wider distribution in the interlayer 

spacings. This indicates that there is a higher degree of disorder at the Glu MXene surface resulting 

in a range of interlayer spacings. The differences in the average interlayer spacings for the organic 

functionalized MXene systems could either be due to deintercalation of interlayer species such as 

Li+ or H2O, or the functionalized molecules have changed the surface potentials resulting in 

differences in interaction forces between the layers. 

Raman spectroscopy measurements shown in Figure 1(b), indicate that the inorganic bonding 

structures of the MILD synthesized MXene systems are consistent with previously reported studies 

which show characteristic peaks at 200, 400, and 630 cm-1.42 The peak found at 150 cm-1 in each 

spectrum represents the wavelength of the laser coupled with the plasmonic surface of MXene.43 

The similarities between the organic functionalized MXene systems and the pristine MXene 

system indicate that organic functionalization has little effect on the inorganic bonding structure. 

Fourier Transform Infra-Red (FTIR) spectroscopy measurements shown in Figure 1(c), revealed 

additional peaks after organic functionalization of the MXene systems. The signals present at 

~3000 cm-1 and ~1500 cm-1 suggest the presence of aliphatic carbon, which is consistent with the 

fact the MXene samples were functionalized with the various molecules. The FTIR-active modes 

appear to be much more sensitive to the bonding structure of the organic components compared to 

their Raman-active counterparts.  

X-ray photoelectron spectroscopy (XPS) was used to study the surface compositions of the MXene 

systems. The full XPS spectrum is shown in Figure 1(d), and it is observed that there is a negligible 
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amount of Al (Al 2p peaks expected at ~73–74 eV)44 further confirming the completed etching of 

the Ti3AlC2 MAX phase. Unlike the pristine MXene system, N 1s peaks were observed for all the 

organic molecule functionalized MXenes due to the amino functional groups (Figure 1(d), inset). 

All organic molecule functionalized systems show peaks in the N 1s region at 401.7 eV thought to 

be R−NH−R,45 and 399.0 eV thought to be C−N−H2 (Figures S3–S5).46, 47 Gomes et al.48 proposed 

that some amino acids prefer to adsorb on a Ti3C2Tx MXene surface via the N atom from an amine 

group. The presence of the R−NH−R functional group along with the expected C−N−H2 indicates 

bond formation about the amine group, likely on to the MXene surface. An additional peak at 

397.1 eV is observed in the Glu MXene and Lys MXene, suspected to be due to direct Ti−N bond 

formation.49 This indicates that both the glutamic acid and lysine molecules may bond directly to 

surface Ti, as well as, for example, Ti–O–Amine linkage. The absence of this peak in L-Dopa 

MXene could imply that that the catechol group is the most likely to directly bond to Ti on the 

MXene surface rather than the amino group. The Ti 2p region shows no significant increase in 

Ti(IV) species at 458.5 eV.50, 51 This indicates that the organic functionalization did not induce 

further oxidation of MXene surface. Based on the atomic composition obtained from the wide scan 

(Table S1), the ratio of functionalized molecules present on the MXene surface was found to be 

0.01 for Glu MXene, 0.09 for Lys Mxene and 0.08 for L-Dopa MXene. From the TEM image seen 

in Figure 1(e), the surface functionalization using glutamic acid did not change the morphology of 

the MXene.52 This shows that the organic functionalization did not oxidize the MXene surface.   
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Figure 1. Characterization data including, (a) PXRD data of the Ti3AlC2 MAX phase, pristine 

Ti3C2Tx MXene and all organic functionalized MXene systems, together with (b) Raman, (c) FTIR, 

and (d) XPS data of the corresponding MXene systems. The inset in (d) is an expanded plot of the 

XPS N 1s region. (e) TEM image of Glu MXene, scale bar = 50 nm. 
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To further reveal the chemical bonding stuture of each amino acid to the Ti3C2Tx MXene surface, 

solid state NMR measurements were taken. All 13C MAS NMR data for the organic functionalized 

MXene systems and corresponding amino acids are presented in Figure 2. The MXene systems 

exhibit broad and highly paramagnetically shifted resonances at ~400 ppm representing the bulk 

Ti3C2 structure, as has been observed in previous work.29, 40, 41 The paramagnetic interaction is 

attributed to the Ti3+ centers which exhibits coupling between nuclear spins and unpaired 

electronic spins resulting in large frequency shifts and resonance broadenings. This paramagnetic 

coupling is comprised of two contributions emanating from, firstly, the Fermi contact interaction 

which is caused by electron spin density of the unpaired electron which induces spin polarization 

on the s-orbitals of the nucleus, and secondly, the pseudocontact interaction which is a through-

space dipolar interaction between the unpaired nuclear and electronic spins. The Fermi contact 

interaction is usually interpreted as a through-bond phenomenon (and may be experienced by 

nuclei not containing an unpaired electron as driven by polarization transfer via chemical bonds), 

while the shift broadening caused by the dipolar pseudocontact interaction is characterised by a 

1/r3 dependence.53, 54 A comparison of the 13C CPMAS NMR data from the amino acids and the 

13C MAS NMR data from the amino acid functionalized MXene systems (Figure 2) shows that 

some surface amino acid species remain visible while others become obscured in the NMR 

spectrum. Rationalization of these observations is realized by the fact that the large frequency 

shifts and extreme resonance broadenings (leading to peak disappearance) are dependent on 

proximity of the amino species to the paramagnetic Ti3+ nuclei. Hence, absent resonances in the 

13C MAS NMR data indicate amino functional moieties which are very close to the MXene surface. 

All functional groups of the Glu MXene system (secondary, tertiary carbons, and carboxylic acids) 

remain visible upon functionalization. From this result it can be inferred that there are a variety of 

bonding configurations that exist so that each functional group is sufficiently distant from the 

MXene surface, and thus minimally affected by paramagnetic broadening (Figure 3). This 

disordered arrangement of bonding configurations corresponds with the (002) peak broadening 

observed in the XRD pattern (Figure 1(a)) indicating a distribution in interlayer spacings. In 

contrast, resonances of the Lys MXene and L-Dopa MXene systems are observed to disappear 

upon functionalization. For Lys MXene, the carboxylic acid resonance is shown to dominate 

whereas only minor alkane resonances remain. This suggests that the lysine molecule bonds at an 

amine site, or possibly at both amine sites simultaneously in a bidentate arrangement so that the 
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molecule lies horizontally across the MXene surface, with the carboxylic acid group remaining 

distant from the MXene surface and less prone to paramagnetic contact (Figure 3). For the L-Dopa 

MXene, only resonances from the alkane groups at the centre of the molecule are detected, thus 

indicating that the molecule bonds to the paramagnetic MXene surface at both ends of the molecule 

(catechol and carboxylic acid/amine groups). However, it is unclear whether the molecule bridges 

between adjacent MXene surfaces or whether it folds back onto the same MXene surface in a 

bidentate arrangement. 
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Figure 2. 13C single pulse MAS NMR data of the (a) Glu MXene, (b) Lys MXene, and (c) L-Dopa 

MXene functionalized systems compared with the corresponding 13C CPMAS NMR data of the 

pure amino acids. The structural representation for each amino acid are exhibited with a numbered 

assignment for each carbon species. 
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Figure 3. Schematic representation showing the proposed bonding mechanisms for the (a) 

glutamic acid, (b) lysine, and (c) L-dopa with the Ti3C2 MXene surface as inferred from the 13C 

MAS NMR data presented in Figure 2. The anticipated active bonding sites of the amino acids are 

circled.  
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Figure 4. 13C single pulse MAS NMR data from the (a) Glu MXene, and (b) Cu 39.3 Glu MXene 

systems compared with (c) the corresponding 7Li single pulse MAS NMR from the same systems 

and the pristine MILD MXene system. (d) Enlarged spectra of 7Li single pulse MAS NMR 

showing Glu MXene and Cu 39.3 Glu MXene systems.  

  

(d) 
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Recent work has revealed how Cu functionalization of the Ti3C2Tx surface significantly enhances 

its urea adsorption properties.31 This improvement in adsorption properties was shown by DFT 

calculations to be the result of larger binding energies of urea to the surface functionalized with 

Cu, compared to a Li+ intercalated surface dominated by –OH and –F terminations.32 Compared 

to the Glu MXene system, the Cu-functionalized Glu MXene (Cu 39.3 Glu MXene) exhibits 

additional paramagnetic influences from surface Cu0 ions, particularly on the secondary and 

tertiary carbons, whilst the carboxylic acid remains relatively unaffected (Figure 4(a, b)). Whilst 

Cu+ is diamagnetic and should not contribute to paramagnetic influences in the NMR spectrum, 

our previous study revealed Cu-functionalization results in Cu oxidation states between 0 and 1.31 

Cu0 is paramagnetic and is thought to contribute to the paramagnetic broadening/shifting as well 

as the Ti3+ ions. This further supports our hypothesis that the glutamic acid is arranged on the 

surface so that there is always an unbound carboxylic acid at a large distance away from the surface 

so that the paramagnetic coupling to the surface Ti3+/Cu0 ions is weak. The 7Li NMR data 

displayed in Figure 4(b) shows that the surface functionalization with glutamic acid, or a 

combination of glutamic acid and Cu, results in a huge decrease in Li content of approximately 

two orders of magnitude. This indicates that Li+ ions are, in fact, deintercalated by the 

functionalization with glutamic acid, as well as Cu. The Cu 39.3 Glu MXene and Glu MXene 

systems exhibited roughly equal Li content, however the representative peak in the NMR is 

drastically narrower for the Cu-functionalized system. This could either be due to a higher 

chemical order in the Li environment by, for example, dispersion caused by the Cu. Another 

possibility is an increase in distance of the Li+ ions from the paramagnetic surface since Cu has a 

higher binding energy to the surface. This would reduce the effects of paramagnetic broadening 

from the Ti3+/Cu0 species. 

Urea adsorption experiments were performed by using 6 mL of ~30 mg/dL urea solution and 

adding ~200 mg of sample into the urea solution. Figure 5(a) shows that pristine Ti3C2Tx MXene 

does not exhibit significant urea adsorption properties. The MILD MXene is expected to have 

residual Li+ intercalants remaining after the synthesis reaction which are not easily removed. 

Zhang et al. discussed how −O− surface offer stronger interaction with urea molecules, compared 

to −OH terminations and Li+ intercalants.30 The MILD MXene is thought to retain Li+ and is 

therefore unable to adsorb urea due to the low binding energies of urea to the MXene surface. The 

MXene-urea interaction can be influenced by the surface species and intercalants present. 
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Therefore, the surface functionalization of MXene using organic molecules could offer an 

improvement in urea adsorption. Figure 5(a) shows that L-Dopa MXene and Lys MXene offer no 

enhancement in urea adsorption compared to the pristine MXene, while Glu MXene has a 

considerable urea removal of 9.35 mg/dL. 

Previous theoretical studies by Stumpe et al.33 comparing free amino acid association with urea in 

solution revealed that isolated molecules of glutamic acid have one of the poorest interactions with 

urea, while lysine has a slightly better interaction, and tyrosine (structurally very close to L-Dopa) 

has a strong preferential interaction with urea. This is contrary to the urea adsorption measurements 

for the corresponding organic functionalized MXene systems (Figure 5), which illustrates that 

glutamic functionalization increases urea adsorption, while lysine and L-Dopa functionalization 

offers no enhancement compared to the control. These conflicting observations can be reconciled 

by the fact that the theoretical studies were on free and isolated molecules in solution and hence 

the interaction is not affected by any neighbouring chemical environment, whereas the surface 

bonding arrangements depicted in Figure 3 relate to solid state associations which are influenced 

by surface potentials and pH effects. Since urea is a basic molecule, it is expected that adsorption 

occurs in form of a Lewis acid-base reaction with the carboxylic acid groups.55 If glutamic acid 

bonds to the surface at only one end of the molecule, then there is always a second carboxylic acid 

group readily available for interaction with urea far from the MXene surface. In contrast, the lysine 

molecule bonds at both ends of the molecule and these amino acid species are probably arranged 

across the MXene surface, hence there are some carboxylic acid groups sterically available. 

However, these moieties are thought to be too close to the MXene surface so that urea interaction 

is hindered by surface potential effects.56 Lastly, the paramagnetic broadening exhibited by the L-

dopa case clearly shows that both ends of the molecule are bonded to the MXene surface, therefore 

no carboxylic acids groups are available for interaction and adsorption with urea. 

The adsorption behavior of the system was studied using the Langmuir isotherm model, which 

describes the behavior of a monolayer of adsorbate molecules surrounding a homogeneous solid 

surface.57-59 Urea absorption measurements were performed at various equilibrium concentrations 

for the Glu MXene sample, since this system showed the most promise as potential urea adsorbent 

material. From this, the data points could be fitted against the Langmuir isotherm model, and the 
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maximum urea adsorption capability of 23.5 mg/g in aqueous media could be attained (Figure 5(b); 

Equation 1, SI, Table S2). 

The urea adsorption capability of the Glu MXene sample in solutions of various pH are displayed 

in Figure 5(c). The solution pH was adjusted with 1 M HCl and 1 M NaOH to the respective pH 

conditions. With respect to initial starting urea concentrations, which of course affect the pH of 

the solution since urea is basic, the most effective urea adsorption pH was found to be at pH 1, 

followed by pH 7, pH 3.3, and lastly pH 10.5. Since the human’s physiological pH is at 7.460, it 

would be possible to use Glu MXene at physiological pH for urea adsorption. The most effective 

urea adsorption, which was determined to be under the most acidic conditions (pH 1), could be 

due to acid-base reactions between the urea and the acidic solution to form salts. The Glu MXene 

urea adsorption was tested in a simulated dialysate solution. The urea adsorption measurements of 

Glu MXene in a simulated dialysate solution are presented in Figure S6, and show no significant 

enhancement in urea adsorption. This could be due to the ionic species that were present in the 

simulated dialysate such as the essential salts and organic compounds, which could have 

preferential interactions with the MXene surface over urea. An alternative possibility is that the 

adsorbent material has agglomerated after drying, thus decreasing the number of exposed active 

sites for urea adsorption. It is feasible that both these factors contribute to the lack of urea 

adsorption in the dialysate solution.61 We used the Elovich kinetics model to fit the adsorption 

kinetics behaviour of Glu MXene with urea, as this model is suitable to use to describe the 

adsorption kinetics in aqueous solution.62 As seen in Figure 5(d), the urea adsorption reaches near 

equilibrium after about an hour of exposure and has similar adsorption after 24 hours.  

In order for Ti3C2Tx MXene to be considered as a viable candidate for medical applications such 

as urea filtration in portable dialysis devices, further advancements must be achieved concerning 

the surface functionalization of these systems so that urea can be specifically targeted over 

dialysate molecules by active surface species. 
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Figure 5. Urea adsorption characteristics presented as, (a) urea adsorption measurements of the 

pristine MXene, Glu MXene, Lys MXene, and L-Dopa systems calibrated against a control 

material in aqueous solution with an initial urea concentration of ~30 mg/dL, (b) response of the 

Glu MXene system against a varied urea equilibrium concentration and with the behaviour fitted 

against a Langmuir adsorption isotherm model, and (c) urea adsorption measurements for the Glu 

MXene system performed at various pH. (d) Glu MXene urea adsorption kinetics fitted using 

Elovich model. 

  

(d) 
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4. Conclusions 

In summary, the organic functionalization of MXene using the MILD method presents a less 

hazardous and user-friendly alternative to the traditional HF synthesis, while still demonstrating 

comparable urea adsorption capabilities. However, it should be noted that the organic 

functionalized MXene system does not exhibit the same level of efficiency in removing urea in 

complex media compared to HF MXene. This study provides valuable insights into the binding 

structure of amino acids on the surface of MXene and how the chemical bonding of these structures 

to the MXene surface influences urea adsorption. Solid state 13C MAS NMR measurements 

revealed the proximity of each carbon environment to the MXene surface, due to observed 

paramagnetic influence on each spectrum from the Ti3+ positions. From these data, the bonding 

arrangement of each amino acid could be inferred. It was found that amino acids with higher 

coverage on MXene surface (i.e., absence of unbound carboxylic acid groups) resulted in lower 

urea adsorption. Functionalization with Cu results in additional paramagnetic effects due to the 

presence of Cu0 species, and further aids with assignment of the carbon environments close to the 

MXene surface. As suspected from previous work, surface functionalization does, in fact, 

deintercalate Li+, however this phenomenon is observed in organic functionalization as well as Cu 

functionalization. Although this research highlights the potential of organic functionalized MXene 

for urea adsorption, further advancements are necessary to enhance urea adsorption in complex 

media containing competitive species. 
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Supporting Information 

All experimental and characterization details, additional PXRD and XPS data from the MXene 

and the organic functionalized MXene systems, and the derived constants obtained from 

adsorption isotherm data are summarized within this file. 
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