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1. Experimental section

1.1 Materials

Titanium (Ti, 99.5%, metal basis), aluminum (Al, 99.5%, metal basis), and graphite 

powder (C, conducting grade, 99.5%, metal basis) were purchased from Alfa Aesar (Haverhill, 

Massachusetts, United States). Hydrofluoric acid (HF, 49%) was purchased from SAMCHUN 

(Daejon, Republic of Korea). Doxorubicin hydrochloride (DOX) was purchased from ChemScene 

(99.60%, NJ, USA). Pellet form of sodium hydroxide (NaOH) was obtained from DAEJUNG 

(Siheung, Republic of Korea). All the materials were used without further treatment.

1.2 Synthesis

1.2.1 Parent MAX phase: Ti3AlC2 

For the preparation of parent MAX (Ti3AlC2), titanium, aluminum, and graphite powders 

were added to a manual ball mill equipped with yttrium stabilized zirconia balls in either 

stoichiometric (3:1:2) or modified ratios (3.2:1.8:2). The mixture was homogeneously mixed for 

2 h manually. Then the mixture was transferred to an alumina crucible and located in a tube furnace 

of which the atmosphere was inertly controlled with an argon flow. The sample was heated to 

1450°C with a temperature increasing rate of 5ºC/min and then maintained for 4 h. The furnace 

was cooled down to room temperature under ambient conditions. Then stoney mass-like solids 

were broken into small pieces and then crushed into fine particles using an agate mortar and a 

pestle.  

1.2.2 Preparation of MXene: Ti3C2Tx 

The MXene (Ti3C2Tx) was obtained by etching the Al layer selectively from MAX (the 

one prepared with modified ratio of 3.2:1.8:2) utilizing 40% HF. Typically, the MAX powder (1.00 
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g) was added slowly to a high-density polypropylene bottle containing 40% HF (50 mL) to avoid 

overheating. The cap of the bottle was connected to the overhead condenser to release gases and 

trap the HF vapor. The suspension was stirred at 400 rpm for 24 h at 60°C. Then, the suspension 

was centrifuged at 10,000 rpm for 25 min to separate a black filter cake, the exfoliated MXene. 

The black part was redispersed in deionized (DI) water and centrifuged again to wash out water-

soluble salts. The washing was repeated until the pH of the supernatant became close to neutral. 

Finally, the MXene was separated from the suspension by vacuum filtration and dried in a vacuum 

oven at 80°C overnight.

1.2.3 Synthesis of sodium intercalated MXene (Na+-MXene)

The MXene (1.00 g) was dispersed in an aqueous NaOH solution (100 mL, 3 mol/L) and 

stirred for 24 h at 30°C. The obtained product was sonicated for 30 min in a bath sonicator and 

then homogeneously mixed by a mechanical vortex. The suspension was centrifuged (3,500 rpm, 

5 min) and washed with DI water until the pH of the supernatant became neutral. The powder was 

collected by vacuum filtration and dried in the vacuum at 80°C overnight. The obtained black 

powder was designated as Na+-MXene.

1.3 Characterization

The crystal structure was analyzed by X-ray diffractometer (Ultima IV Rigaku, Japan) 

using Ni-filtered Cu Kα radiation (λ = 1.5406 Å). Structural morphology was analyzed by 

scanning electron microscopy (SEM, SEM-JSM-6700F, JEOL Ltd.) and field emission 

transmission electron microscopy (FE-TEM, JEM-2100F, JEOL Ltd.). Specific surface area and 

pore size were evaluated by N2 adsorption-desorption isotherms (Belsorp-mini, BEL Japan, Inc.). 

Zeta potential values and hydrodynamic radii were obtained by electrophoretic light scattering and 
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dynamic light scattering methods, respectively, using an LSZ-1000 instrument (Otsuka 

electronics). The X-ray photoelectron spectroscopy (XPS) was carried out with a mono Al-X-ray 

source (K-alpha, Thermo VG, U.K.). For XPS measurement, the powder sample was condesned 

to a pellet in order to avoid contamination from the atmosphere. Deconvolution of the XPS spectra 

was done by employing “XPS PEAK 41” software using Gaussian-Lorentzian curve fitting with 

Shirley background. The electronic structure was estimated by ultraviolet photoelectron 

spectroscopy (UPS, Versaprobe II, ULVAC-PHI, Japan). The UPS samples were prepared by drop 

casting of suspensions on ITO substrates followed by drying in the vacuum oven. Thermal 

gravimetric analysis (TGA) was conducted by Pyris TGA/N-1000 (SCINCO Co., Ltd., USA). 

Solid state 23Na magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy 

was measured by Avance II HD (Bruker, USA) at 500 MHz with a spinning rate of 10 KHz. The 

spectrum was referenced to a 0.1M NaCl aq. as a 0 ppm. Attenuated total reflectance (ATR) 

Fourier-transform infrared spectroscopy (FT-IR) was measured by FT/IR-4600 (Jasco 

Corporation, Japan).

1.4 Adsorption behavior of doxorubicin

Adsorption efficiencies toward DOX for the adsorbents – MAX, the MXene, and Na+-

MXene – were investigated by a series of adsorption experiments. The adsorption kinetic studies 

were conducted for 50 mL of DOX solution (10 mg/L) by adding 10 mg of the adsorbents. At pre-

determined time intervals (5 min, 10 min, 20 min, 30 min, 50 min, 120 min, and then, every 60 

min until  480 min),  aliquots of the suspension were taken and filtered through a 0.45 µm syringe 

filter and the absorbance at 485 nm of the supernatant was measured by UV-vis spectroscopy (UV-

1800, Shimadzu Corporation, Japan) to determine the residual concentrations. The time profiles 

were fitted with pseudo-first order (eq. 1) and pseudo-second order equations (eq. 2) as follows,
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Where, k1: pseudo-first-order rate constant (min−1), k2; pseudo-second-order rate constant (g mg−1 

min−1), qe and qt: the adsorbed amount of DOX (mg g−1) at equilibrium and at time t (min), 

respectively.

 In the adsorption isotherm study, DOX solutions with a concentration of 10-1000 mg/L 

were used. The removal efficiency (R%) and adsorbed amount at equilibrium (qe) were calculated 

by using the initial concentrations (Co) and equilibrium concentrations (Ce) of DOX by using 

equations (S1) and (S2). All the experiments were conducted in the dark to avoid photodegradation 

of DOX. The experiments were done in triplicate and average values with the relative standard 

deviation were used. The adsorption isotherms were analyzed by Langmuir (3) and Freundlich 

equations (4)
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Where, m: the mass of the adsorbent (g), V : the total volume of the suspensions (L), qe: amount 

of DOX adsorbed at equilibrium (mg g−1), T: temperature (K), KL: Langmuir constant (L mol−1), 

qm: maximum adsorption capacity (mg g−1), KF : Freundlich constant (mg g−1 Ln mol−n), and n: 

Freundlich exponent, respectively.

The pH dependent adsorption of DOX was examined at different pH values of 2, 4, 6, 7, 8, 

and 10. The adsorbent (10 mg) was added to DOX solutions (10 mL, 11 mg/mL) and the 

suspensions were stirred for 24 h in the dark. The adsorbed amount was estimated by the same 

protocol as the kinetic study. Temperature dependence of DOX adsorption was investigated at 298, 

306, 312, and 328 K. The adsorbents (10 mg) were dispersed in the DOX solution (10 mL, 22 

mg/mL) and stirred for 24 h. The adsorbed amount was estimated by the same protocol as the 

kinetic study. Standard enthalpy change (ΔH0, kJ mol−1) and standard entropy change (ΔS0, JK−1 

mol−1) were estimated from Van’t Hoff equation (eq 7). Standard Gibbs free energy change (ΔG0, 

kJ mol−1) was estimated from thermodynamic equilibrium constant (Kc =qe/Ce, as shown in eq 5) 

and general gas constant R (= 8.314 J mol−1 K−1) as shown in eq. 6.

     (5)
𝑙𝑛𝐾𝑐 =

∆𝑆0

𝑅
‒

∆𝐻0

𝑅𝑇

     (6)∆𝐺0 =  ‒ 𝑅𝑇𝑙𝑛𝐾𝑐

1.5 Adsorption selectivity

The adsorbed amount of DOX on Na+-MXene was compared with another organic moieties 

such as rhodamine 6G (Rh 6G), rhodamine B (Rh B) and Safranin O (SO). The Na+-MXene was 

added to the solutions of solutions containing each organic moiety with an initial concentration of 
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10 mg/L. The suspensions were stirred for 24 h, and then filtered. The adsorbed amount of each 

dye was estimated by UV-vis absorption spectra.

1.6 Monte-Carlo simulation

In order to probe the adsorption mechanism occurring on the surface of MXene slabs, 

Monte Carlo simulations were performed using SORPTION code (available in Materials Studio, 

Biovia). When performing Monte Carlo calculations, it is possible to extract different information 

concerning the energy and the configuration of the adsorbate on the surface of the solid. 

In our study, we investigated MXene structures. For that purpose, different slabs have been 

built. Starting from the MXene crystal structure, slabs were defined according to the plane (0 0 -

1) in Materials Studio to define a slab parallel to the layer. Then to assure the electroneutrality of 

the structure, OH group were added close to C or Ti and the resulting structures were optimized 

by Forcite (Materials Studio, Biovia), by keeping the cell parameters fixed and using the universal 

force field (UFF) and charges calculated from the qEq method. The Ewald summation was 

considered for calculating electrostatic interactions while short-range interactions were evaluated 

using a cut-off distance of 12 Å. The convergence criteria were set at: 1.0 × 10−4 kcal mol−1 

(energy), 0.005 kcal mol−1 Å−1 (forces), and 5.0 × 10−5 Å (displacement). All geometry 

optimizations converged to provide a plausible crystallographic structure for each MXene slabs 

investigated in this paper. The unit cell for a slab built using at least 3 layers of MXenes, 

considering the experimental distances but without taking into account the hydration between 

layers. In addition, the MXene layers were considered as perfect, it means without impurity (Al, 
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F,…) and the groups present in the surface are either OH or ONa and not a possible mixture, due 

to the fact that the multicell to consider would be too large for the calculations.

Regarding the MXenes slabs and adsorbates molecules, geometry optimization procedures 

were followed to extract the partial charges from DMol3 from Materials Studio using the Mulliken 

repartition procedure. For the convergence, energy convergence, gradient convergence and 

displacement convergence were fixed at 10–5 Ha, 2·10–3 Ha/Å and 5·10–3 Å, respectively. The 

results were reported on Figure S23 for adsorbates.

For the solids:

 OH-saturated MXene slabs (left OH close to C and right OH close to Ti):

 ONa-saturated MXene slabs (left ONa close to C and right ONa close to Ti): the partial 

charges for Na+ were fixed at 1 to allow the exchange with +1 charged adsorbates such as 

 DOX+ (containing a NH3
+).

Monte Carlo simulations were performed, typically with 2.0 × 106 Monte Carlo steps for 

equilibration, followed by 5 × 106 steps for production. The Ewald summation was also used for 
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calculating electrostatic interactions while short-range contributions were computed with a cut-off 

distance of 12 Å. The simulations were conducted at 300 K using the previously simulated 

structures considered as rigid and with cell parameters allowing for the use of a 12 Å cut-off 

distance (multicells were considered with 20 x 10 x 1 slab unit cells). Again, a UFF force field was 

used in regard to the MXene framework atoms and adsorbate molecules (SO, Rh 6G, DOX and 

DOX+). From the calculations, molecular configurations on the MXene surfaces and adsorbate 

molecules were obtained and discussed in the paper as well as the adsorption energy corresponding 

to the energy of interaction between adsorbate and the surface.
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2. XRD patterns

Fig. S1. XRD patterns of the MAX synthesized by stoichiometric ratios of Ti: Al: C = 3: 1: 
2 and 3.2: 1.8: 2.
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The powder synthesized with the ratio of Ti:  Al: C = 3: 1: 2 showed peaks corresponding to 

unintended impurities of Ti2AlC (2θ = 13°) and TiC (35.91° and 41.75°) as shown in Fig. S1. The 

generation of the impurities was thought to be due to the evaporation of Ti and Al at the reaction 

temperature of 1450C due to the evaporation temperature of Al (1100°C) 1 and Ti (1377°C)2, 

respectively. In this regard, the stoichiometric ratio was adjusted by increasing Al and Ti sources 

(Ti: Al: C= 3.2: 1.8: 2) to obtain the pure phase, resulting in a single phase of Ti3AlC2 as shown 

in Fig. 2a in the main manuscript.
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3. SEM images

Fig. S2. SEM images of MXene (a,b,c) and Na+-MXene (d,e,f).
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4. Energy dispersive spectroscopy (EDS) elemental mapping

Fig. S3. EDS elemental mapping of the MXene (a) and Na+-MXene (b).
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5. N2 adsorption-desorption isotherms

Fig. S4. N2 adsorption-desorption isotherms of (a) MAX, (b) MXene, (c) Na+-MXene, and 
(d) DOX-Na+-MXene.
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6. XPS spectra

Fig. S5. XPS survey spectra of (black line) the MAX, (red line) the MXene, and (blue line) 
Na+-MXene (a) and magnified spectra in Al2p region for confirmation of removal of Al from 
MAX (b). 

+
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XPS spectra for F 1s3

Fig. S6. XPS spectra of F of (a) MXene and (b) Na+-MXene.

XPS spectra for O1s

Fig. S7. XPS spectra of O1s of (a) MXene and (b) Na+-MXene.

+

+
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XPS spectra for O 1s for both the MXene and Na+-MXene showed each one peak at 531.09 

eV and 530.37 eV, respectively (Fig. S6c and d). The peaks were further deconvoluted to five 

components corresponding to TiO2−xFx, C–Ti–Ox, C–Ti–(OH)x, Al(OF)x, and adsorbed water 

(H2Oads) which includes intercalated water3–5
, respectively. As it can be clearly observed in Fig. 

S6d, the intensity of C–Ti–(OH)x increased in Na+-MXene, suggesting that the increment in the 

OH terminations. The photoelectron intensity from TiO2−xFx related to the surface vacancy of Na+-

MXene increased compared to that of the MXene, which corresponded to the spectrum for F 1s 

and Ti 2p. The peak attributable to H2Oads was not observed in Na+-MXene. Thanks to the wider 

interlayer distance and the larger number of the O-type surface groups of Na+-MXene than those 

of the MXene, the water molecules in/on Na+-MXene are thought to move relatively freely 

compared to the MXene to lower binding energy. Furthermore, the 23Na NMR suggested the 

intercalated Na had several hydration states. Taking into these aspects, it was thought that H2Oads 

in Na+-MXene had several chemical environments to show smaller with broader peak. It might be 

a reason for the disappearance of the peak.

XPS spectra for C1s

Fig. S8. XPS spectra of C1s of (a) MAX, (b) MXene, and (c) Na+-MXene.

+
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XPS spectra for Al 2p6,7

Fig. S9. XPS spectra of Al2p of (a) MAX, (b) MXene, and (c) Na+-MXene

XPS spectrum for Na1s

Fig. S10. XPS spectrum of Na1s of Na+-MXene.

+

+
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The Na 1s spectrum of Na+-MXene showed two peaks at 1071.67 eV and 1067.68 eV 

which were deconvoluted to three peaks. From the similarity to a K intercalated MXene,8 the two 

deconvoluted peaks at 1073.90 eV and 1071.65 eV implied Na salt such as NaF, although the low 

contents of F in Na+-MXene (Table 2 in the main manuscript) suggests that the intercalated Na+ 

was in the several chemical environment due to the heterogeneous surface of Na+-MXene. 

XPS spectra for O1s

Fig. S11. XPS spectra of O1s of (a) Na+-MXene (b) DOX-Na+-MXene.

XPS spectra for C1s 

+ +

+ +
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Fig. S12. XPS spectra of C1s of (a) Na+-MXene (b) DOX-Na+-MXene.

XPS spectra for Na1s

Fig. S13. XPS spectra of Na 1s of (a) Na+-MXene (b) DOX-Na+-MXene.

7. TGA

+ +

+
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Fig. S14. TGA curves of the MXene and Na+-MXene.
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8. 23Na NMR

Fig. S15. 23Na solid-state NMR spectrum of Na+-MXene.

Table S1. Full width at half maximum (FWHM) value of deconvoluted NMR peaks (Fig. S15).

FWHM
Peak 1 Peak 2 Peak 3Na+-MXene 9.51 17.77 14.61
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9. Zeta Potential and Dynamic light scattering

Fig. S16. pH-dependent zeta potential of 
MXene.

Fig. S17. DLS of Na+-MXene in water, heptane, and toluene.

10. Pseudo-first order and pseudo-second order fittings

Isoelectric point

MXene 2.95

Na+-MXene 2.69

Hydrodynamic radius (nm)

Water 242

heptane 5397

toluene 8665

+
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Fig. S18. pseudo-first-order and pseudo-second-order fittings for DOX adsorption on the 
MAX, the MXene, and Na+-MXene.

+
+
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Table S2. Kinetics parameters obtained for adsorption of DOX on the MAX, the MXene, and 

Na+-

MXene.pseudo-first order pseudo-second order
k1 (min−1) R2 k2 (g mg-1min−1) R2

MAX 0.0033 0.87 0.0149 0.99
MXene 0.0044 0.77 0.00124 0.99
Na+-MXene 0.0032 0.53 0.0476 0.99
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11. Langmuir and Freundlich fittings

Fig. S19. Linear fitting of Langmuir and Freundlich models for the MAX, the MXene, and 
Na+-MXene.

+ +
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12. Van’t Hoff plot

Fig. S20. Van't Hoff plot for DOX adsorption on Na+-MXene.
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13. UPS spectra and work function

Fig. S21. UPS spectra of MXene, Na+-MXene, and DOX-Na+-MXene around secondary 
electron cut-off measured by He I (hν = 21.22 eV).

Table S3. Work function of MXene, Na+-MXene, and DOX-Na+-MXene calculated by 
subtracting the secondary electron cut-off from the excitation energy (hν = 21.22 eV)

Work function (eV)

MXene 4.44

Na+-MXene

DOX-Na+-MXene

3.43

2.96

+
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14. FT-IR spectra

Fig. S22. IR spectra of DOX before and after adsorption on Na+-MXene.

+

+
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Fig. S23. Partial charges for (a) SO, (b) Rh 6G, and (c) DOX+.

(c)

(a)

(b)
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16. Comparison of adsorption capacity of DOX by adsorbents in the previous 
study

Table S4. Comparison of the adsorption capacity of DOX by different adsorbents.

Adsorbent pH Adsorption capacity (mg/g) Reference
C-Fe3O4@ZIF-8 - 133.33 9

Fe3O4 NPs 6.0 106.3 10

Fe3O4@SiO2-Glu 7.4 71.94 11

PVA coated Fe3O4 - 58 12

MCM-41-type silica 7 56.77 13

Magnetite nanospheres 7 17.55 14

Ti3C2@Fe3O4@β-CD 7 7.35 15

Lumira granular aerogel 6.5-7 13.80 16

Fe3O4@SiO2/ZIF-67 4-8 90.7 17

Mango seed activated carbon                5 135.8 18

GO-CS 6.3 4.44 19

Ti3C2-SL 7 190.78 20

GO@Fe3O4@β-CD - 204.5 21

GO-CeO2 8.3 10.09 22

Bi1-xLaxFeO3 7 163.39 23

Fe3O4/Al2O3/C 5 39.25 24

Hydrazone-linked COFs 7 137.4 25

Ti-MOF@TiO2@WMPB@CTH 6 46.11 26

NIC 9 128 27

Polysulfone/MIL-125-NH2 (Ti) 8 24.3 28
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Carbonized FeNPs@ZIF-8 7 133.3 29

MSAC@GE-SA 7 239.4 30

Sulfonated Azocalix[4]arene MOF 7 122.1 31

Acid-treated activated carbon 8 128.2 32

Acid-treated Na-Montmorillonite 7 105.3 32

MAX 7 50.9 This work

MXene 7 76.40 This work

Na+-MXene 7 250 This work
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