
• A tunable self-assembly of nanometer-thick Ti3C2Tx MXene flakes to a micron-size Al
metal powder which can be scaled for suitable for forming additive manufacturing powder
beds is introduced

• Two-dimensional x-ray diffraction (XRD2) techniques are introduced as a rational method
to characterize MXene concentrations as low as 1 wt% in a bulk metal matrix

• In-situ hot stage XRD2 annealing techniques are introduced as a method to characterize the
effects of sintering on both materials in MXene-metal nanocomposites

Abstract 

Two-dimensional (2D) transition metal carbides, known as MXenes, have grown since 
2011 partly due to their impressive high electrical conductivity, stiff mechanical properties, and 
abundant chemically-active surface groups. These key features of MXenes make them attractive 
candidates for uniform coverage of metal powders for additive manufacturing of multi-functional 
metal composites. In this study, we report on a tunable self-assembly process of nanometer-thick 
2D MXene flakes on micron-size Al particles using 1 – 10 wt% of single-to-few and multi-layer 
Ti3C2Tx MXene. In addition, we discuss the characterization of these composites using 2D x-ray 
diffraction (XRD2) for identification of the characteristic Ti3C2Tx diffraction peaks. Lastly, we use 
in-situ XRD2 paired with Vickers hardness and scanning electron microscopy/energy dispersive 
x-ray spectroscopy methods to understand the effect of sintering on the Ti3C2Tx morphology and
the resultant mechanical properties of the bulk composite. This study aims to assist future advances
in additive manufacturing of MXene-metal composites for an array of multi-functional
applications.
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1. Introduction

Two-dimensional nanomaterials are under immense demand to meet our world’s need for

multi-functional materials for electronic, catalytic, and structural applications since their discovery 

in 2004 [1]. In 2011, the family of 2D nanomaterials grew to include a large family of transition 

metal carbides, nitrides, and carbonitrides, which are known as MXenes.[2] MXenes are derived 

from their precursor via selective chemical etching in fluoride containing solutions  or molten salt 

methods [3-7]. MXenes are represented by the chemical formula Mn+1XnTx, where M represents a 

transition metal from the 3d - 5d blocks of groups 3 - 6 of the periodic table, X is carbon or nitrogen, 

and Tx represents functional surface terminations, which are commonly =O, –(OH), –F, and –Cl 

and derived from their etching conditions [8-12]. MXenes have become a prominent nanomaterial 

and have found applications ranging from energy storage/catalysis, mechanical reinforcement, 

water purification, and CO2 photoreduction [10, 13-22]. MXenes owe their prominence to their 

exceptional properties, such as metallic electrical conductivity (up to 24,000 S·cm-1) [23], high 

ionic mobility [24], and tunable mechanical stiffness [25-27]. Monolayer MXenes have the highest 

mechanical stiffness of solution processable 2D materials at 330 GPa and 386 GPa for Ti3C2Tx 

and Nb4C3Tx, respectively [28, 29].  

MXenes have been used in composites to improve the conductivity [30, 31], frictional 

properties  [32, 33], and mechanical properties of a matrix material [34-38]. Recent studies have 

used Ti3C2Tx MXenes as additive in metal matrices, such as Al [39, 40], Cu [32, 38],  and Mg-Li 

[35]. While multi-layer MXenes in metal composites have shown some promise for improvement 

of the mechanical properties [34, 41], single-to-few-layer delaminated MXenes have shown the 

most promising reinforcement of the metal matrix, with a highest reinforcement of 66% on the 

ultimate tensile strength at only a 0.26 vol% inclusion of few-layer Ti3C2Tx MXene in Al [40, 42]. 
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In addition to their strengthening potential, Ti3C2Tx MXenes’ inherent stability in its hexagonal 

crystal structure up to 700 °C in film form and in metal matrices followed by its subsequent phase 

transformation to cubic TiCy  (0.5 < y < 1.0) above 800 °C indicates MXenes’ potential to act as a 

unique carbide reinforcement material for both low-temperature and high-temperature melting 

point metals [35, 39, 41-43]. While limited data exists on the conductive properties of MXene in 

metal matrices [38], the improvement in the electrical conductivity in other nanomaterial-

reinforced metal composites over their matrix metal  illustrates potential for MXenes to act as a 

conductive additive to bulk metals [44-46].  

Furthermore, recent advances in additive manufacturing of nanomaterial reinforced metal 

composites  illustrates the potential of additive manufacturing for MXene-metal composites [47, 

48]. As compared to other nanomaterials, MXenes’ solution processability from its negative 

surface charge due to its plentiful surface groups lends significant potential for tunable solution-

based powder mixing processes, which can potentially be scaled to industry-level powder bed 

batch sizes for additive manufacturing of MXene-metal composites. In addition to its solution 

processability, MXenes’ impressive mechanical properties paired with its oxygen-containing 

surface groups, which lend sites for primary bonding between the metal matrix and MXene flakes 

as seen previously through an intermediary Al2O3 phase between Ti3C2Tx in an Al matrix [40], 

lend potential for MXene to act as a stiff reinforcement material with strong bonding potential to 

the matrix metal. 

While MXene has significant potential in additive manufactured metal composites, this 

research is currently limited by two factors: i) uniform dispersion of single-to-few layers of MXene 

flakes in the matrices [34, 35, 38, 39], and ii) the detection of MXenes and their morphology in 

metal matrices. A common method for identification and characterization of MXenes is through 



4

x-ray diffraction (XRD)  [2, 25]. Although electron microscopy methods reveal local morphology,

XRD may be more beneficial toward bulk additive processing of MXene-metal composites as 

XRD analyzes a larger area than local electron microscopy. In MXene literature, XRD analysis 

has identified the characteristic diffraction patterns of MXene as the out-of-plane (00ℓ) and in-

plane (010) and (110) peaks [49]. However, XRD of MXene in metal matrices is currently limited 

as XRD can either detect multi-layer non-delaminated MXene [39], high MXene concentrations 

(>10 wt%) [35], or recovered MXene after metal dissolution with acids [35]. To date, no studies 

have extensively used XRD to characterize delaminated single-to-few layer MXene within metals 

or to understand the effects of sintering on MXene morphology within the metal matrix. This 

bottleneck limits identification of the effects of additive manufacturing processes on the integrity 

of MXene flakes in metals. 

The combination of the promise of a solution-based mixing process for MXene-metal 

additive manufacturing combined with need for detection and analysis of the morphologies of 

MXene in low concentrations via XRD led to this study. In this paper, we establish a tunable self-

assembly solution-based mixing process of single-to-few layer Ti3C2Tx between 1 to 10 wt% and 

multi-layer stacks of 5 wt% Ti3C2Tx in an Al powder matrix. In addition, we utilize 2D XRD 

(XRD2) to characterize bulk samples of Ti3C2Tx-Al and evaluate the condition and morphology of 

Ti3C2Tx in Al via characteristic Ti3C2Tx XRD patterns. After establishing Ti3C2Tx in the metal 

matrix, we then use in-situ hot-stage XRD2 analysis to characterize the annealing process of the 

Ti3C2Tx-Al composite and use this analysis to understand the thermal, mechanical, and 

morphological behavior of Ti3C2Tx in the Al matrix during annealing. The combination of our 

tunable self-assembly followed by in-depth XRD2 characterization lays groundwork for future 

studies on MXene-metal nanocomposites produced via additive manufacturing. 
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2. Materials & Methods 

2.1 Ti3C2Tx Synthesis 

 The Ti3C2Tx used in this paper is synthesized from 4 g of its precursor MAX phase Ti3AlC2 

through selective etching of Al via an acidic mixture is prepared by using 12 mL of 48% HF 

solution (Sigma-Aldrich), 72 mL of 37% HCl solution (Sigma-Aldrich), and 36 mL of de-ionized 

H2O. The acidic mixture is placed into a high-density polyethylene (HDPE) container with a 

magnetic Teflon-coated stir bar placed in an oil bath on a Corning 6795-620D Digital Stirring Hot 

Plate. The Ti3AlC2 is then slowly placed into the acid over a 3 min period, then mixed at 300 RPM 

at 35 °C for 24 h. After this period, the exfoliated Ti3C2Tx in an acidic solution is repeatedly washed 

with DI water via centrifugation in a 175 mL Falcon® Conical Centrifuge Tube in an Eppendorf 

centrifuge with a S-4-72 rotor at 2380 RPM for 5 min until the supernatant reaches a pH of 6. After 

acid washing, the Ti3C2Tx is delaminated using 4 g of anhydrous LiCl (Sigma-Aldrich) in 200 mL 

of DI water in a HDPE container with a Teflon-coated stir bar in an oil bath for 1 h at 1000 RPM 

at a temperature of 65 °C under constant Ar flow. After delamination, the solution is washed three 

times at 14,000 RPM in 50 mL Fisher Scientific centrifuge tube in a Thermo-Fisher ST16 

Centrifuge using a Fiberlite F15-8x50cy rotor for 5 minutes, 10 min, and 20 min for the first, 

second, and third washes, respectively. After this step, the dispersed Ti3C2Tx solution is 

centrifuged at 2,380 RPM for 30 min, where the supernatant of this cycle is used as the 

delaminated, large-flake Ti3C2Tx solution. Multi-layer (clay) Ti3C2Tx was achieved through use of 

the clay-like sediment of this last 2,380 RCF for 30-minute cycle. The concentration of the 

supernatant is determined by vacuum-assisted filtration of 10 mL of solution, overnight drying in 

a vacuum oven at 60 °C, then weighing of the final free-standing Ti3C2Tx film.  
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 To test the quality of the Ti3C2Tx batches used in our composites, we tested this film using 

a four-point probe setup using a Keithley 2400 SMU. We spaced these probe tips in a measured 1 

cm by 1 cm square on the surface of the Ti3C2Tx film to measure the resistance of the surface. 

After measuring the resistance, we measured the thickness of the film using a Holite digital 

micrometer (Part No. 4354523152). The thickness of the films was normally in the range of 50 

µm thick. We calculated the conductivity of these films using the resistance and film thickness, 

which was typically >10,000 S/cm.  

 The zeta measurements for Ti3C2Tx were conducted using a Malvern Zetasizer Nano Series 

using a fresh Malvern DTS1070 folded capillary zeta cell. The Ti3C2Tx was diluted in water to 0.1 

mg·mL-1 and then shaken before the addition of 0.5 mL of the Ti3C2Tx water solution to the 

capillary zeta cell. The cell was then inserted into the Zetasizer Nano to measure in 3 cycles of 15 

measurements with a 60 second delay between each cycle. 

2.2 Al Flake Powder Preparation 

 Al flakes with freshly exposed non-oxidized Al layers were prepared by placing 5 g of Al 

spherical powder (APS 3.0-4.5 µm, Thermo Scientific, Catalog No. AA4100018) in 125 mL of 

200 proof ethanol (Decon Labs, CAS 64-17-5,7732-18-5) into HDPE container for a final Al 

concentration of 40 mg mL-1. Yttria-stabilized zirconia balls (10 mm) were added to the mixture 

at a ball-to-powder ratio by mass of 40:1. The entire assembled container was sealed with 99.9% 

Ar for 10 minutes by bubbling Ar into the Al in ethanol solution followed by sealing the lid with 

Parafilm (Parafilm M Bemis Catalog No. P6543). The assembled container is then placed in a 

rotating jar ball mill at an incline of 45° with respect to the axial direction and rotated at 64 RPM 

in a Shimpo PTA-02 Jar Mill for 24 h. Alternate BPR and milling times were completed similarly, 
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with the only differences in the total mass of the Yttria-stabilized zirconia balls and the milling 

times, respectively.  

The zeta measurements for Al were conducted after ball milling using a Malvern Zetasizer 

Nano Series using a fresh Malvern DTS1070 folded capillary zeta cell. 1 mL of ethanol containing 

40 mg of Al was added to 10 mL glass vials, then the corresponding vol% water was added to each 

glass vial to gain a range of water vol% from 40 vol% to 80 vol%. Each vial was then shaken 

before the addition of 0.5 mL of the Al water-ethanol solution to the capillary zeta cell. Between 

each solution, the interior of the capillary zeta cell was thoroughly washed with a 70 vol% ethanol 

spray bottle (~50 mL) and emptied before the addition of the next Al water-ethanol solution. The 

cell was then entered in the Zetasizer Nano to measure in 3 cycles of 15 measurements with a 60 

second delay between each cycle. 

2.3 Preparation and Treatment of Ti3C2Tx MXene – Al Powder 

 To prepare the Ti3C2Tx-aluminum mixture, 1 g of the dispersed ball milled Al in ethanol 

solution is added to a glass flask with a Teflon-coated magnetic stir bar on a stir plate. After adding 

aluminum, DI water is then added to the flask just below the corresponding to the vol% of water 

necessary in the water-ethanol solution(with accounting to the water in the to-be-added Ti3C2Tx-

water solution). After mixing for two minutes, the 2 wt% of Ti3C2Tx is added from its water-based 

solution to raise the overall water-ethanol concentration to 60 vol% de-ionized water (the 70 vol% 

sample was similarly completed to 70 vol% water addition). Our Ti3C2Tx solutions were typically 

~5 mg/mL in concentration, so we added ~34 mL pure DI water to the Al ethanol solution before 

adding ~4 mL of our Ti3C2Tx solution to achieve 2 wt% Ti3C2Tx in Al in a water-ethanol solution 

at 60 vol% concentration of water. The solution is then mixed at 1000 RPM for 10 minutes at room 
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temperature until a separation of MXene-Al precipitate slurry and clear solution is seen. The 

stirring is then stopped, and the solution is then left to settle.  

The clear solution is then removed via pipetting and the remaining slurry is filtered via 

vacuum-assisted filtration with 2.5 µm pore diameter filter paper (Whatman). For non-clear 

solution (fully adsorbed) batches of Ti3C2Tx, the solution was left for 2 minutes and was then 

filtered without pipette-based removal of the solution. The control Al samples were similarly 

processed, without pipette-based removal of the solution. During filtration, the filtered powder is 

thoroughly washed by a spray bottle filled with 200 proof ethanol to remove any remaining water. 

After filtration of each mixed powder, the damp powder is dried >100 °C in a vacuum oven 

overnight. The larger batch of Ti3C2Tx-Al mixture was completed similarly to the 1 g batch, with 

the addition of 4 g Al total to the glass flask followed by the addition of 2 wt% Ti3C2Tx. The clear 

solution was removed via pipette and then filtered and dried according to the previously 

established methods. 

2.4 Characterization of Ti3C2Tx – Al Powder 

 Dispersion of Ti3C2Tx within the Al powder is analyzed via field-emission scanning 

electron microscopy (FESEM) using a JEOL JSM-7800f FESEM with a lower electron detector 

at an acceleration voltage of 5 kV. EDS point scans were conducted by increasing the acceleration 

voltage to 15 kV and zooming the scope in to 1,000,000x magnification and taking a 30s exposure 

scan with an EDAX octane super detector, which was subsequently analyzed for atomic 

composition using the EDAX TEAM software. All powder samples were coated with Au via 

sputtering to improve the conduction path of electrons for sharper images. The presence of Ti3C2Tx 

is determined by the differences in the flake morphology, where determination Ti3C2Tx is 

concluded by the existence of “folds” in the flake arrangement. The average lateral dimension of 
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the Ti3C2Tx flakes and Al flakes was calculated using ImageJ software. The composition is further 

analyzed using a Bruker D8 x-ray diffractometer with Cu Kα (λ = 1.5406 Å) emitter with a 

VANTEC 500 detector. The focused scans were conducted via centered scans at 10° and 60° 2θ 

using a still emitter/detector method for 15 minutes total. The long exposure still scan at 10° 2θ 

was similarly completed using a 60-minute total scan time. The full spectrum was captured using 

a paired emitter/detector movement program in a stepwise method with steps centered at 5° to 75° 

2θ in increments of 5° 2θ for each step with a timestep of 60 s per step. The corresponding XRD2 

data is analyzed via merged detector images as well as a full-spectrum integration scheme in the 

DIFFRAC.SUITE EVA software to calculate traditional XRD plots.  Traditional 0D XRD scans 

were conducted using a Lynxeye XE detector with a step size of 0.02° 2θ with a dwell time of 24 

seconds per step from 59° to 64° 2θ and was analyzed using the DIFFRAC.SUITE EVA software. 

Differential scanning calorimetry scans were conducted by placing 100 mg of vacuum-dried Al or 

mixed Ti3C2Tx-Al powders of various Ti3C2Tx concentrations into a clean Al2O3 pan with lid in a 

TA Q600 simultaneous thermal analyzer under continuous scanning mode while ramping 3.5 

°C/min up to 800 °C.  

2.5 Characterization of pressed Ti3C2Tx-Al billets 

 Once dry, 300 mg of the Ti3C2Tx-Al powder was added to a boron nitride (BN) spray-

coated (ZYP Boron Nitride Mold Primer, Model No. 3-1047-00-30) 13 mm diameter Cr12MoV 

hardened steel die (Columbia International, Model No. CIT-LPD-SC13). The mixed powder was 

then compressed in the steel die at room temperature at 300 MPa for 5 min using a Carver 3889 

Hydraulic Hot Press in ambient conditions. Once 5 min had passed, the billet was then removed 

from the mold. After pressing, the remaining boron nitride on the surface of the Ti3C2Tx-Al pressed 

billet was removed through the use of 300 grit SiC sandpaper and was sanded until the exterior 
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surface was removed. After BN removal, the density of the billet was measured using an 

Archimedes water immersion approach. After testing using this method, all billets were dried in 

the vacuum oven overnight at 100 °C. Densification was calculated using an ideal density 

evaluated using the rule-of-mixtures approach with 4.2 g/cm3 and 2.7 g/cm3 for Ti3C2Tx and Al, 

respectively.  

 For in-situ XRD2 characterizations, the Ti3C2Tx-Al billets were once-again sanded with 

300 grit SiC sandpaper to remove any traces of oxides on the surface from the Archimedes density 

testing before they were affixed to an AlN substrate using stainless steel pins at the edges of the 

billets within an Anton-Parr DHS 1100 domed hot stage. After affixing the sample on the substrate, 

a protective graphite dome was placed over the samples and left in an ambient environment. The 

test on the (311) peak of Al was conducted by focusing the scan at 75° 2θ and scanning for 60 s 

per step. The test for the (311) peak of Al was started at room temperature (taken as 40 °C, as the 

actual room temperature in this lab fluctuated around 28-31 °C) before ramping up to 550 °C at a 

ramp rate of 60 °C/min and taking scans once 550 °C was reached (taken as 0 min), 30 minutes 

after 550 °C was reached (taken as 30 min), and after 1 h 550 °C was reached (taken as 60 min) 

before rapid cooling using forced air convection over the surface of the protective graphite dome. 

After 40 °C was reached again, another scan was taken before removing the billet from the hot 

stage apparatus. A similar experimental setup was taken to analyze the (00ℓ) peaks of 10 wt% 

single-to-few flake and multi-layer flakes of Ti3C2Tx in Al, but the scan was focused at 5° 2θ for 

60 s/step while the temperature was ramped up at a rate of 60 °C/min to 100 °C, 200 °C, 300 °C, 

400 °C, 500 °C, and 550 °C with a scan taken at each of these temperature points before ramping 

to the next temperature. After 550 °C was reached, the stage was once again cooled to 40 °C at a 

roughly averaged 30 – 40 °C/min before another scan was taken. CTE is calculated by derivation 
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of the a-LP (a) from the Al (311) peak assuming cubic structure and is derived by the equation 

CTE = ((af-ao)/ao)/(ΔT). After removal from the hot stage setup, the density of the billet was again 

measured using an Archimedes water immersion approach.  

 After the in-situ hot stage annealing tests were conducted, the billets were then removed 

and sanded slowly up to 1800 grit sandpaper to make a fairly smooth surface for Vickers  hardness 

testing. Vickers  hardness testing was conducted using a Phase II Micro Vickers Hardness Tester 

(Model No: 900-390) equipped with a pyramidal indenter using a 0.5 kg (4.9 N) indentation force 

with a dwell time of 15 s. To take repetitive tests, the indenter was moved at least 2 mm away from 

the previous test before the next indentation was taken. The Vickers  hardness was calculated using 

an average of the two distances between opposite corners in the square pyramidal indentation.  

 After Vickers  hardness testing, the non-annealed and annealed 5 wt% ML Ti3C2Tx samples 

were prepared for fracture cross-section SEM/EDS analysis through physically breaking the billet 

with pliers before they were mounted onto the side of a SEM stage using double-sided amorphous 

carbon tape for analysis. To ensure the EDS data was not affected by this SEM stage, the exposed 

fractured cross-section was raised approximately 1 mm above the stage before securement. SEM 

backscatter images were taken at a working distance of 12 mm from electron probe with an 

acceleration voltage of 15 kV. EDS point scans were conducted through similar methods as the 

powder Ti3C2Tx-Al powder mixture. 

3. Results and Discussion 

In order to begin our self-assembly process of Ti3C2Tx MXene to the Al matrix, we first 

start with the synthesis of Ti3C2Tx and is described fully in the methods section [43]. The etching 

method of Ti3C2Tx from its Ti3AlC2 MAX phase precursor and MXene’s final dispersion in water 
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is shown schematically in Figure 1a. Due to MXenes’ surface groups, MXenes have a negative 

surface charge in water or polar organic solvents, such as ethanol [50]. In order to characterize this 

surface charge of Ti3C2Tx in water, we measured the zeta potential of the Ti3C2Tx dispersion, which 

was -35.7 ± 9.5 mV in DI water (Figure 1b) in agreeance with previous studies [51].  

 

Figure 1. Preparation and characterization of Ti3C2Tx and Al for electrostatic self-assembly. (a) 
Schematic of selective etching and delamination of Ti3C2Tx from Ti3AlC2 result in surface 
terminated Ti3C2Tx flakes, which appear black in solution. (b) Zeta potential of Ti3C2Tx MXene 
black solution in (a) showing surfaces of these flakes are negatively charged, with an average zeta 
potential of -35.7 ± 9.5 mV. (c) The schematic of ball-milling illustrates the exposure of a non-
oxidized Al surface by ball milling spherical 3.0-4.5 µm Al powder in a pure ethanol solution. The 
addition of water can ionize the surface of the Al forming Al3+. Zeta potential of as-received Al 
powder (d) and ball-milled Al after 24 h with a BPR of 40:1 (e) from a 40-80 vol% water 
concentration of an ethanol-water solution. The zeta potential of Al in an ethanol-water solution 
increases when the Al is ball milled in ethanol due to the exposed Al surface. 

After synthesis of Ti3C2Tx, we focus on preparation of Al powders for electrostatic self-

assembly (details in Methods). Since the surface of Ti3C2Tx is negatively charged, our electrostatic 

self-assembly process requires the surface of Al to have a positive charge. To do so, it is necessary 

to alter the surface of Al to an Al3+ oxidation state [52]. Al is ionized in the presence of water, 

however, the rate is slowed by the 3-4 nm thick native Al2O3 layer on the surface [53, 54]. The 

magnitude of the surface charge of Al can be increased by exposing non-oxidized Al surfaces 
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before the introduction of water [53]. We used rolling jar ball milling (Figure 1c) to expose fresh 

surfaces of Al in an ethanol solution where ethanol maintains the fresh Al surfaces [53]. We 

identified that 24 h ball milling at a ball to powder ration (BPR) of 40:1 is best to deform Al spheres 

to Al flakes with fresh surface (Figure S1). This process converted spherical Al powder with a 

diameter of 2.04 ± 1.85 µm into Al flakes with an average of 6.57 ± 6.54 µm diameter (Figure S1) 

which increased the surface area of Al at an average of 300%. Next, we explored the effect of 

different concentrations of water solution on the zeta potential of the dispersed Al in the ethanol-

water solution (Figure 1d and e). We found that the positive surface charge of Al increased in both 

types of Al (as received and ball milled) as the water concentration is increased from 40 vol% to 

80 vol%. However, the ball-milled Al flakes illustrate an averaged ~25% increase in zeta potential 

as compared to the as-received Al powder. Although the surface charge of Al continually increased 

with an increased concentration of water, a 100 vol% concentration solution of water results in 

formation of Al2O3 particles on the surface of Al as indicated by scanning electron microscopy 

(SEM) and energy dispersive spectroscopy (EDS) (Figure S2 & Tables S1 and S2). Therefore, we 

used a mixture of water and ethanol to promote electrostatic adsorption of Ti3C2Tx to ball milled 

Al and mitigate the oxidative effects of water during mixture. 

After we investigated the effects of DI water addition on the surface charge and oxidation 

of our ball milled Al, we focused on the electrostatic self-assembly of ball-milled Al with Ti3C2Tx. 

We used a 60 vol% concentration of water due to the i) relatively high positive zeta potential of 

the ball-milled Al (52.0 ± 16.2 mV) which we hypothesized would result in single-to-few layer 

self-assembly of Ti3C2Tx (– 35.7 ± 9.5 mV) by mutual self-adsorption-based neutralization of 

surface charges and ii) slow oxidation of Al as compared to mixture in pure water. To make the 

self-assembled Ti3C2Tx-Al powder, we first added the milled Al flakes in pure ethanol to a glass 
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container (Figure 2a) and then added water to a concentration of 60 vol% water. To fully cover the 

surface of our Al flake size, we calculated a necessary weight fraction of Ti3C2Tx in Al at 2.03 

wt% using 1 nm as the thickness for Ti3C2Tx, [28] 150 nm average thickness and 6.6 µm diameter 

of Al flakes, and 4.2 g/cm3 and 2.7 g/cm3 for the densities of Ti3C2Tx and Al, respectively. We 

tested this weight fraction experimentally through the addition of Ti3C2Tx (Figure 2b) drop-wise 

into Al solution while mixing (Figure 2c). In this experiment, ~2 wt% of Ti3C2Tx flakes resulted 

in a near-clear solution (Figure 2d). The sedimentation of Ti3C2Tx-Al suggests cancellation of the 

surface charges between Ti3C2Tx and Al, resulting in an unstable Ti3C2Tx-Al particle, which causes 

separation from the solution. 

  

Figure 2. Solution mixing process and self-assembly of Al flakes and Ti3C2Tx MXene solution. 
(a) Ball milled Al flakes in an ethanol solution (b) single-to-few-flake dispersion of Ti3C2Tx 

MXene in de-ionized water, (c) Mixture of Al and Ti3C2Tx in a 60 vol% water and 40 vol% ethanol 
solution. (d) complete separation of 2wt.% Ti3C2Tx-Al self-assembly from the ethanol-water 
solution after settling for 1 minute. (e, f, g) SEM images of Ti3C2Tx-Al self-assembled powder 
show near complete coverage of the Al flakes by Ti3C2Tx (e), with two higher magnification SEM 
images (f-g), which illustrates the single-to-few layer Ti3C2Tx coverage of Al’s surface. The 
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Ti3C2Tx flake coverage suggests that the adhesion of negatively charged Ti3C2Tx can cancel 
positively charged Al with a similar charge magnitude.  

 The destabilization of negatively charged Ti3C2Tx and positively ball-milled Al at 2 wt% 

in solution suggests near-complete coverage of the Al with single-to-few layer flake Ti3C2Tx. Since 

our method is nm-on-µm self-assembly, which means nanometer-thick Ti3C2Tx MXene flakes are 

self-assembled on ball-milled Al powder with µm lateral sizes and submicrometer thicknesses, 

SEM images can be used to identify the MXenes flakes on Al particles as evidenced by Figure 3e-

g. We marked the edges of the MXene flakes with solid white lines in Figure 2f-g. The identified 

morphological characteristics of single-to-few layer Ti3C2Tx on Al is established in Figure S3. The 

average flake size distribution of 2 wt% Ti3C2Tx onto Al is shown in Figure S4. We also evaluated 

the non-destabilized weight fractions of Ti3C2Tx with Al at fractions lower or higher than 2 wt% 

Ti3C2Tx (Figure S5). We noticed in our mixing that less than 2 wt% Ti3C2Tx flakes resulted in a 

grey solution after mixing, which is evident of still-dispersed Al, and only results in partial 

coverage (Figure S6a-c). More than 2 wt% Ti3C2Tx flakes resulted in a dark green/black solution, 

which is evident of still-dispersed Ti3C2Tx flakes. One method to increase the MXene content with 

self-assembly is to increase the water concentration in the solution from 60 vol% to 70 vol%. This 

increases the surface charge of the Al from 52 ± 16.2 mV to 95 ± 16.6 mV (Figure 1e), which 

permits higher content assembly of Ti3C2Tx (5 wt%) to Al before destabilization (Figure S6d-f), 

but makes mitigation of oxidation more difficult (Figure S2b). We also noticed that mixing times 

(Figure S7) and stir rate (Figure S8) affected the Ti3C2Tx dispersion. In addition, our electrostatic 

adsorption process proved to be scalable for applications requiring a larger amount of a Ti3C2Tx-

Al powder mixture (Figure S9). The scalability and tunability of our electrostatic adsorption 

process suggest this process is feasible for additive manufacturing toward the formation of bulk 

Ti3C2Tx-Al metal nanocomposites.  
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Afterwards, we focused on the identification of Ti3C2Tx in a bulk Al sample. We formed a 

solid sample as described in the Methods section. Our room-temperature compaction approach 

reached around 84 ± 2% densification amongst Al and 1, 2, and 5 wt% Ti3C2Tx-Al powders. 

Afterwards, we conducted XRD to identify Ti3C2Tx in the bulk sample. We first utilized traditional 

zero-dimensional point (0D) powder XRD, which did not detect Ti3C2Tx at or lower than 2 wt% 

even at long scan times (Figure S10). We speculated this was due to the low diffraction signal of 

Ti3C2Tx at low weight fractions (< 2 wt%). Previous studies have identified that traditional 0D 

XRD captures a limited amount of the available diffraction signal [55]. The use of 2D XRD 

(XRD2) improves the ability to capture a larger portion of this diffraction signal [56], which we 

hypothesized would improve our odds of capturing low diffraction signal of Ti3C2Tx in bulk Al. 

Therefore, we focused on the use of XRD2 to detect small amount of Ti3C2Tx (≤ 2 wt%) in bulk 

Al.  

With the use of XRD2, we focused on the detection of standard Ti3C2Tx peaks. The (002) 

peak, if present, would appear between 5-9° 2θ  based on the flakes interlayer distance and the 

(110) peaks of Ti3C2Tx at 2θ ~ 61° [3, 25, 49]. In addition, XRD2 scans can identify any crystalline 

Al2O3 possibly formed during the process. Figure 3 illustrates the raw XRD2 scans and full spectra 

scans for Al and Al reinforced by 1, 2, 5, and 10 wt% single-to-few layer and 5 wt% multi-layer 

flakes of Ti3C2Tx in a solid billet compressed at room temperature. Figure 3a-f show a focused 10° 

2θ still XRD2 scan for all the samples and Figures 3g-l illustrate the full spectra scans. The grey 

lines running through all full spectra scans represent standard (111), (200), and (220) peaks of Al 

from left to right, respectively. The spectra of the 10° 2θ and 60° 2θ focused scans for each sample 

are shown as the leftmost and rightmost insets, respectively, in Figure 3g-3l. Finally, Figure 3m-r 
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illustrates a focused 60° 2θ still XRD2 scan for Al and Al reinforced by 1, 2, 5, and 10 wt% single-

to-few layer and 5 wt% multi-layer flakes of Ti3C2Tx, respectively.  

 

Figure 3. XRD2 of Al and Al reinforced by 1, 2, 5, and 10 wt% single-to-few layer and 5 wt% 
multi-layer flakes of Ti3C2Tx in a solid billet compressed at room temperature. (a-f) 10° 2θ still 
focus with exposure times of 15 minutes for all the samples. The spectra captured is 0° (leftmost 
side) to ~25° (rightmost side). (g-l) Full spectra (5° to 75° 2θ) captured using a XRD2 detector. 
Leftmost inset is the 10° 2θ still focus and rightmost inset is a small portion of the 60° 2θ still 
focus for all the samples. The dotted grey line throughout all full spectra images represents primary 
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Al (111), (200), and (220) peaks. The rightmost inset in (h-l) of the Ti3C2Tx-Al bulk samples have 
a dotted black line, which represents the center of the (110) peaks of Ti3C2Tx in the sample while 
the leftmost inset in (k-l) have a dotted black line which represent the (002) and (006) peaks of 
Ti3C2Tx. (m-r) 60° 2θ still focus with exposure times of 15 minutes for all the samples. The spectra 
captured is ~45° (leftmost side) to ~75° (rightmost side).  

  To confirm the presence of Ti3C2Tx in these metal matrix composite billets, we analyzed 

our XRD2 data to identify the in-plane (110) and out-of-plane (00ℓ) diffractions of Ti3C2Tx. The 

analysis of the data around 61º, where the Ti3C2Tx (110) peak is expected, indicated the presence 

of Ti3C2Tx in 1, 2, 5, and 10 wt% Ti3C2Tx composites as shown in the right insets in Figure 3g-l. 

The raw XRD2 scans illustrate these (110) peaks faintly which is pointed by an arrow in Figure 

3m-r. The identification of this peak in the Ti3C2Tx-containing samples, which is not seen in the 

pure Al samples, confirm the presence of Ti3C2Tx in our Ti3C2Tx-Al bulk samples. The increase in 

intensity of (110) ~61° 2θ peak with increasing the concentration of Ti3C2Tx confirms this peak is 

due to the increased concentration of Ti3C2Tx. To further confirm our method does not lead to 

significant crystalline oxide formation (Al2O3) due to water-based mixing and examine the 

detection of Al2O3 formation, we mixed the Ti3C2Tx-Al in water-ethanol solution for longer time 

(30 minutes) to increase the chance of Al oxidation. The XRD2 results (Figure S11) showed peaks 

of small crystalline Al2O3 using XRD2. As none of the Al2O3 peaks are seen in our mixed 

composites samples (Figure 3), it is fair to conclude that our mixing method does not lead to 

detectable Al2O3 formation due to the water-based mixing.  

 The (00ℓ) peaks of Ti3C2Tx in the bulk Ti3C2Tx-Al were not detectable in our 10º 2θ focus 

(0º to 25º) scans at 15 min acquisition times up to a 5 wt% inclusion of single-to-few layer Ti3C2Tx 

(Figure 3a-d). To ensure that this was a feature of the sample and not scan time, we further 

increased our scan times for 1 – 5 wt% inclusions of Ti3C2Tx in Al at 10° 2θ from 15 min to 1 

hour. However, we were still unable to detect the (00ℓ) peaks in our single-to-few layer 1, 2, and 
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5 wt% Ti3C2Tx-Al bulk samples (Figure S12). An explanation for phenomena could potentially be 

that the (00ℓ) peaks of Ti3C2Tx are of the basal plane, which is based on out-of-plane lattice 

parameters and requires ordered stacking of Ti3C2Tx layers [57]. Although in most Ti3C2Tx films 

the MXene has been fully delaminated, these (00ℓ) peaks are commonly seen in diffraction 

patterns because of regularly stacked flakes in free-standing films [58]. As evidenced by our SEM 

images shown in Figure 2e-g, our dispersions of Ti3C2Tx are mostly single-to-few layer flakes with 

no clear stacking order. Based on our geometry calculations 5 wt% single-to-few layer Ti3C2Tx 

creates almost 3-4 layer stacked Ti3C2Tx coverage of Al particle. It was shown recently that 

stacking three layers of Ti3C2Tx films on a glass slide results in a detectable the (002) peak [59]. 

In another study about 20-nm-thick Ti3C2Tx MXene film was necessary to detect the (002) peak 

[60]. However, in dealing with few-layer stacking of MXene, the out-of-plane peaks are highly 

dependent on number of MXene flakes and alignment of the basal planes. In both these studies, 

MXene films were regularly stacked and the XRD patterns were analyzed in the presence of no 

other material. We hypothesize that the lack of (00ℓ) peaks in our 5 wt% sample is likely due to 

limited number of stacked Ti3C2Tx flakes (<3 layers of Ti3C2Tx [59]), disordered stacking at the Al 

grain boundaries, and the presence of Al as the main material component (95 wt%). To test this, 

we prepared higher concentration of Ti3C2Tx (10 wt%) as well as partially delaminated 5 wt% 

multi-layer (5 wt% ML) clay Ti3C2Tx.  

  In the XRD2 scans of 10 wt% Ti3C2Tx-Al and 5 wt% ML Ti3C2Tx-Al billets, we identified 

the (002) and (006) peaks of Ti3C2Tx (Figure 3e-f, k-l). The appearance of Ti3C2Tx (002) peak in 

10 wt% Ti3C2Tx indicate that the increase in MXene content leads to enough flake restacking to 

detect the (00ℓ) peaks inside an Al matrix. SEM images (Figure S13 a-d) reveal the differences in 

flake morphology between 5 and 10 wt% single-to-few layer Ti3C2Tx. In both samples restacking 
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of Ti3C2Tx flakes occurs because Ti3C2Tx contents are higher than the needed single-flake-

coverage as we calculated before (2.03 wt%). However, the restacked flakes in the single-to-few 

layer 5 wt% Ti3C2Tx in Al are likely less layered (<3 layers of Ti3C2Tx [59]) and less uniform as 

compared to the 10 wt% Ti3C2Tx in Al. The XRD2 results of the multi-layer clay 5 wt% ML 

Ti3C2Tx-Al sheds light on the effect of stacked particles, in which the (002) and (006) are clearly 

detected (Figure 3f, k). The detection of the (00ℓ) peaks only in multi-layer 5 wt% Ti3C2Tx and 10 

wt% Ti3C2Tx in Al indicates that (00ℓ) peaks appears only when MXene formed ordered stacking 

of individual flakes [43]. In addition, the small signal “dots” on the (110) Ti3C2Tx pattern in the 

60° 2θ focus of 5 wt% ML Ti3C2Tx-Al sample (Figure 5e) likely is due to stacked layers of Ti3C2Tx 

in the particles of ML Ti3C2Tx (Figure S14) [43]. The crystalline particles are shown in XRD2 

scans which correspond to Ti3C2Tx diffraction signal patterns, which appear as dots in XRD2 

patterns [61, 62]. In addition to the dots corresponding to the (110) peaks of Ti3C2Tx, we also see 

the (109), (1012), (204), (205) peaks as shown by the blue arrows (left to right, respectively) in 

Figure 3r in the 5 wt% ML Ti3C2Tx-Al sample. These peaks can also be seen in Ti3C2Tx clay as 

shown in Figure S14 by the blue arrows. The SEM images of the 5 wt% ML Ti3C2Tx-Al samples 

clearly shows the multi-layer particles of MXene on Al particles (Figure S13e, f). Based on our 

XRD2 results, we have identified that we should expect to see the (110) peaks of single-to-few 

layer MXene in a bulk matrix and we should not expect to see the (00ℓ) peaks in low MXene 

concentrations.  

 After gaining understanding of Ti3C2Tx XRD2 pattern relation to the morphology of 

Ti3C2Tx in the metal matrix, we next looked to understanding of the response of Ti3C2Tx in Al 

through analysis of peak shifting during in-situ hot stage XRD2 annealing. To roughly represent 

currently used densification temperatures of Ti3C2Tx MXene in an Al matrix [40], we annealed our 
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room temperature compressed billet samples up to 550 °C on an AlN substrate in a domed in-situ 

hot stage in XRD and held at this temperature for 1 h in ambient conditions. In order to visualize 

more pronounced changes in the peak position of Al during in-situ annealing, we analyzed the 

shifting of the (311) peak of Al, as shown in Figure 4a (raw pattern is shown in Figure S15a). First, 

we utilized this peak shift to calculate the coefficient of thermal expansion (CTE) of Al in the pure 

Al and the Ti3C2Tx-Al composites, as shown in the green plot in Figure 4b. During this experiment, 

we noted that our Al control sample’s CTE along the (311) plane in Al was 23.59 ± 1.04 × 10-6 K-

1, which is in agreeance with previous in-situ heated XRD studies on pure Al [63].  

After establishing the baseline CTE for Al to ensure accuracy of our experiments, we next 

analyzed the difference in thermal strain of the Al (311) peak at 550 °C in the Ti3C2Tx/Al 

composites as compared to pure Al. Calculation of the strain using this method indicated that the 

single-to-few layer 2 wt% Ti3C2Tx in Al caused a difference in thermal strain of -0.733 ± 0.546 

µε, which indicates a compressive strain is placed on the Al matrix by the reinforcing Ti3C2Tx 

flakes. We expect the compressive strain on Al to be a result of the lower CTE of Ti3C2Tx as 

compared to pure Al where Ti3C2Tx will reduce expansion of the Al composite. In general, 

reduction of thermal expansion of metal matrices in composites indicates mechanical 

reinforcement of the matrix [64]. In order to ensure the compressive strain is due to reinforcement 

and not grain phenomena of Al, we analyzed the full-width at half maximum (FWHM) of the (311) 

peak of Al at 550 °C for 1 h (Figure S15b) and noted that the FWHM of the Al (311) peak was 

within 0.01 ° 2θ in all of the annealed composite samples. We next noted that 5 and 10 wt% 

inclusion of single-to-few layer Ti3C2Tx and 5 wt% ML Ti3C2Tx in the Al matrix results in a 

positive difference in thermal strain as compared to pure Al (up to 0.224 ± 0.546 µε for 5 wt% 

single-to-few layer Ti3C2Tx), which implies a tensile strain is applied on the Al matrix by the multi-
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layer Ti3C2Tx reinforcement. This could potentially be explained by the multi-layer nature of 

higher concentrations of Ti3C2Tx flakes in Al. In previous atomic force microscopy (AFM) studies, 

Ti3C2Tx multi-layer flakes have shown to have very low inter-layer adhesion, especially at 

increased temperatures, which could result in inter-flake shearing during thermal expansion of the 

Al matrix during annealing [27, 65]. This inter-flake shearing could cause application of a small 

tensile strain on Al, as shown by the purple plot in Figure 4b, as the inter-flakes of Ti3C2Tx shear 

past each other and result in a positive difference in thermal strain for high loadings of Ti3C2Tx 

due to the residual applied tensile strain in the structure. As this is the first identification of strain 

change in metal matrices due to stacking of MXenes, further in-situ studies are required to better 

understand this behavior.  

 After analysis of the residual strain in all the composites, we next used Vickers hardness 

testing to analyze the resultant mechanical properties of the billets after annealing at 550 °C for 1 

h in the in-situ hot stage setup (Figure 4c) in air. To conduct the hardness testing, we took 5 to 6 

indentations with a diamond pyramidal indenter using a load of 0.5 kg force on a polished surface 

of each billet, measured the diagonal dimensions to the nearest micron, calculated the Vickers 

microhardness of each indentation, and averaged the values to plot the bar graph with standard 

deviation (Figure 4c). For Al, the Vickers microhardness is 104.07 ± 8.31 HV, which agrees with 

previous studies on Al and Al composites using 0.5 kg force for Vickers testing [66-68]. For 1 and 

2 wt% inclusion of single-to-few layer Ti3C2Tx in Al, we see an increase up to 175.80 ± 8.32 HV 

for 2 wt% single-to-few flake Ti3C2Tx-Al. However, at 5 wt% single-to-few flake Ti3C2Tx-Al, we 

see a decrease to 120.30 ± 15.59 HV. This decrease could be due to similar reasons as previous 

graphene reinforced metal composites, where loosely bound flakes of multi-layer graphene result 

in stress concentrations within the matrix [69, 70]. However, we see a change in this established 
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trend for the Vickers values of 177.22 ± 12.15 HV and 208.36 ± 26.69 HV for 10 wt% single-to-

few flake Ti3C2Tx-Al and 5 wt% multi-layer flake Ti3C2Tx-Al composites, respectively. We 

supposed that the difference in this trend as compared to established literature could be due to the 

stacking of Ti3C2Tx flakes in Al, as noted by the presence of (00ℓ) peaks of Ti3C2Tx, so we focused 

on analysis of the evolution of the stacking of Ti3C2Tx during annealing using in-situ XRD2 

methods.  

 

Figure 4. Thermal and mechanical behavior of Ti3C2Tx-Al composites annealed at 550 °C for 1 h. 
(a) The (311) peak shift of Al of all samples versus holding time at 550 ºC. (b) The shift of the 
(311) peak of Al illustrates residual strains in each annealed Ti3C2Tx/Al composite which is 
calculated by the difference in (311) Al peak positions compared to pure Al. (c) Vickers hardness 
of pure Al and all the Ti3C2Tx -Al composites post-annealing. The error bars indicate the standard 
deviation and the numbers above the graph indicate relative densification. (d) In-situ XRD2 of the 
(002) peak of Ti3C2Tx from room temperature up to 550 °C indicates changes in the (002) peak 
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until it disappears at 550 °C. (e-f) Hypothesized mechanisms for loss of the (002) peak of Ti3C2Tx 
during annealing are potential shearing or Al infiltration between the inter-layers of Ti3C2Tx. (g) 
Analysis of the (002) peak of Ti3C2Tx during annealing. (h-i) SEM used in backscatter electron 
detection mode of the cross section of a fracture surface of the 5 wt% ML Ti3C2Tx-Al billets with 
EDS line-scans across the Ti3C2Tx multi-layers. Arrows indicate multi-layers of Ti3C2Tx. Panel (h) 
is of non-annealed room-temperature compressed 5 wt% ML Ti3C2Tx-Al billet while panel (i) is 
of a 550 °C – 1 h annealed 5 wt% ML Ti3C2Tx-Al billet.  

 

 In order to understand how the (00ℓ) peaks of 10 wt% single-to-few flake and 5 wt% multi-

layer flake Ti3C2Tx in Al change during annealing, we again focused scans at 10° 2θ (0 to 25º) and 

scanned during in-situ XRD2 annealing from room temperature (taken at 40 °C) up to 550 °C in 

ambient conditions at increments of 100 °C. The XRD spectra for  5 wt% multi-layer flake Ti3C2Tx 

in Al are shown in Figure 4d. In both 10 wt% single-to-few flake and 5 wt% multi-layer flake 

Ti3C2Tx–Al, the (002) peak of Ti3C2Tx slowly broadens and right-shifts until it is unintelligible 

from the signal noise. Only 5 wt% multi-layer flake Ti3C2Tx in Al is discussed here as the peaks 

are more intense, likely due to its higher order of stacking as Ti3C2Tx was not fully delaminated. 

The similar trend in (002) peak of Ti3C2Tx in 10 wt% single-to-few flake Ti3C2Tx during annealing 

is shown in Figure S16.  

After visualizing the trend in the (002) peak changes during increasing annealing 

temperatures, we hypothesized that the loss of the (002) peak was due to changes in the 

morphology of the Ti3C2Tx stacks of flakes, as previous literature did not see phase transformations 

of Ti3C2Tx itself or Ti3C2Tx in Al until 700 °C or beyond [39, 43]. All full spectrum diffractograms 

of pre- and post-annealed single-to-few flake and multi-layer flake Ti3C2Tx in Al are shown 

overlaid in Figure S17. We surmised that the changes in morphology could be due to two 

mechanisms, as shown in Figure 4e-f. We speculated that the loss of (002) peaks in Ti3C2Tx could 

be due to interlayer shearing of Ti3C2Tx layers due to the compressive force placed on the stacks, 

as has been previously witnessed in AFM experiments [65], and/or due to partial Al infiltration in 



 25

between the stacks of Ti3C2Tx layers during annealing, which has been suggested in previous 

studies of Ti3C2Tx in Al using transmission electron microscopy methods [40]. Differential 

scanning calorimetry results shown in Figure S18 may indicate that interlayer shearing is more 

likely than Al interlayer infiltration, as Al infiltration would require lower melting temperatures of 

Al as the opening between the MXene layers (interflake spacing) is at the nano level, which is not 

seen in the Al melting point trends of mixed Ti3C2Tx-Al powders [71].  

Another potential reason for shifting and loss of (002) peaks can be due to removal of 

intercalated species (such as water molecules), which might cause random ordering in stacked 

flakes. However, we do not believe this is the likely source of these (002) peak changes as previous 

studies show removal of intercalated species usually lead to a shift of the (002) peak to higher peak 

position accompanied by a decrease in FWHM, not the disappearance of the (002) peak as seen in 

this data [72, 73]. Regardless of the exact mechanism, the annealing of stacked Ti3C2Tx in Al 

appears to alter the morphology of the Ti3C2Tx stacks, as evidenced by the decreasing interlayer 

distance and increasing FWHM as evidenced by analysis of the (002) peak position and shape, as 

shown in Figure 4g. Future work should investigate this interfacial behavior of Ti3C2Tx multilayer 

in Al composites, including the role of number of layers, surface groups, etc. However, this 

morphology alteration, which is different from pure Ti3C2Tx behavior, appears to result in a change 

in the mechanical properties of the bulk composite, as the Vickers hardness values of the annealed 

5 wt% ML Ti3C2Tx in Al is 73% higher than that of 5 wt% single-to-few flake Ti3C2Tx in Al.  

 After using in-situ XRD2 methods to analyze the changes in the (002) peak of 5 wt% ML 

Ti3C2Tx in Al, we next focused on using SEM and EDS line-scan methods to characterize the 

structure of the multi-layer Ti3C2Tx both pre- and post-annealing. To prepare these samples for 

SEM and EDS analysis, we fractured the specimen and investigated the cross-sectional fracture 
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surface. In order to find the multi-layers of Ti3C2Tx, we used backscatter electron detection mode 

and identified  brighter layered appearance of multi-layer Ti3C2Tx. We then used EDS line-scan 

analysis across the cross-section of the multi-layer Ti3C2Tx (as marked by the white arrow). The 

signal attributed to the atomic percentage of Al decreases in accordance with an increase in signal 

attributed to the atomic percentage of Ti as the line-scan traverses across the cross-section of 

Ti3C2Tx particles (Figure 4h). In addition, the increase in atomic percentage of O across the cross-

section of multi-layer Ti3C2Tx can be attributed to the O-containing surface groups of Ti3C2Tx. In 

contrast, the 5 wt% ML Ti3C2Tx-Al annealed at 550 °C – 1 h (Figure 4i) illustrates clear “fingers” 

which extend out of the stacked Ti3C2Tx particles as marked by the white arrow (more images are 

shown in Figure S19). In the line scan, we note that the Ti3C2Tx signal decreases while the Al 

signal increases as we reach the gaps between the “finger” extension of the multi-layer Ti3C2Tx 

particle. In addition, the O atomic composition peaks at similar locations to that of Ti, which may 

indicate local oxidation at the interface between Ti3C2Tx and Al, as seen in previous studies [40]. 

We do not believe the differences in EDS line scan compositions are due to surface roughness, as 

the multi-layer Ti3C2Tx particle can be seen to be clearly exposed above the Al matrix in a 

secondary electron image as shown in Figure S20.  

The trends in atomic composition across the “finger” like features in the backscatter 

electron SEM images in the annealed 5 wt% ML Ti3C2Tx-Al composite leads us to speculate that 

the loss of the (002) Ti3C2Tx diffraction peak in both 5 wt% ML Ti3C2Tx and 10 wt% single-to-

few layer Ti3C2Tx in Al may be due to morphological changes in the stacked Ti3C2Tx during 

annealing of the composite mixture that we see in both pre-stacked multi-layer Ti3C2Tx and re-

stacked single-to-few layer Ti3C2Tx. It is possible that the increase in Vickers hardness for these 

specific composites could be due the increased available surface area between the Ti3C2Tx 
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“fingers” and Al for stress transfer, a potential increased ability to disrupt dislocation motion 

during plastic deformations in Al with these reaching “fingers” of Ti3C2Tx, or increased surface 

area for interfacial reaction of Ti3C2Tx-Al2O3-Al. In-situ transmission electron microscopy studies 

of these deformed stacks of Ti3C2Tx in Al are necessary to fully elucidate the strengthening 

mechanisms of these altered stacked layers of Ti3C2Tx. Future work will be needed to understand 

the reinforcement mechanisms of single-to-few and multi-layer flakes of Ti3C2Tx in metal matrices 

and their relation to the structural, phase behavior, and oxidation stability of Ti3C2Tx produced via 

different synthesis methods (molten salt, hydrofluoric acid) at the Al interface. Nevertheless, the 

increased reinforcement potential of multi-layer stacked Ti3C2Tx particles at higher concentrations 

of Ti3C2Tx in the Al matrix is an uncommon amongst other nanomaterials and could provide further 

evidence of the reinforcing capabilities MXene has for future metal matrix composites.  

4. Conclusion 

In this study, we have developed a self-assembly process of Ti3C2Tx to aluminum which 

we can tune to create single-to-few layer dispersions of Ti3C2Tx flakes from 1 to 5 wt%. In addition, 

we show that this same process can be used to include pre-stacked multi-layers of Ti3C2Tx at 5 

wt% or result in re-stacking of multi-layers of single-to-few flakes of Ti3C2Tx at concentrations 

above 5 wt%. The ability to achieve near-full coverage of Al by Ti3C2Tx can be used to create a 

network of Ti3C2Tx in the Al matrix which can be used for multi-functional structural and/or 

conductive metal composites. This self-assembly process is also shown to be scalable to form large 

batches of Ti3C2Tx-Al powder, which makes this process advantageous for future additive 

manufacturing of bulk Ti3C2Tx-Al metal composites. Additionally, we have established XRD2 as 

a powerful tool to detect small amounts of MXene in a bulk metal matrix as low as 1 wt%. 

Furthermore, the use of XRD2 to detect single-to-few layer dispersions versus multi-layer 
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dispersions of MXene and analyze MXene’s effects on the Al matrix as well as the morphological 

changes in MXene during annealing with in-situ methods will be helpful to further developments 

of bulk metal composites utilizing MXene for various applications. We believe this study serves 

to set the groundwork for future development of additively manufactured MXene-metal 

composites to continue to expand MXenes’ wide array of promising applications.  
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