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ARTICLE INFO ABSTRACT

Keywords Zirconium (Zr) based MXenes are a new type of two-dimensional (2D) transition metal carbides and carboni-
2]? ma_te“als trides that have attracted significant research interest in recent years. These materials exhibit a unique combi-
Zirconium nation of physicochemical properties, making them attractive for a wide range of applications. Despite this
MXenes . . . . : . . . o . .
Synthesis growing attention, a systematic review of their synthesis methods, material properties, and applications is still
Properties lacking. This review provides a comprehensive overview of the state of research on Zr-MXenes, covering various
Applications aspects from synthesis to applications. The discussion includes an in-depth analysis of the different wet-chemical

etching protocols used to obtain Zr-MXenes from Zr—containing MAX phases and the impact of these methods on
the morphology of materials. Detailed characterization techniques have revealed important properties of
Zr-MXenes, such as hydrophilicity, electrical conductivity, and ion storage capability. Further, this review ex-
amines the potential applications of Zr-MXenes in various fields, including energy storage, electromagnetic
interference shielding, corrosion prevention, and biomedical applications. While, Zr-MXenes offer promising
prospects, challenges related to large-scale production and property optimization must be addressed to facilitate
their widespread adoption. By providing a comprehensive overview of Zr-MXene synthesis, properties, and
applications, this review aims to inspire and guide future research and development efforts toward the rational
design and utilization of these promising 2D nanomaterials.

layered architectures and exhibiting significant anisotropic bonding
have been identified as viable candidates for electrochemical applica-
tions due to their capacity to perform diverse intercalation processes
[5,6]. Extensive research has been conducted on graphene, members of
the dichalcogenides family, and other related 2D materials, exploring
their vast array of potential applications [7,8].

MXenes, the latest addition to the 2D materials family, have made a
significant impact on materials science [4,9]. These materials are syn-
thesized by selectively etching out the A layer from ternary carbides,
nitrides, or carbonitrides, known as MAX phases, and follow the general
formula My 1AX;. In this formula, M represents an early transition

1. Introduction

In recent years, there has been a considerable increase in research
attention on two-dimensional (2D) materials, which are widely regar-
ded as fundamental components in contemporary materials science
[1,2]. Advanced 2D materials and nanomaterials have shown significant
promise across various applications, including energy and environ-
mental sectors [3,4]. This is attributed to their intriguing properties,
such as elevated surface area, expanded porosity, better mechanical
strength, and enhanced chemical stability. Such materials possessing
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Nomenclature

Vv Vanadium

Ti Titanium

Mo Molybdenum

Nb Niobium

Ta Tantalum

Zr Zirconium

C Carbon

N Nitrogen

B Bulk modulus

G Shear modulus

PU Positive and unlabeled machine learning
PCA Principal component analysis

TPR True positive rates

PECS Pulsed electric current sintering

TEM Transmission electron microscopy
HRTEM High-resolution transmission electron microscopy

SAED Selected area electron diffraction
PVP Polyvinyl pyrrolidone
TG-DSC Thermogravimetry-Differential Scanning Calorimetry

TGA Thermal gravimetry analysis
ELF Electron localization functions
Eaa Adsorption energy

0p Plasma frequency

FWHM  Full width at half maximum
TBP Temporal bandwidth product
SA Saturable absorber

E Deformation resistance

DOS Density of states

CTE Thermal expansion coefficient
Tc Critical temperature

FM Ferromagnetic

MAE Magnetic anisotropy energy
AFM Antiferromagnetic

SAOM  Saturable absorber optical modulators
Rq Root mean square roughness

XPS X-ray photoelectron spectroscopy
DES Digital Emission Scanning

CTS Compressive tensile strain

MSD Magnetron sputtering deposition

LD Diode laser

DFT Density functional theory

F Fluorine

(0] Oxygen

S Sulfur

Se Selenium

Te Tellurium

Na Sodium

NVPF Sodium vanadium fluorophosphate (NagV3(PO4)2F3)
GCD Galvanostatic charge-discharge

Ccv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy
K Potassium

KIB Potassium ion battery

GGA Generalized gradient approximation

TPU Thermoplastic polyurethane

Zr AMP Zirconium amino tris (methylenephosphonate)
TENGs Triboelectric nanogenerators

MOF Metal-organic framework

M-TENG Multilayered triboelectric nanogenerator
Co-NPC Cobalt-nano porous carbon

VR Virtual reality

MCU Microcontroller unit
SPU Signal processing unit
o—ZrP a~Zr phosphate

MZPp MXene-ZrP@PDA

WEP Waterborne epoxy

COF Coefficient of friction

GO-ZrO, Graphene oxide-zirconia dioxide
NSs Nanosheets

NIR-II  Near-infrared II

PDT Photodynamic therapy

EPR Enhanced permeability and retention
TME Tumour microenvironment

FFT Fast Fourier transform

Fcc Face—centered cubic

P Phosphorus

USEPA  United States Environmental Protection Agency
ppb Parts per billion

SA Sodium alginate

MX-ZrSA Zr—crosslinked SA

AAO Anaerobic-anoxic-oxic

metal such as vanadium (V), titanium (Ti), molybdenum (Mo), niobium
(Nb), or zirconium (Zr), while A is typically from group 13 or 14 ele-
ments (e.g., Al, Sc, Ga), and X denotes carbon (C), nitrogen (N), or both
[10]. Since their discovery in 2011, MXenes have attracted widespread
research interest due to the potential to tune their properties and crystal
structures through compositional variations.

Among the MXenes, Ti3C,Tx (Ti-MXene) was the first to be synthe-
sized and has been extensively studied for applications in electromag-
netic interference (EMI) shielding, supercapacitors, batteries, catalysis,
sensors, water splitting, and even therapeutics [11-14]. However, lim-
itations such as oxidation susceptibility, challenges in controlling ter-
minal groups, and reliance on acid-based synthesis have spurred interest
in exploring alternative compositions like Mo- and Zr-based MXenes.
Zr-based MXenes first reported in 2013, exhibit unique properties that
make them promising for energy storage, environmental remediation,
corrosion resistance, optoelectronics, photonics, and biomedicine. Their
unique chemistry, supported by a Zr backbone, offers tunable properties
with the potential for new functionalities.

This review examines recent advancements in Zr-based MXenes,
highlighting their diverse applications in energy storage, environmental

remediation, and biomedicine. It covers updated synthesis methods, key
factors influencing structure, and techniques for characterizing physi-
cochemical properties. Additionally, the review examines emerging uses
of Zr-MXenes, especially in energy technologies, and discusses future
opportunities and challenges in optimizing their compositions. Fig. 1
summarizes the increasing applications of Zr-based MXenes, which are
essential for future sustainable developments, while Fig. 2 shows the
growing scientific interest, as evidenced by the increasing number of
publications on “Zirconium MXene” in the Web of Science. Over the past
decade, Zr-MXenes have emerged as a key research area, driving ad-
vancements in both fundamental understanding and practical
applications.

2. Zr-based MXenes
2.1. Theoretical studies
The rapid advancements in computational material screening have

significantly accelerated the identification of promising candidates for
applications like energy storage [15], photovoltaic absorbers [16],
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Fig. 1. Different applications of Zr-based MXenes.
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Fig. 2. Current growth of Zr-MXenes based on last ten—year research publications. Source: Web of Science (retrieved on October 2024).

electrocatalysis [17], and various other technological fields [18]. As a
result, material databases are rapidly growing, with both experimental
and theoretical data on 3D crystals, while recent initiatives have notably
expanded the catalogue of proposed 2D materials and their potential
properties [19,20]. For instance, Frey et al. [21] used positive and un-
labeled (PU) machine learning to assess the synthesizability of

theoretically predicted MAX and MXene compounds, including
Zr-based MXenes. The study analyzed 66 distinct M atom MXenes, each
linked to 12 possible MAX precursors, resulting in approximately 800
unique synthesis pathways. They predicted 111 unsynthesized MAX
phases and 18 MXenes to have a high probability of successful synthesis,
identifying 20 MAX/MXene pairs with high combined synthesizability,
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Fig. 3. (a) k-means clustering of (MAX, MXene) pair synthesizability as a function of the required chemical etching energy, and individual MAX and MXene syn-
thesizability. Predicted positive samples are represented in light green, the top 20 predicted positive samples are portrayed in dark green, and predicted negative
samples are illustrated in orange. The data points for Zr,GeC, TizAsCs, and Nb3AlC, (highlighted in blue) are presented as examples of the highest projected positive
samples, (b) Violin plots depicting synthesis probabilities as a function of constituent atomic species (X = N represented in blue, X = C represented in green). MAX
synthesis probability as a function of the number of M atoms, (c) MAX synthesis probability as a function of A atom, (d) Probabilities of MXene synthesis as a function
of M atom. Reproduced with permission from [21]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

including Zr-MXene.

Their model utilized elemental data along with structural, thermo-
dynamic, and electronic information derived from density functional
theory (DFT) calculations as inputs. After identifying key features for

predicting synthesis success, statistical learning techniques, including
principal component analysis (PCA), were used to refine the most crit-
ical inputs, such as lattice parameters, formation energy, and atomic
Bader charges [21]. These features were then applied to clustering and
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Table 1

Optimal MAX phase precursors along with the synthesizability of their corre-
sponding MXenes, and the etching energy (eV/A?) of the (MAX, MXene) pair.
Reproduced with permission from [21].

MAX Synthesizability of MAX Synthesizability of MX Etching energy
Zr,GaC 0.975 0.748 —0.143
Zr,GeC 0.942 0.748 —0.152
ZryAsC 0.890 0.748 —0.150
ZroPC 0.860 0.748 —0.138
Zr,CdC 0.846 0.748 —-0.108
Zr,SiC 0.816 0.748 —0.131

classification of PU learning models, validated using k-fold cross-
-validation with true positive rates (TPR) measured against 63 experi-
mentally synthesized MAX compounds. Given the limited positive
sample size, external validation methods, including phase stability tests
and experimental comparisons, were employed. This computational
framework offers insights not only for mechanically exfoliating 2D
materials but also for liquid exfoliation of any layered materials [21].

Fig. 3(a) illustrates k-means clustering results, with highly synthe-
sizable MAX/MXene pairs highlighted in dark green and lower-
probability pairs in orange. Etching energy is displayed along the z-
axis to enhance visual clarity. The top 20 pairs with the highest com-
bined synthesizability scores are marked, providing a focused direction
for future experimental efforts. Table 1 lists these pairs alongside their
respective MAX and MXene scores, narrowing the field from 111
favourable MAX phases to specific Zr-based compounds that can be
chemically etched into MXenes with a high probability of success.

Fig. 3(b-d) shows violin plots of the predicted synthesis probabilities
for various atomic species in MAX and MXene systems. Several patterns
emerge, particularly the higher likelihood of carbides (green) being
synthesized compared to nitrides (blue). This trend aligns with experi-
mental data, where only 9 (fewer than 15 %) of the known MAX phases
are nitrides. For MXenes, this is even more pronounced, as only one
nitride, Ti4N3, has been synthesized from theMAX phase, skewing the
model's predictions toward carbides. This emphasises the need to
identify nitride compounds with high synthesis potential. The larger
dashed line in the plots represents the median, and the thinner dashed
lines indicate the interquartile range. For many species, the interquartile
range shows a low probability of synthesis, with some species having a
narrower range extending to higher probabilities.

Fig. 3(b) highlights trends in MAX phases based on the M atom.
Notably, synthesizability decreases with increasing group number:
group 4 elements like Ti, Zr, and Hf exhibit higher synthesis probabili-
ties, while group 6 elements like Mo and W show much lower proba-
bilities. For W, the interquartile range falls entirely below 0.2, consistent
with experimental results, where group 4 M atoms dominate known
MAX phases, and no W-based systems have been synthesized. The in-
fluence of the A atom (Fig. 3(c)) is less pronounced, with the distribu-
tions of carbides spread across the entire probability spectrum. Despite
Al-based MAX phases being the only ones successfully etched into
MXenes, several other A-group elements show potential as MXene pre-
cursors. Interestingly, the trend observed in MAX phases does not carry
over to MXenes [22]. Further, the hitherto evident trend toward MAX
phases is completely absent in the MXenes. Fig. 3(d) shows a surprising
number of positive predictions for early transition metal MXenes, except
for V, Mn, and Cr. The stark contrast between 3d block elements and
others may be due to an artefact, as only nonmagnetic ground states
were considered, while some 3d transition metals are expected to exhibit
magnetic properties [23,24]. The Ti and Nb carbide violin plots show
nearly linear trends at high synthesis probabilities, as only one stacked
MXene system from each remains unsynthesized [21].

2.2. Zr MAX phases

Among the over 70 known MAX phases, the Zr family comprises

Coordination Chemistry Reviews 526 (2025) 216355

approximately 12 distinct phases, including Zr-AlC, Zr:SiC, Zr2PC,
Zr2SnC, Zr2GaC, Zr2:SC, Zr.GeC, Zr2AsC, Zr.CdC, Zr2InC, Zr.TiC, and
Zr2PbC (collectively referred to as Zr.AC) [25]. Most of these Zr-based
phases have been studied theoretically, with only a few synthesized to
date, among which Zr-C is notable for being a commonly synthesized Zr-
based MXene. Nasir et al. [25] investigated the properties of Zr2AlC,
Zr2SC, Zrz:SiC, and Zr-PC, noting that all “A” elements (Al, Si, P, S)
occupy the same period, imparting unique symmetry-related properties.
In these structures, Zr atoms occupy (1/3, 2/3, z), A atoms (2/3,1/3, 1/
4), and C atoms [0,0,0]. The literature indicates that these Zr.AC
MXenes (211 phase) offer high mechanical strength and stability. Their
bulk (B) and shear moduli (G) were calculated using Voigt [26], Reuss
[27], and Hill approximations. Results show that the bulk modulus in-
creases as A-group elements progress across the periodic table, with a
slight drop in Mulliken Bond theory also suggests that Zr—-C bonds are
stronger and less metallic than Zr-A bonds, with Zr.AC structures
demonstrating higher Zr-C bond strength. Vickers hardness tests reveal
values of 5.9 GPa for Zr2AIC, 7.1 GPa for Zr-SiC, 7.8 GPa for Zr-PC, and
6.8 GPa for Zr2SC, suggesting that Zr-AlC is relatively softer and more
machinable.

Further, (MC)n[Al(A)]mCm_; compounds are promising precursors
for MXenes and other 2D carbides. Zha et al. [28] identified over 30
related compounds, including Zr2AlsCs, ZrsAlsCs, ZrAlsCs, and Zr2[Al
(Ge)14Cs, etc., which hold potential for MXene synthesis. Zr-based ma-
terials offer diverse applications, detailed in Section 4. For example,
Chen et al. [29] successfully synthesized a ternary MAX phase, ZrsSeC,
containing chalcogen. A comprehensive analysis of the crystal structure
confirmed the presence of selenium (Se) at the A site of the MAX phase.
First-principles calculations were employed to predict the optimal
crystal structure of Zr;SeC and to analyze the chemical bonding in
comparison to ZrySC. It was found that the thermal conductivity of
ZrySeC is significantly influenced by electronic contributions, particu-
larly at elevated temperatures, which leads to a decrease in thermal
conductivity. These findings further highlight the importance of A-site
components in modifying the physical characteristics of MAX phases.

2.3. Significance of Zr-based MXenes

Although Ti-based MXenes have been extensively studied for various
applications [30], other MXenes, particularly those derived from
niobium (Nb) [31], vanadium (V) [32], molybdenum (Mo) [33], and Zr,
are increasingly gaining attention. The abundant availability of Zr on
Earth and its critical role in alloy preparation for electronics make Zr
increasingly appealing for future applications. Despite their potential,
Zr-MXenes remain underexplored in the literature, highlighting the need
for further investigation. Zr-MXenes can be functionalized with groups
such as -O, -F, -OH, and —Cl through various synthesis techniques.
However, synthesizing bare MXenes poses challenges due to their high
reactivity [34].

First-principles calculations reveal that a novel Zr;Si MXene exhibits
both exceptional stability and an antiferromagnetic ground state [35].
The spins in Zr,Si MXene are ferromagnetically aligned within each Zr
plane but antiferromagnetically coupled between the two Zr planes,
forming an anti-parallel configuration. Due to the lack of Coulomb in-
teractions among Zr-4d electrons and the absence of spin-orbit
coupling, no linear energy-momentum relationship (Dirac cones) near
the Fermi level is observed. Instead, the Dirac cones originate from the
d,>_y» and d,> orbitals of Zr display anisotropy in momentum space and
Fermi velocities similar to those found in graphene [36]. The intro-
duction of Coulomb repulsion and spin-orbit coupling could render
these Dirac cones non-conductive, opening possibilities for electronic
applications. Moreover, Zr,Si MXene transitions between antiferro-
magnetic and ferromagnetic states, leading to a switch between semi-
conducting and metallic behaviour, indicating its potential in electronic
devices [35]. Zr-based MXenes, particularly ZrC and ZrN, show great
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Fig. 4. 2D Zr3C,Ty MXene synthesized through selective etching of Al;C; from stacked ternary Zr3AlsCs. Reproduced with permission from [47].
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Fig. 5. (a) XRD spectra of as-supplied Zr powder, along with the as-milled powders produced at different durations of milling. The bars in the graph are arranged in
descending order and represent ZrC (red, PDF#74-1221), ZrH, (green, PDF#73-2067), and Zr (blue, PDF#05-0665), respectively, (b) TEM images of the powders
that underwent milling for 25 h. The upper and bottom insets in (b) correspond to the HRTEM image and the SAED rings. The progression of the mean grain size d, (c)
and volume fraction, (d) for Zr, ZrH,, and ZrCy as a function of milling time (t). For clarity, the grain sizes of ZrH, and ZrC, were scaled by a factor of 10. The inset (c)
represents the mean C powder content after different milling durations. Reproduced with permission from [49]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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promise due to their exceptional properties. ZrC, for instance, exhibits
high chemical stability [37], high melting point [38], ablation resistance
[39], notable wear resistance [40], hardness [40,41], excellent tem-
perature resistance [42], and excellent electrical conductivity [43].
These characteristics make ZrC suitable for applications such as field
emitter coatings, wear-resistant epoxy coatings [44], electrode coatings
[45], and lubricating barriers for prosthetics [46]. The unique bonding
nature of ZrC, combining metallic, ionic, and covalent bonds, facilitates
strong photon-electron interactions, creating the potential for a wide
range of technological applications [25].

2.4. Synthesis and characterization of Zr derived materials

2.4.1. ZrC MXene by HF etching

Experimental synthesis and characterization of Zr-derived materials,
including Zr-MXenes, are crucial for realizing their practical applica-
tions and complementing computational studies. In 2016, Zhou et al.
[47] first reported the successful synthesis of Zr-MXene by etching
Zr3Al:Cs with hydrofluoric acid (HF) (Fig. 4). They noted that the effi-
ciency of this HF etching process depends on optimizing parameters

Coordination Chemistry Reviews 526 (2025) 216355

such as acid concentration, etchant-to-solute ratio, and temperature.
The synthesis process begins with the preparation of ZrsAls:Cs MAX
phases, commonly achieved via pulsed electric current sintering (PECS).
In this process, Zr, Al, and graphite powders are mixed in a molar ratio of
3.3:2.4:8, milled in absolute ethanol for 12 h, and then dried. The
powder is cold-pressed and sintered at 1800 °C for 20 min in an argon
(Ar) atmosphere. After cooling, the material is ground, sieved, and
immersed in 50 wt.% HF at room temperature for 72 h. The etched
material is then washed continuously with deionized water, filtered, and
dried at room temperature for 48 h, resulting in 2D ZrsC.Ty sheets with
flexibility similar to graphene [47]. The reactions that occur during the
synthesis process are shown in Egs. (1-3).

Zr3A13C5 + HF—>A1F3 + CH4 + Zr3C2 (1)
Zr3C, + 2 HyO—Zr5C5(OH), + Hy @
Zr3C2 + HF—>Zr3C2F2 + HZ (3)

The final structure of Zr-based MXene is a hexagonal Zr-C layer,
which is shared with one C layer and an Al-C layer [47].
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Fig. 6. Morphology of nanosized ZrC (a) SEM image of an agglomerate microstructure for a sample heat treated at 1600 °C for 3 h, (b) SEM image of an agglomerate
microstructure for a sample heat treated at 1400 °C then at 1800 °C for 6 min, (c) XRD patterns of the different samples as a function of their respective heat

treatment under Ar flow. Reproduced with permission from [50].
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Fig. 7. TEM and HRTEM images of ZrC powders synthesized from precursors with varying ratios of ZrO(CH3COO),: C15H22011: (a and d) 4:1.5, (b and e) 4:1.2, (c
and f) 4:1. SAED patterns for ZrC particles are displayed in (a), (b), and (c) at the * position. Reproduced with permission from [51].

2.4.2. Zr carbide by planetary milling

Zr carbide (ZrC) is a non-stoichiometric compound with a face-
centred cubic (FCC) structure characterized by a combination of ionic,
covalent, and metallic bonds [48]. This unique bonding contributes to
the exceptional physical and chemical properties of ZrC. Xiang et al.
[49] developed a method for synthesizing ZrC nanopowder by milling Zr
powder with toluene, noting that the milling time significantly affects
the Zr3Cy peak. The milling process was conducted in a planetary mill
using tungsten carbide vials, with a ball-to-Zr ratio of 13:1 and a tol-
uene-to-Zr powder ratio of 3:1, all within a pure Ar atmosphere, where
toluene serves as the carbon source for Zr3Cy. The milling was performed
at 400 rpm in tightly sealed vials, resulting in a paste-like consistency,
which was subsequently placed in a vacuum chamber for 20 h at 80 °C to
remove residual toluene. The bulk Zr3Cy was then sintered for 5 min
using spark plasma sintering at 1200 °C under a pressure of 50 MPa. The
synthesized Zr3Cx exhibited an average particle size of approximately 5
pm. The carbon content of the samples was determined through an
oxidation process, and density was calculated using the Archimedes
technique. Vickers indentation was performed by applying a 300 g
weight for 10 s using a diamond indenter.

Fig. 5(a) exhibits the X-ray diffraction (XRD) spectra of the original
Zr powder and powders milled for various durations (1, 2, 3, 4, 6, and
25 h). With increasing milling time, the diffraction peaks of hexagonal
close-packed (HCP) Zr diminished, broadened, and disappeared entirely
after 6 h. Additionally, two phases, FCC ZrH; and FCC ZrCy, emerged in
the XRD spectra. In the early milling stage (<3 h), ZrHy was the pre-
dominant phase, while reflection peaks for ZrCy began appearing after 1
h, increasing in intensity and dominating after 3 h. Fig. 5(b) presents
TEM and HRTEM images of nanoparticles obtained after 25 h of milling,
revealing significant agglomeration with an average particle size under
10 nm, closely matching an average grain size of about 7 nm. HRTEM
images confirm the nanoparticles' single crystalline structure, and the
SAED rings (lower right inset of Fig. 5(b)) and HRTEM images, along

with XRD patterns, indicate an FCC structure. Previous studies suggest
that milling Zr in toluene may induce an allotropic transformation from
HCP to FCC crystal structures, attributed to the reduction in Zr particle
size during milling.

Fig. 5(c) and (d) illustrate the evolution of the Zr, ZrH,, and ZrCy
phases in terms of volume fraction and grain size with milling duration.
In the initial hour, the Zr phase decreases significantly in both volume
fraction and particle size, with grains rapidly reaching below 10 nm.
After 6 h, the Zr phase becomes undetectable in XRD. ZrH: production
peaked within the first 3 h but began to decline as milling continued,
while the formation of the ZrCy phase accelerated after 1 h, correlating
with milling time. Throughout the early milling stage, both ZrH; and
ZrCy grains remained at nanoscale, ultimately reaching approximately 7
nm. After 25 h, the volume fraction of ZrCy reached at 90 %, indicating
that the nanoparticles were primarily composed of the ZrCy phase. The
inset of Fig. 5(c) shows that the average carbon content increased with
milling time, reaching a value of 1 when the duration exceeded 10 h
[49].

2.4.3. Zr carbide by sol-gel method

The synthesis of ZrC via the sol-gel method involves Zirconium (IV)
n-propoxide (Zr(OPr)4) in 70 % propanol, acetic acid (AcOH) and sac-
charose as the precursors. The process begins by dissolving saccharose in
AcOH at 80 °C. After cooling to room temperature, Zr(OPr). is added
under continuous stirring, causing the solution to turn brown and form a
viscous gel structure. The remaining AcOH is then evaporated at 80 °C,
leaving behind acetates. The resulting gel is dried at 120 °C to produce a
powder, which is ground and subjected to carbothermal reduction at
1400 °C and 1800 °C for 3 h under Ar atmosphere.

Key steps in synthesizing the precursor involve forming metal che-
lates, transesterification, and hydrolysis-condensation reactions. The
introduction of Zr(OPr)s into acetic acid initiates a transformation that
produces zirconium propoxide diacetate (Zr(OAc)2(OPr)z). This
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Fig. 8. (a) Map illustrating the phase assembly of MAX phase ceramics synthesized in the Zr-Ti-Al-C network, as a function of the hot-pressing temperature and the
Ti content, X, in the (Zr;_y,Tix)3Al; 2C ¢ starting powder. The phase assembly of the MAX phase ceramics is illustrated using pie charts depicting the mass % of each
phase: ZT312 in red, ZT211 in blue, and the secondary phase in white. Red asterisks indicate a minimal presence of the ZT312 phase, (b) XRD patterns and phase
assembly in ceramics hot-pressed at 1550 °C as a function of the (Zr;_, Ti,)Al; ,C; ¢ starting powder composition. Values in parentheses indicate the uncertainty in
the last digit of mass% values, (c) BSE images of (Zrg g,Tip 2)3Al1 2C1 ¢ ceramics hot-pressed at: 1400 °C, 1450 °C, and 1500 °C. Reproduced with permission from
[52]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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carboxylatoalkoxide can participate in several competitive reactions.
The first one involves the transesterification of alkoxy groups in Zr
(OACc)2(OPr): with the hydroxyl groups of saccharose, as shown in Eq.
4.

ProO — Zr(OAc), (OPr) + HO — X — (OH),—PrO — Zr(OAc), — O — X @
— (OH), +PrOH
where X is a simplified notation for C15H1403.

Subsequently, unreacted acetic acid reacts with propanol (the sol-
vent and product of the previous reaction) to form water and propyl
acetate, as indicated in Eq. (5).

AcOH + PrOH=PrOAc + H,0 )

This generated water then participates in a substitution reaction with
Zr(OAc)2(OPr)2, where hydroxyl groups replace propoxy groups (Eq.
(6)).

Zr(OAc), (OPr;)+Hy0—Zr(OAc), (OPr)OH+PrOH—Zr(OAc),(OH),
+PrOH
(6)

Since water is continuously consumed for hydrolysis, Eq. (5) shifts
toward the right, which is maintained by a high acetic acid/Zr molar
ratio, ensuring a complete reaction [50].

Fig. 6(a) and (b) show heat-treated samples at 1400 °C and 1800 °C,
respectively, where particles exhibit a uniform size distribution and
increased sphericity due to partial surface melting. XRD patterns (Fig. 6
(c)) confirm the formation of a single-phase structure, with peak shifts
toward lower angles as temperature rises, indicating an increase in lat-
tice parameter, as supported by Rietveld refinement.

2.4.4. Nano crystallized Zr carbide based on an aqueous solution-derived
precursor

Nano-crystallized ZrC powder was synthesized through an aqueous
solution-based method, using Zr acetate and sucrose (C;2H20011) as
primary reagents. These were combined with polyvinyl pyrrolidone
(PVP) to create a suitable precursor for ZrC synthesis. This aqueous
approach allows for fine-scale mixing in an environmentally friendly
way. The precursor was subjected to carbothermal reduction at
1600-1650 °C, yielding ZrC powder with an ultra-fine particle size of
50-100 nm and an oxygen content below 1.0 wt.% due to minimal re-
sidual free carbon. The conversion process from pre-ceramic precursor
to ZrC powder was comprehensively studied using FTIR, TG-DSC, XRD,
Raman spectroscopy, SEM, and TEM analyses.

The initial Zr acetate (99 % purity) and C;2H32011 were mixed in a
molar ratio of 4:1, with the PVP concentration in the precursor solution
maintained at approximately 2 wt.%. The ingredients were dissolved in
DI water and stirred continuously for 24 h to form a homogenous pre-
cursor solution. The precursor then underwent cross-linking and curing
at 85 °C for 12 h in a drying oven, followed by pyrolysis at 600 °C for 2 h
under an Ar flow, with a heating rate of 1 °C min"'. The pyrolyzed
precursor was subsequently heat-treated at 1400-1650 °C for 2 h under
vacuum, with a heating rate of 5 °C min?, to complete the carbothermal
reduction. The resulting ZrC compounds were ground into fine powders
for further characterization.

Fig. 7 presents TEM and HRTEM images of ZrC particles synthesized
with varying ratios of ZrO (CH3COO), as a precursor. SEM insets in
Fig. 7(a—c) show equiaxial particles with cubic crystalline structures
consistent with ZrC, with particle sizes of 56, 60, and 61 nm. Reducing
the initial concentration of Cj3H2201; significantly decreases amor-
phous free carbon, as even 0.5 wt.% of residual free carbon effectively
inhibits ZrC grain coarsening. Further reductions in C12H22011 may lead
to notable grain coarsening or the formation of ZrOz impurities. Notably,
HRTEM images in Fig. 7(d-f)) display lattice fringes with interlayer
distances between 0.23 and 0.27 nm, corresponding to the (200) or
(111) planes of ZrC. The lattice parameter calculated from these fringes
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aligns closely with values obtained from XRD measurements, confirming
the presence of non-stoichiometric Zr; 4C. Non-stoichiometric, nano-
scale Zr;_4C powders are anticipated to offer advantages for subsequent
sintering and densification processes in material engineering.

2.4.5. Synthesis Zr MAX phase through reactive hot-pressing and
pressureless-sintering

The synthesis of MAX phases involved combining ZrHs, TiH», Al, and
C powders as initial materials, with a Zr:Ti:Al:C ratio of [3(1 — x)]:[3x]:
[1.2]:[1.6], where x varied from O to 1 in increments of 0.1. This
approach allowed for the investigation of a broad range of Ti and Zr
concentrations on the M site of the resulting MAX phases. The starting
stoichiometries were selected to achieve a 312 stoichiometry, incorpo-
rating a higher Al content to compensate for potential losses during
melting while maintaining a lower carbon content to account for
interdiffusion caused by the graphite die/punch arrangement in the hot
press. Prior studies on Zr-Al-C MAX phases informed the choice of 312
stoichiometry, as these had shown the formation of off-stoichiometric
phases. For the synthesis of 211 and 312 phases, the initial powder
mixes corresponded to the 312 and 413 stoichiometries.

The powders underwent a 48-h dry mixing process in ambient air
using a Turbula-type multidirectional mixer. Subsequently, the mixed
powders were cold pressed at a pressure of 30 MPa using a graphite die
with a 30 mm interior diameter. Following this, the powder compacts
were hot pressed under a vacuum at approximately 10 MPa, with a
heating rate of 25 °C min™! and a dwell time of 30 min at temperatures
ranging from 1350 to 1700 °C. Pressureless sintering was also per-
formed, where powder compacts were cold-pressed at 30 MPa and
subjected to similar thermal changes as the hot-pressed samples. This
approach successfully synthesized both the 211 (ZT211) and 312
(ZT312) MAX phases using various mixtures of (Zrq_x, Tix)3Al; 2C1 6.

Fig. 8(a) illustrates the evolution of the MAX phases (ZT211 and
ZT312) based on hot-pressing temperatures and the atomic fraction x of
Ti in the initial powder. The pie charts represent the hot-pressed ce-
ramics, with each phase detected by XRD analysis assigned a distinct
colour. All ceramics contained ternary carbides rich in Zr and/or Ti,
while only those primarily composed of Zr and Ti exhibited binary ZrC
and TiC carbides. Intermetallic compounds, such as ZrAl,, ZrAls, or
ZroAls were detected in samples hot-pressed below 1550 °C. Distinct
trends in the formation of MAX phases were observed: the ZT211 phase
consistently appeared in ceramics hot pressed at temperatures between
1350 and 1600 °C, except for those with a low Ti concentration (x =
0.1). The ZT312 phase exhibited stability within the 1450-1550 °C
range but was absent at 1450 °C for other stoichiometries. Notably,
minimal quantities of ZT211 were detected when this specific stoichi-
ometry was subjected to hot pressing at 1450 °C, suggesting that a small
amount of Ti stabilizes the ZT312 phase, which is challenging to achieve
at higher Ti concentrations. At x values of 0.5, 0.67, 0.7, and 0.8, ce-
ramics hot pressed at 1600 °C showed very low quantities of ZT312 as
measured by XRD. The highest concentration of MAX phases (approxi-
mately 85 % by mass) was observed at 1500 °C when x was 0.9.

Fig. 8(b) displays XRD data from a comprehensive set of hot-pressed
ceramics at 1550 °C, where Zr-rich ternary carbide is denoted as (Zr,Ti)C
and Ti-rich ternary carbide as (Ti,Zr)C. Backscattered electron (BSE)
images in Fig. 8(c) illustrates microstructures of (Zrg g,Tip.2)3Al;1.2C1.6
ceramics hot-pressed at temperatures between 1400 and 1500 °C. At
1400 °C, large ZrAl- grains were observed within a ZT211 matrix con-
taining fine grains of (Zr,Ti)C. At 1450 °C, there was a reduction in
intermetallic compounds alongside an increase in the size of mixed
carbides, although the ZT312 phase did not form. By 1500 °C, elongated
ZT312 grains surrounded by ZT211 grains were detected, with the (Zr,
Ti)C grains distributed within a composite matrix of ZT211 and ZrAl,.

After hot pressing, solidified remnants were found on the die/punch
setup, indicating material loss during processing. Liquid byproducts may
have been compressed into the gaps of the die/punch arrangement,
resulting in residual substances. Tunca et al. [52] identified pressureless
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sintering as an alternative technique for synthesizing MAX phases in the
Zr-Ti-Al-C system, yielding a higher content of MAX phases with fewer
secondary carbides compared to hot-pressed ceramics, potentially due to
reduced liquid phase losses. Further refinement of processing methods is
required to achieve ceramics with a high level of phase purity within this
MAX phase system.

2.5. Properties of Zr-based MXenes

2.5.1. Structural properties

The structural properties of Zr-based MXenes are critical in deter-
mining their performance, stability, and versatility. Zhou et al. [47]
characterized the structural properties of 2D ZrsC>Tx synthesized
through HF etching. Thermal gravimetric analysis (TGA) indicated a 4 %
mass loss between 50 and 500 °C, attributed to physisorbed water,
which was validated by differential scanning calorimetry (DSC) showing
an endothermic peak at 71 °C. No significant mass change was observed
by 700 °C in TGA, while DSC revealed an exothermic peak, indicating
structural rearrangement rather than decomposition. XRD patterns

confirmed the formation of the ZrsCz phase along with residual Zr3Al3Cs.
Zr3CoTy demonstrated better structural integrity and maintained a 2D
morphology, as evidenced by TGA-DSC and XRD analyses [47]. The
stability of Zr-MXenes over a wide temperature range is attributed to
their excellent binding energy, making them suitable for various tem-
perature-related applications.

Zr3Cy MXene exhibits a quintuple-layered structure arranged in a
Zr-C-Zr-C-Zr sequence, consisting of three zirconium layers alternated
with two carbon layers. Both ZroC and Zr3Cy MXenes exhibit hexagonal
structures, with lattice constants of 3.32 A and 3.34 A, respectively. The
structural stability can be evaluated by comparing their total relative
energy with stability following the sequence a > b > c. The magnetic
properties of ZrsCy are similar to those of TizCp, while Zr,CO, and
Zr3Cy05 are non-magnetic in their ground states. The electric and
magnetic characteristics of these MXenes can be altered by modifying
surface groups and geometrical conformations. The presence of a
dispersive electron cloud is crucial for stabilizing the adsorption of
multilayer sodium (Na) atoms [53,54].

Further, Meng et al. [53] reported on the electron localization
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functions (ELF) for the (110) plane of Zr3Cy0,, focusing on both single-
layer and two-layer Na atoms. Their findings illustrated the formation of
a negatively charged cloud around single-layer Na atoms due to the
electron presence on the Na layer, facilitating the migration of electrons
from inside to the outermost surface of Na atoms. Furthermore, these
electrons were evenly distributed among the Na atoms, ensuring
consistent attractive interactions with the outer layer.

The researchers conducted a comprehensive analysis of the adsorp-
tion coefficients for second-layer Na atoms across five systems,
concluding that the energy differences in Na atom adsorption onto
MXenes are primarily influenced by the lattice constant variations
among the MXenes and the Na bilayer. The observed energy differences
for Zr3Cy04 (—0.059 eV), Ti3CySy (—0.01 eV), and Ti3Ce04 (0.033 eV)
correlate with corresponding lattice mismatches of 7.5 %, 10.3 %, and
15.5 %, respectively. Additionally, charge transfer values for the Ti3Cy,
ZryCO9, and Zr3Cy0y systems were recorded at —0.46, —0.49, and
—0.51, respectively. When lattice mismatches are small, the adsorption
energies of second-layer Na atoms (—0.03 eV, —0.054 eV, and —0.059
eV) exhibit a similar trend to the charge transfer values.

It was concluded that significant charge transfer and minimal lattice
mismatch favour the adsorption of second-layer Na atoms. The relative
stability of second-layer Na atom adsorption on Zr3C02 compared to
Ti3Cy4, ZroCO-, Ti3Cy0,, and Ti3CoSo, MXenes can be attributed to dif-
ferences in charge density and lattice mismatch. Notably, Zr3Cy0,
MXene demonstrated a higher number of transferred electrons
compared to ZroC, ZrsCy, and ZryCOy MXenes, indicating stronger
bonding between Na and ZrsC:O.. This observation aligns with
computed adsorption energy (E_ad) outcomes, suggesting that substan-
tial energy requirements for adsorption and significant charge transfer
indicate a robust electrostatic interaction between adsorbed Na atoms
and ZrC MXenes.

The charge density difference analysis revealed distinct behaviours
in second-layer Na adsorption among Zr,CNaj, ZrsCyNag, ZraCO2oNay,
and Zr3Cy05Na, MXenes. The configurations ZroCOoNa; and
Zr3Cy0oNay exhibited higher electron acceptance compared to Zr,CNay
and Zr3CyNay, indicating stronger bonding interactions, which aligns
with findings from E_ad calculations [53].

2.5.2. Optical properties

The frequency-dependent dielectric function (e(®) = &1(®) + iea(w))
is essential for understanding electronic band structures, where o rep-
resents the frequency of light and e(®) is the dielectric function. Key
optical properties, such as absorption spectrum, reflectivity, optical
conductivity, refractive index, and loss function are derived from the
real and imaginary components, &;(®) and iez(w), respectively. Varia-
tions in inter- and intra-band transitions in metallic compounds are
influenced by changes in the dielectric function. Studies indicate that the
MAX phase Zr,AC (where A = Al, Si, P, or S) exhibits a metallic-like band
structure. For Zr MAX phases along the [55] polarization direction, the
static refractive indices are Zr2AlC = 56.3, Zr2SiC = 56.4, Zr2PS = 56.4,
and Zr2SC = 56.3 [25]. The refractive index aligns with the incident
photon energy along this polarization plane, and the excitation coeffi-
cient remains consistent across most of the energy spectrum, except
between 1 and 6 eV.

The absorption spectra of Zr-AC phases begin at zero, reflecting their
metallic nature, with notable absorption peaks at 6.02 eV, 7.02 eV, 7.51
eV, and 7.21 eV for Zr2AlC, Zr:SiC, Zr-.PC, and Zr>SC, respectively.
Another significant optical property is the bulk plasma frequency (wp),
which corresponds to the maximum peak in the energy loss spectrum
where €2 < 1 and €1 = 0. For Zr-.AC compounds, wp values range between
13.2 and 14.9 eV [25]. Additionally, the reflectivity spectra of these
materials show a significant increase in the ultraviolet and infrared re-
gions within the 4.8 to 9.8 eV range [25]. Recent studies demonstrate
that reflectivity values consistently exceed 44 % for ZrAlC, Zr,SiC, and
Zr,PC, contributing to their metallic grey appearance. Moreover, their
ability to effectively reduce solar heating suggests potential applications
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in minimizing solar heat absorption [56,57].

In a practical application, integrating ZrC as a saturable absorber
(SA) within a ring laser cavity enabled effective mode-locking through
adjustments to the polarization controller and pump power. Initially, the
laser operated in continuous wave mode at a pump power of 45 mW. A
stable mode-locked pulse output was subsequently achieved upon
increasing the pump power to 66 mW, resulting in an output power of
approximately 2.11 mW. Fig. 9(a—f) summarizes the characteristics of
the passive mode-locked laser. Fig. 9(a) presents the oscilloscope trace
of the pulse train, which exhibits a pulse interval of 36.5 ns and minimal
jitter, confirming stable mode-locking conditions. The radio frequency
(RF) spectrum at a repetition rate of 27.4 MHz is depicted in Fig. 9(b),
showing no additional frequency components, with the inset high-
lighting a signal peak in the RF spectrum and a signal-to-noise ratio
(SNR) of approximately 66 dB, indicating satisfactory stability.

Fig. 9(c) and (d) illustrate the extended range spectrum and the
optical spectrum, respectively, with a 3 dB bandwidth of approximately
7.73 nm and a center wavelength of 1562.19 nm. The presence of Kelly
sidebands in the output spectrum confirms soliton mode-locking, which
is associated with interference among dispersive waves [58,59]. Fig. 9
(e) displays the oscillation trace of the pulse, revealing a full width at
half maximum (FWHM) of about 607 femtoseconds (fs), corresponding
to a pulse length of 395 fs, determined by fitting the sech? function. The
temporal bandwidth product (TBP) value of 0.375 exceeds the trans-
formation limit, indicating mild chirping of the pulses. Fig. 9(f) illus-
trates the correlation between pump power and average output power,
demonstrating linear growth throughout the mode-locked operational
range, with a peak output power of 49.86 mW at a pump power of 700
mW.

Additionally, the nonlinear optical properties of the ZrC film were
also examined using a mode-locked ultrafast laser setup with a wave-
length of 1550 nm, pulse duration of 580 fs, and repetition frequency of
30 MHz. The nonlinear transmission curve vs. incoming intensity was
generated using a balanced twin-detector and optical coupler, enabling
simultaneous measurement of the optical power transmitted through the
SA and the reference light, as shown in Fig. 9(g). Fig. 9(h) presents the
output spectra over a designated time interval, assessing the long-term
stability of the fiber laser, with the data demonstrating consistent
pulse behaviour and no noticeable changes in wavelength over a 4 h
period. Furthermore, experiments removing the SA confirmed the
inability to restore mode-locked behaviour, validating the efficacy of
ZrC films as photonic devices for generating mode-locked pulses [37].

2.5.3. Mechanical properties

The mechanical strength of Zr-MXene materials is crucial for various
applications due to their remarkable durability. When transition metal
carbides, like Zr-MXenes are incorporated into composite materials,
they enhance mechanical strength by reinforcing intergranular bonds
through diffusion, leveraging phase compatibility between carbide ions
and high-temperature ceramics [60]. This enhanced bonding is attrib-
uted to the phase compatibility between carbide ions and high-
temperature ceramic materials. The MXene surface groups establish
strong M-X bonds, which may be ionic or covalent, functioning as
“carbide nanofillers” that contribute to forming C-vacancy carbides
[61,62].

Zhou et al. [47] highlighted the metallic properties of three func-
tionalized Zr3CyTo MXenes (T = —0O, —F, —OH), with Zr3Cy02 demon-
strating the highest mechanical durability, indicated by a Cq; elastic
modulus of 392.9 GPa. Comparative studies revealed that ZrsCyT,
MXene exhibited superior structural stability relative to TizC,T, under
both vacuum and Ar environments. The advent of 2D Zr3C,T, MXenes
holds promise for diverse applications, particularly in high-temperature
environments, including their roles as electrodes in electrical energy
storage systems, reinforcing additives in polymer composites, and
various sensor and catalytic applications. The enhancement of specific
strength and modulus in ceramics by incorporating second-phase
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Fig. 10. Tensile stress-strain curves of (a) Zr,C and (b) Zr3C, under biaxial and uniaxial loading conditions (x/y). The surface Zr-C bond lengths, the out-of-plane
half-height h of Zr atoms, vary with strain for (c¢) ZroC and (d) Zr3C,. In figure (a) to (d) horizontal axis denotes the tensile strain, whereas the dashed line indicates
the emergence of elastic instabilities, also known as ‘critical strain point’, (e) Young's modulus (E), (f) bulk modulus (Y) of pristine and -O, -F, and -OH func-
tionalized Zr-based MXenes in biaxial and uniaxial orientations. Reproduced with permission from [70].
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particles with high Young's moduli is well-documented. The integration
of particulates such as SiC, TiB,, ZrBy, HfB,, ZrC, and HfC into Zr-Al(Si)—
C carbides is anticipated to strengthen hardness, stiffness, and strength,
attributable to the comparatively lower Young's modulus associated
with ternary and quaternary carbides. He et al. [63] employed an in-situ
reaction/hot pressing technique to fabricate a Zr[Al(Si)]4C5-30 vol %
SiC composite, commencing with Zr, Al, Si, and graphite. This composite
features a microstructural configuration with SiC grains embedded
within a plate-like or elongated Zr,[Al(Si)]4Cs matrix. The incorpora-
tion of SiC particles distinctly enhances specific stiffness, hardness,
fracture toughness, thermal conductivity, and oxidation resistance [63].

The tensile stress—strain behaviour of 2D Zr,C and Zr3C, under uni-
axial and biaxial conditions is depicted in Fig. 10(a) and (b), providing
insights into their mechanical response. In the initial stretch phase
(strain <3 %), stress increases linearly with strain, characterized by
Young's modulus (E) [64]. The calculated moduli, Ex and Ey, for ZrC
and Zr3C, are 516 GPa (476 GPa) and 538 GPa (467 GPa), respectively,
notably higher than values for materials such as 2D MoS; (Ex = 198 GPa,
Ey = 200 GPa) [65], 2D MoSe; (Eop = 177 GPa) [66], Graphene oxide
(Eop = 256 GPa) [671, and Zr3Al3Cs (Ex = 388 GPa, Ey = 346 GPa) [68].
However, they remain lower than 2D Ti,C (Ex = 620 GPa, Ey = 600 GPa)
[69], indicating that virgin Zr,,1C, MXenes have superior deformation
capabilities compared to Ti;C MXenes.

The in-plane bulk modulus (Y), for Zr,C calculated using the third-
order bending moment equation, is 134 GPa in the x-direction and
148 GPa in the y-direction, showing slightly higher resistance to
compression in the armchair (y) direction than in the zigzag (x) direc-
tion. Poisson's ratios (vx = 0.53, 0.38 and vy = 0.15, 0.10 for Zr,C, and
Zr3Cy, respectively) reveal that deformation is less pronounced in the
zigzag than in the armchair direction [70]. To further understand
structural failure under tensile stress, Fig. 10(c) and (d) illustrate
changes in structural properties with strain, including half-thickness (h)
and average Zr-C bond length. These data show that Zr-C bonds in Zr,C
and Zr3C; elongate more along the y-axis under stress, leading to a lower
critical strain along the y-axis than the x-axis. Notably, the half-thickness
of Zr3Cy increases slightly with strain in all loading conditions, sug-
gesting potential for shock-resistance applications in devices utilizing
pristine ZrsCy MXenes. Structural changes under tension suggest that
Zr3Cy failure primarily arises from the elongation and rupture of internal
Zr-C bonds, enhancing flexibility during stretching.

The influence of -0, -F, and —~OH functional groups on the flexibility
of 2D Zr,1Cp (n = 1, 2) MXenes was evaluated by calculating E and Y
from stress—strain data, as shown in Fig. 10(e) and (f). The mechanical
anisotropy of Zrp,1C,-based MXenes is minimal, similar to Ti,1Cy
based MXenes [71]. Functionalization with —-F and ~OH has a greater
impact on E than -O, though -O functionalization has a stronger effect
on Y. Compared to ZryCTy, Zr3CoTo MXenes generally exhibit superior
deformation resistance, except for Zr3C;0,. However, Zr,CTo, MXenes
are more suitable for flexible and wearable sensor applications than
Zr3CyTo due to their better flexibility.

2.5.4. Electrical properties

The electrical properties of Zr-based MXene materials, such as ZrAC,
are primarily governed by their electronic band structure, particularly
the band gap between energy levels. Studies indicate that multiple
valence bands in Zr,AC intersect the Fermi level and overlap with
conduction bands, facilitating its conductive properties [72]. Density of
states (DOS) calculations further validate the structural stability and
favourable electrical conductivity of ZroAC phases. The Zr 4d orbitals
significantly contribute to DOS peaks, while interactions between the A
3p and Zr 4d states just below the Fermi level, along with the hybridi-
zation of C 2s and C 2p with Zr 4d states, play a crucial role in stabilizing
the Zro,AC structure. This material exhibits a mix of covalent, metallic,
and ionic bonds due to the distinct electronegativities of its constituent
elements [73].

Ceramics with ternary and quaternary compositions, such as
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Zr-Al-Si-C, demonstrate notable electrical conductivity, making them
suitable for machining via electrical discharge processes. The reported
electrical conductivities at room temperature for ternary compounds
ZroAl3Cy4, ZrsAlsCs, and the quaternary compounds Zrp[Al(Si)]4Cs,
Zr3[Al(Si)]4Ce are 0.91 x 10° 0.69 x 10° 0.74 x 10°% and 1.16 x 10°S
m™), respectively. For comparison, the Hf-Al-C composite exhibits a
conductivity of 0.78 x 106 S m™.

First-principles calculations indicate that the electronic states pri-
marily responsible for electrical conductivity originate from the Zr 4d
states or Hf 5d states at the Fermi level [74]. Zr MXenes are generally
expected to behave as conductors, with the exception of Zr,CO, MXene
[75,76]. DFT is widely used for ab initio calculations and is reliable for
predicting electronic properties but can sometimes misclassify mate-
rials, such as mistakenly labelling some semiconductors as gapless due
to the limitations of specific density functionals, particularly in complex
transition-metal systems [77].

2.5.5. Electrochemical properties

Recent studies have demonstrated the promising potential of various
MXenes for energy storage and conversion applications [78]. A crucial
factor influencing electrode performance is the kinetics of electron and
ion transport within the material [79]. For instance, investigations into
ZrC MXenes using DOS calculations, with and without Na atom
adsorption, reveal that Na desorption does not significantly alter the
electronic structure of pristine ZrC. While, ZroC, exhibits a minor shift in
the Fermi level upon Na adsorption, Zr3C, Zr3Cy, and Zr3C205 maintain
consistent Fermi levels. Notably, Zr3CO, shows metallic characteristics
after Na adsorption, which may enhance Na-ion adsorption and
desorption, thereby enabling high-rate capability and capacity in Na-ion
batteries using Zr-based MXene electrodes.

Further analyses of ZroCNay, Zr3CaNay, ZrsCO2Nag, and ZrsCa02Nay
MXenes using charge density calculations indicate that ZrsCO;Nay and
Zr3C209Nay have higher electron acceptance compared to ZroCNay and
Zr3CoNay. To better understand their electrochemical properties, re-
searchers examined Na diffusion paths and barriers using the Climbing
Image-Nudged Elastic Band (CI-NEB) method. Diffusion barriers were
reported as follows: Zr3C (0.3 eV) ~ Zr3Cs (0.03 eV) < ZryCO5 (0.29 eV)
< Zr3Cy04 (0.32 eV). Importantly, ZroCO and ZryC204 display diffusion
barriers similar to those for Li adsorption, suggesting that these MXenes
facilitate easy Na migration, which is beneficial for high-rate applica-
tions in Na—ion batteries [80].

Lietal. [81] systematically used DFT calculations to study Ti-Zr dual
transition metal carbides (TiZrCO,, TisZrC,0,, and TiZr,C205) as anode
materials for Na-ion batteries. These systems exhibited dynamic stabil-
ity, commendable conductivity, and support for energetically favour-
able double-layer Na adsorption on both sides of the material, leading to
higher capacities than mono-Ti or mono-Zr MXenes. Additionally, their
low diffusion energy barriers (<0.3 eV) and favourable open-circuit
voltages indicate high viability as Na-ion battery anodes. The Zr
MXenes, particularly ZroCO9 and Zr3C205, enable stable double-layer Na
adsorption due to minimal lattice mismatch with the Na bilayer [53].
However, Zr3Cy05 has an anode capacity of 326 mAh g’1 for Na—ion
batteries, slightly lower than the theoretical 372 mAh g~! due to the
greater atomic weight of Zr atoms. Mono-Ti-based MXenes, though
lighter, offer limited Na storage, while Zr-based MXenes provide
improved storage capacity [81].

Furthermore, TiZrCOg, TizZrC202, and TiZryCpO, exhibit average
open-circuit voltages conducive to high energy density and reduced Na
cluster formation, with predicted capacities of 586, 441, and 375 mAh
g1, respectively, surpassing those of mono-metal carbides. The hier-
archical structure of these Ti—Zr dual transition metal carbides positions
them as superior anode materials for Na—ion batteries compared to their
mono-transition metal counterparts [81].

2.5.6. Thermo-electric properties
The functional groups and orientations of MXenes significantly
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Fig. 11. (a) Top and side views of the geometric arrangements of Zr,N MXene, along with three possible magnetic states: (b) AFM1, (c) AFM2, (d) FM configurations,
and the magnetic susceptibility as a function of temperature at tensile strains of (e) 0 %, (f) 2 %, (g) 4 %, (h) 6 %, (i) 8 %, (j) Effect of critical temperatures (T.) on the

strain. Reproduced with permission from [86].

15



G. Elsa et al.

Coordination Chemistry Reviews 526 (2025) 216355

Table 2
Summary of typical Zr-based MXenes.
Materials Synthesis routes Morphology Properties Applications Ref.
The embedded MXene improved the
physical properties and worked as
TizCo-MXene embedded Zr- . . chemisorption active points to .
. . In-situ etchin, Aerogel beads Phosphate adsorption 89
crosslinked Na alginate i 8 further strengthen phosphate P P 16°]
adsorption of the SA beads
simultaneously
Homogeneous
Zr metal-organic framework Hydrothermal technique heterostructure Excellent mechanical properties Triboelectric nanogenerators [59]
crystals
Optical modulator designed for
very brief laser pulses ZrC films
M t ttering d iti ds d usi 1
ZrC agnetron sputtering ceposition Nano films Nonlinear optical properties pro ucse using I?Tflgne ro'n . [90]
technology sputtering deposition exhibited
excellent smoothness and
uniformity
- . Physiological conditions because of
Probe sonication and bath Ultrathin
2D ZrC nanosheet (NSs) L its rich biological activities as well as ~ Anticancer drug delivery platform [91]
sonication nanosheet ..
low toxicity
2D Zr ferrocene-based MOF/
AuNPs/4 Layered Faraday Cage-Type
. Ultrasonication Y Large surface area of Zr-Fc MOF Electrochemical Aptasensor for [92]
mercaptophenylboronic morphology. . . .
X Escherichia coli Detection
acid
With 1 wt.% of Zr-MXene, the
resultant TPU nanocomposites
In situ facilely loading Zr demonstrate a record break strain
o Hufactiely 8 (2060 %) and toughness (316 MJ
Zr amino-tris- amino-tris- m™>) to date, in addition to increased
(methylenephosphonate) (methylenephosphonate) Nanosheets tensile stren’ th by 43.4 % and Fire retardant [93]
B (]
(Zr-AMP) (Zr-AMP) onto the Ti carbide . g Y K .
(MXene) surface improved fatigue resistance relative
to the TPU matrix, because of
favourable interfacial hydrogen-
bonding
ZrO,/Cu0-ZnO . . .. . Antibacterial, antifungal and
2/ s Heat treatment Nanoparticles Biomedicinal properties . . . 8 [94]
nanocomposites antidiabetic activities
The effects of strain on the magnetic
properties of Zr,N MXene proved . . A
ZroN MXene - - . . Spintronic applications 86
2 dynamically and mechanically stable P PP se]
by the first-principles calculations
Thermoelectric properties using first
Zr3N;05 MXene monolayer - - principles and Boltzmann transport Thermoelectric applications [95]
theory
Structural, vibrational, and
Zr,Ch_1 (n = 2, 3, and 4) and electronic properties using the [96]
— - - 0
their functionalized MXene framework of density functional
theory calculations
Tensile strain often improves the
ffi f Zi h
The electronic and optical € cac'y of Zr,CO; as aicat Od?
. . material, but compressive strain
properties, quantum capacitance and -
X induces a transition from cathode
Zr,CO, MXene - - photocatalytic performance of R . [97]
. . to anode material. Zr,CO, with a
Zr,CO5 under uniaxial strain are .
. ; strain over 7 % demonstrates
investigated by DFT . .
exceptional CO, photocatalytic
activity.
The electronic, optical, and . P
. : Photocatalytic water splitting in
photocatalytic properties of Zr,CO» acid environment. hydrozen
Zr,CO5 MXene - - MZXene under biaxial strain are evolution reactior; ai d of en [98]
investigated by hybrid HSE06 : : V8
. evolution reaction.
functional
Antiferromagnetic property through
Zr,Si MXene - - . L. 8 p p Y 8 Electronics applications [55]
first-principles calculations
First-Principles computations were
loyed t ine the adsorpti
Z14C405 MXene B B employed to examine the adsorption NH; sensor [99]

Zr,CO5 MXene

behaviours of several gas molecules
on monolayer Zr3C,0, MXene
Thermodynamic stability and N,
adsorption behaviour is studied
through DFT

Catalyst for nitrogen reduction
reaction

[100]

influence their electrical behaviour, determining whether they exhibit
semiconducting or metallic characteristics [82]. Gandi et al. [83] stud-
ied various MXenes, including ZroCO- and reported they possess narrow
band gaps between 0.17 and 0.44 eV, classifying them as semi-
conductors. These narrow band gap semiconductors generally exhibit
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high electrical conductivity, attributed to minority carrier contributions,
which can reduce the Seebeck effect at low carrier concentrations and
elevated temperatures. Consequently, Zr.CO2 shows promise for ther-
moelectric applications due to these properties.

Zr,CO4 shares many attributes with TioCO; as both Zr and Ti possess
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basal plane symmetry. High-resolution XPS spectra of samples before and after etching procedure in the; (f) Zr 3d region and (g§) O 1s region. (h) XRD of
Zr3Al;3Cs before and after HF treatment. Reproduced with permission from [102].

12 valence electrons, leading to structural and compositional parallels. thermoelectric materials. It is often linked to adhesive strength, as ma-
Notably, Ti,CO, has been shown to achieve a higher level of n-type terials with mismatched CTEs can experience stress and potential failure
doping than Zr,CO,, combined with a lower lattice thermal conductiv- at the interfaces. This is particularly important in layered compounds
ity, enhancing its thermoelectric figure of merit relative to ZroCO5 [83]. and composites used in thermoelectric applications, where maintaining

The coefficient of thermal expansion (CTE) is also critical in structural integrity under thermal cycling is essential [84]. The CTE for

17
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and EDS image, (e) Raman spectra, (f) XPS survey scan of MXene ZrC films, (g) XRD patterns, (h) Calculated band structure of ZrC. Reproduced with permission

from [90].

ZryAl3C4 and Zry[Al(Si)]4Cs are determined to be 8.1 x 107 K’l, while
ZrsAl3Cs, and Zr3[Al(Si)14C¢ have CTE values of 7.7 x 107® K71
Comparatively, Al«Cs has lower stiffness than ZrC, suggesting a weaker
bond strength between Al and C relative to Zr and C. Consequently, Zr-Al
(Si)-C compounds have a lower average bond strength than binary ZrC,
resulting in an increase in CTE for layered ternary and quaternary car-
bides. Notably, the CTE of these carbides depends on the thickness of the
ZrC layers, with an increase in ZrC layer thickness potentially lowering
the CTE. Thus, Zr4Al3Cg is anticipated to have a lower CTE than Zr3Al3Cs
[85].
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2.5.7. Magnetic properties

Yue and colleagues investigate the magnetic properties of ZroN
MXene using first-principles calculations, focusing on its strain-free and
stress-induced magnetic behaviours [86]. In its natural state, ZroN ex-
hibits inherent antiferromagnetic (AFM) behaviour with a high Néel
temperature of 470 K, placing it in the MXene family of AFM materials.
However, when subjected to tensile biaxial strain, the magnetic ordering
shifts toward ferromagnetism, with a critical threshold for this transition
occurring at around 4 % strain. Notably, the critical temperature (T.) for
the AFM state decreases to approximately 250 K under this strain, but as
strain increases beyond 4 %, the magnetic ordering of the material
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transitions to ferromagnetic (FM), with T, rising back toward ambient
temperatures, reaching around 300 K at 8 % strain [23].

Moreover, the magnetic anisotropy energy (MAE) for strain-free
ZroN MXene is —92 peV per cell, indicating a stable magnetic ordering
at temperatures above 0 K [87,88]. Even under stress, ZryN retains
significant magnetic anisotropy, allowing for controlled MAE manipu-
lation through strain adjustments, with peak MAE observed at a 2 %
strain. This pronounced perpendicular MAE is attributed to spin-orbit
coupling interactions, specifically between the Py/P), states of Zr atoms
at the microscopic level. This study contributed valuable insights into
previously undiscovered magnetic properties of MXene materials,
expanding the potential applications of Zr;N in spintronics [86].

The geometric configuration of ZrsN, depicted in Fig. 11(a), shows a
N layer sandwiched between two Zr atomic layers. The spin-polarized
state of ZroN exhibits a 70 meV lower energy per formula unit than
the non-polarized state. To ascertain the most stable magnetic configu-
ration, the study evaluates three potential states: FM and two AFM
variants (AFM1 and AFM2), as depicted in Fig. 11(b-d). The AFM1 state
demonstrates ferromagnetic interactions within layers while exhibiting
antiferromagnetic interactions between layers. By using the total energy
of the AFM1 state as a reference point, the relative energies of AFM2 and
FM states are determined to be 267 meV and 103 meV higher, respec-
tively. These results establish ZroN as an AFM1-type antiferromagnet
with a local magnetic moment of 0.73 uB per Zr atom.

Magnetic susceptibility curves in Fig. 11(e-j) show temperature-
dependent behaviour, with peaks indicating T.. For strain-free ZryN,
the Néel temperature around 470 K confirms the stability of the AFM1
ordering up to room temperature. However, as strain is applied, T. de-
creases to 250 K at 4 % strain in the AFM state, while favouring ferro-
magnetic ordering results in an increased T.. At 8 % strain, the
ferromagnetic T, reaches 300 K, suggesting that higher strain levels can
stabilize ferromagnetism near room temperature. This strain-responsive
tunability opens opportunities for ZroN MXene in applications where
magnetic properties are essential and require adaptability to environ-
mental or operational stresses [86].

Table 2 provides a summary of synthesis methods, properties,
morphology, and applications for various Zr-based MXenes and their
related heterostructures.

3. Characterizations of Zr-based MXenes

This section discusses key characterizations of Zr-based MXenes,
focusing on structural, morphological, and compositional aspects.
Fig. 12(a) and (b) illustrate SEM images of Zr3Al3Cs after HF treatment,
revealing individual grain exfoliation within the basal planes and
accordion-like structures similar to those observed in TizAlC, [101].
TEM images in Fig. 12(c-e) reveal that HF-etched and sonicated
Zr3Al3Cs samples exhibit thin, electron-transparent layers, suggesting a
few-layer MXene morphology. EDS analysis confirms the presence of Zr,
C, and O in the nanosheets, with no trace of Al. These sheets display
flexible, foldable characteristics, similar to typical 2D MXenes and gra-
phene. XPS spectra in Fig. 12(f) and (g) identify Zr-C and Zr-O bonds in
Zr3AlsCs, both pre- and post-HF treatment, aligning with previous
findings for ZrC [102,103].

The XRD pattern in Fig. 12(h) shows that the HF-treated Zr3Al3Cs
powders primarily consist of a single phase with minor ZrC impurities.
Notably, the (002) peak shifts to a lower angle of 26 = 5.438°, corre-
sponding to an increase in the ¢ lattice parameter from 27.73 A to 32.53
10\, a feature commonly observed in HF-etched MXenes [101,104]. Two
additional peaks at 26 = 16.328° and 20 = 27.248° are sharper and more
intense compared to the typically broad peaks of etched MXenes, sug-
gesting possible intercalation during the etching process [105,106]. This
intercalation likely contributes to the observed expansion of the c lattice
parameter. The initial ZrsAlsCs powders contain minor ZrC impurities,
which persist after HF treatment due to the chemical inertness of rock-
salt structured ZrC to HF. These impurities appear more prominent

19

Coordination Chemistry Reviews 526 (2025) 216355

post—etching, likely due to the reduction of the ZrsAlsCs parent phase
and the formation of a less ordered structure [102].

In a study by Zhou et al. [85] Zr3Al3Cs was selectively etched to
create a novel Zr-based 2D carbide MXene, exploiting the weak bonding
and hydrolytic susceptibility of Al-C layers. This material, part of the
quaternary transition-metal carbides, can be generalized as MnAl3Cy4
and Mn[Al(Si)]4Cs, where M is Zr or Hf, and n ranges from 1 to 3. These
carbides are structurally complex, with an intergrowth framework of
hexagonal metal carbide layers and AlCs-like Al3Cy/[Al(Si)]4C3 layers
sharing a C monolayer at their interface [85,102].

Wang et al. [90] investigated the deposition of ZrC films on saturable
absorber optical modulators (SAOM) based on MXene onto fused silica
substrates using magnetron sputtering. The characterization of these
films yielded insights into the synthesis process, with critical parameters
for assessing film quality, including thickness and surface roughness,
effectively measured by atomic force microscopy. Fig. 13(a) and (b)
depict 3D and 2D atomic force microscopy topographic images of the
MXene ZrC films, revealing a smooth and uniform surface morphology
with a low root mean square roughness (Rq) value of 7.21 nm, which is
advantageous for minimizing defects. The film thickness was approxi-
mately 109 nm, as determined by atomic force microscopy profile
measurements (Fig. 13(c)). Moreover, the SEM-EDS analysis of MXene
ZrC films corroborates the presence of C and Zr, as confirmed by EDS
spectra (Fig. 13(d)). The Raman spectrum (Fig. 13(e)), acquired using a
532 nm excitation laser, reveals three distinct peaks at wavenumbers at
464, 1386, and 1563 em L. Notably, the peaks within the 1300-1400
em ! and 1550-1600 cm ™! ranges correspond to the D and G bands of
carbon, while the peak at 464 cm ™! signifies ZrC. XPS analysis of MXene
ZrC films indicates the presence of Zr, C, and O, with a survey spectrum
and specific elemental spectra (Zr 3d, C1 s, Zr 3ps,2, Zr 3p1 /2, and O1 s)
depicted in Fig. 13(f). The XPS data suggest minimal surface contami-
nation and defects, with only a few additional peaks detected. Moreover,
the XRD patterns in Fig. 13(g) illustrate the FCC lattice structure, indi-
cating the excellent crystallinity of ZrC. The band structure of ZrC was
further explored through first-principles calculations, as illustrated in
Fig. 13(h) [90].

4. Applications of Zr-based MXenes

The 2D laminar material a-Zr phosphate (Zr(HPO4)2-H20),
commonly referred to as a~ZrP, is characterized by Zr atoms positioned
alternately above and below the central a-ZrP plane. This material
shows promise in applications such as ion exchange processes [107],
lubricants [108], and host intercalation [109,110]. When integrated
into Ni-W composites, a~ZrP contributes to a nanocomposite matrix
with notable friction resistance and suitable impedance properties
[110-112]. Additionally, studies on the compatibility of organic coat-
ings with exfoliated a~ZrP (e-ZrP) indicate that using polypyrene as an
encapsulant enhances compatibility with aqueous epoxy systems, lead-
ing to improved anti-corrosion performance of the composite coatings
[113].

The exfoliation of a~ZrP was initially achieved using tris-(hydrox-
ymethyl)-aminomethane (Tris), followed by functionalization via a one-
pot approach [111,114]. The resulting composite coating, incorporating
functionalized e-ZrP, showed superior anti-corrosion properties attrib-
uted to the barrier effect created by the coating. Limited studies have
explored 2D heterojunctions involving MXene and e-ZrP, but existing
findings suggest that MXene/e-ZrP heterojunctions could mitigate
MXene's inherent tendency to restack [115]. Moreover, the intrinsic
lattice mismatch between MXene and e-ZrP may further enhance their
lubricating properties [116]. MXenes, known for their exceptional
qualities, are utilized in diverse advanced applications, including
catalysis, biosensing, energy storage, solar cells, and photonics [117].
Specific applications are discussed in the later sections.

Meanwhile, the Zr MAX phases exhibit unique attributes that make
them suitable for specialized applications. For instance, Chen et al. [29]
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successfully synthesized a ternary MAX phase, Zr,SeC, incorporating
chalcogen atoms. A comprehensive crystal structure analysis confirmed
the presence of Se atoms at the A site within the MAX phase lattice.
First—principles calculations were employed to determine the optimal
crystal structure of Zr,SeC and to explore its chemical bonding charac-
teristics relative to the Zr,SC analogue. The findings reveal that the heat
transfer coefficient of ZrySeC is significantly influenced by electron
participation, particularly at elevated temperatures, which counteracts
the decline in thermal conductivity. These insights highlight the crucial
role of A-site elements in modulating the physical properties of MAX
phases [29].

4.1. Optoelectronic devices

DFT calculations and the application of compressive and tensile
strain (CTS) at 2 %, 4 %, and 6 % indicate that the Zr,CO2 monolayer
exhibits promising characteristics for optoelectronic and nanodevice
applications [118]. A study by Alireza et al. [118] investigated the op-
tical properties of 2D Zr,CO», revealing enhanced absorption across the
infrared, ultraviolet, and visible regions compared to other 2D materials
like Hf;CO4 and Ti,CO,, highlighting its superior light-harvesting ca-
pabilities. In terms of vibrational properties, ZroCO» shows a higher
phonon frequency (680 cm™ ) than MoS, (473 cm’l), which could
improve stability and performance in high-frequency applications
[119]. Notably, the Zr,CO, monolayer has an initial indirect band gap of
1.34 eV, which shifts to a direct band gap under 8% tensile strain,
broadening its utilization in optoelectronic engineering where band gap
tunability is advantageous. In addition, computational studies on the
electronic density distribution, band structure, and semiconducting
nature of Zr,CO5 confirm its potential as a promising MXene material for
optoelectronic applications. When compared to materials like hexagonal
boron nitride (h-BN) and aluminum nitride (AIN), Zr,CO- demonstrates
superior optical absorption in the visible range, positioning it as a highly
competitive candidate for optoelectronic applications [120,121].

4.2. Photonic devices

In recent years, photonic devices have achieved significant ad-
vancements, finding applications in diverse fields, including optical
communications, micromachining, remote sensing, biological applica-
tions, and scientific research [122]. Among these devices, ZrC MXenes
have shown potential due to their remarkable nonlinear optical prop-
erties, though their use in ultrafast photonics remains limited. Liu et al.
[37] first demonstrated the nonlinear optical behaviour of ZrC films
prepared via magnetron sputtering deposition (MSD) technology in
2021, achieving a saturation intensity of 197.6 MW cm ™2 and a modu-
lation depth of 11.9 %. These properties suggest ZrC as a promising
mode-locking material for generating ultrashort pulses in fiber lasers
and other photonic systems. High-yield, high-quality ZrC saturable ab-
sorbers, sputtered onto D-shaped fiber via the MSD method, exhibited a
smooth, dense surface with a saturation intensity of 197.6 MW cm 2 and
a modulation depth of 11.9 %, generating output power up to 49.86
mW. This positions ZrC as a highly suitable material for ultrafast pho-
tonic applications.

In another significant advancement, Liang et al. [123] applied liquid-
phase exfoliation to produce ZrC-based saturable absorbers, which
enabled the first successful Q-switching of a 3 pm band laser. Their
computational studies, grounded in fundamental principles, confirmed
that metallic ZrC could serve as an exceptional optical modulator for
mid-infrared lasers. ZrC nanofilms and nanoclusters were efficiently
synthesized by sonication of commercially available ZrC powder, with
the resulting ZrC saturable absorber used to achieve a peak power of
approximately 24 W within a passively Q-switched Er: LuyOg laser sys-
tem, pumped at 10.9 W. Utilizing ZrC nanoparticle-based absorbers
produced remarkably short pulses, with durations of 50 ns at a 13 kHz
repetition rate, pulse energy of 22 pJ, and peak power reaching 0.4 kW.
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These results represent the shortest pulse durations and highest peak
powers achieved with any Q-switched laser operating in the 3 pm
wavelength range, affirming ZrC's viability as a saturable absorber for
achieving minimal pulse durations in the mid-infrared spectral region.

In a related study, Wang et al. [90] employed a commercially
available quasi-continuous wave diode laser (LD) at 808 nm to explore
the thermal dynamics and output stability of ZrC-based saturable ab-
sorbers, as shown in Fig. 14. Unlike pulsed lasers, continuous-wave laser
operation introduces additional heat, potentially impacting the satu-
rable absorber's performance and structural integrity. To mitigate
thermal effects, a pulsed diode laser with a pulse duration of 25 mi-
croseconds and a repetition rate of 1 kHz was utilized. An Nd:YAG
crystal with a 1.2 at.% Nd>* concentration was used as the gain medium,
with dimensions of 3 mm x 3 mm x 5 mm optimized for efficient energy
absorption at the 808 nm pump wavelength. Coatings with high trans-
mission at 808 nm and high reflection at 1064 nm were applied to one
end of the crystal, allowing for shorter pulse generation within the laser
oscillator, which was designed with a compact length of 22 mm.
Furthermore, the Nd:YAG crystal was temperature-controlled at 20 °C
using a copper mount with water cooling, ensuring stable, consistent
laser output [90]. These studies collectively highlight the potential of
ZrC as a high-performance material for photonic devices, particularly in
applications requiring rapid response times and high power in the mid-
infrared spectrum. The innovations in ZrC-based saturable absorbers
and the detailed exploration of thermal management in ZrC-integrated
laser systems open new avenues for the development of efficient and
reliable ultrafast photonic devices.

4.3. Metal-ion batteries

Lithium-ion (Li-ion) batteries continue to advance rapidly within the
field of metal-ion battery technology, recognized for their high energy
density and excellent cycling stability. Recent studies have highlighted
the role of Zr in enhancing Li-ion battery performance. Zhu et al. [54]
investigated the effects of Zr on Li-ion batteries by employing DFT to
assess the structural and energy storage properties of ZryC and ZryCXy
compounds, where X represents —F, —O, or S. Their results indicated
that Zr,C and Zr,CS; exhibit remarkable specific capacities of 310 mAh
g ! and 259 mAh g™}, respectively, along with low diffusion barriers,
highlighting their potential for high-performance energy storage
[124,125]. Additionally, Zr,CS,; exhibited metallic properties post-
synthesis, which are crucial for battery applications [54].

A critical factor for improving capacity in MXene-based anodes for
Li-ion batteries is the efficient adsorption of Li-ions. By considering the
adsorption of Li-ions on both sides of MXene sheets, it is possible to
increase the capacity, as Li-ions can arrange themselves in multiple
layers. Computational analyses demonstrated that the compound
ZryCO,Liy with three Li atoms adsorbed on each side of the MXene sheets
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references to colour in this figure legend, the reader is referred to the web version of this article.)

offered favourable voltages [54]. Further studies have shown that
incorporating Zr into the system to form heterostructures can enhance
the performance of Li-ion batteries [126]. Insights into material stability
can be obtained from the charge density differences depicted in Fig. 15
(a), which are quantitatively described using Eq. (7).

Ap = P — Puxene — PLi (7)
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Where p represents the total charge density of the system, while
pmxene and pr; denote the charge densities of the MXene material without
Li and the individual Li atoms, respectively. Observations indicate sig-
nificant charge redistribution onto Li in bare MXene compared to
passivated MXenes, reflecting variations in their interaction profiles.

The charging rate is dependent upon the diffusion characteristics of
Li. Three diffusion paths are examined, with the ground state location of
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Li and its nearest neighbour locations serving as the initial and final
states. Path I/II traverses the tops of the C/Zr(1) and Zr(1)/X atoms,
accordingly, for the unmodified and F/O/S passivated MXenes, while
path III establishes a direct connection between the original and final
states. Path I, as illustrated in Fig. 15(b) demonstrates a reduced diffu-
sion barrier compared to path II across all scenarios, attributable to the
robust interactions in the transition states. Path III consistently con-
verges to Path L. Fig. 15(c) illustrates the diffusion barriers for Li along
pathway 1. ZroC exhibited the lowest energy barrier of 34 meV, attrib-
uted to a uniform surface charge distribution and the presence of a
transition state at the apex of the Zr(2)-C bond. A local energy minimum
of 17 meV was noted near the apex of the carbon atom. In contrast, other
configurations presented significantly higher diffusion barriers.

22

Specifically, the transition states for Zr,CO, and ZryCF, were located
above the Zr(1) atom and the Zr(1)-C bond, respectively, for ZroCSs. The
synthesis in an aqueous medium is expected to yield multiple ~-OH
groups, which can be converted to —O groups through high-temperature
annealing, enhancing Li stability. However, the semiconducting nature
of these materials, combined with the presence of high diffusion bar-
riers, continues to limit their practical applications. In contrast, the
metallic characteristics of ZryCSy are particularly advantageous for
battery applications [54].

Fig. 15(d) presents the atomic configurations of ZryC and its de-
rivatives, Zr,CX; (where X includes F, O, S, Se, and Te). Calculations for
bare MXenes were performed to assess their non-magnetic, ferromag-
netic, and antiferromagnetic properties. The ground state was found to
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exhibit antiferromagnetism, characterized by parallel spins in each Zr
layer, with opposing spins in the top and bottom layers. This configu-
ration was determined to be 10 meV per atom lower in energy compared
to the ferromagnetic state, contradicting earlier calculations that
employed a less stringent energy convergence criterion of 1074 eV
[127]. The in-plane lattice constant of ZryC was calculated to be 3.317 A.
The capping elements preferentially occupied positions above carbon
atoms, coordinated equidistantly with three adjacent Zr atoms in both
the top (Zr(1)) and bottom (Zr(2)) layers. This arrangement resulted in a
non-magnetic state for all derivatives. The bond lengths between Zr(1)
and the capping elements were measured at 2.12, 2.53, 2.69, and 3.01 A
for functionalization with O, S, Se, and Te, respectively, highlighting the
influence of varying ionic radii. The Zr-F bond length was 2.33 A, sur-
passing that of the Zr-O bond, which can be attributed to the different
oxidation states of the anion-capped elements. The enhanced negative
charge associated with the O group leads to a stronger Coulombic
attraction with the positively charged Zr atoms [54].

Due to the limited availability of Li in the Earth's crust and potential
safety risks, such as dendrite formation during charging, researchers
have explored alternatives such as Na-ion and potassium-ion (K-ion)
batteries. Na—ion batteries, in particular, have gained significant atten-
tion for their cost-effectiveness and high availability of Na. MXenes,
particularly Zr-based MXenes, have shown promise as anode materials
due to their excellent electrical conductivity and high energy storage
potential, positioning them among the most effective electrodes for Na-
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ion batteries. For instance, Meng et al. [53] reported that Zr,COy/
Zr3Cp0, serves as a promising anode for Na—ion batteries, demon-
strating exceptional electrical conductivity, low open circuit voltage,
low diffusion barriers (0.29/0.32 eV), and a high capacity of 474 mAh
g~! for Na storage. Variations in charge transfer and lattice mismatches
significantly influence battery capacity, and increasing electrode thick-
ness can lead to reduced ionic mobility. Meng and colleagues proposed
that Zr3C,0, is well-suited as an anode material for Na-ion batteries due
to its superior electronic conductivity, low equilibrium open circuit
potential, and improved Na mobility and storage capacity compared to
other MXenes [128,129].

In addition, Zha et al. [129] explored various Zr-MXene composi-
tions for Na—ion batteries, demonstrating that Zr3CyTo (where T is O, F,
OH, or S) and Zr3C,05Nay and Zr3CySoNas exhibited excellent volu-
metric capacities of 913 and 777 mAh cm ™3, respectively. Further,
Zr3C204 and ZrsCyS;, displayed outstanding mechanical strength, sta-
bility, and conductivity. It was noted that surface functional groups
could influence theoretical capacity, open circuit voltage, and ionic
mobility while increasing MXene thickness, which can lead to slightly
reduced ionic mobility and elevated open circuit voltages. For instance,
Zr3C204 was observed to have a higher diffusion barrier and open circuit
voltage compared to Zr,COy [81,130]. Theoretical Na-ion adsorption
capacity depends heavily on lattice mismatch and charge transfer dif-
ferences. Furthermore, incorporating Zr into the existing structure to
form heterostructures can enhance overall system efficiency. Wang et al.
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[131] demonstrated significant improvements by incorporating Zr*
into Na3V3(PO4)2F3 (NVPF) composites via a carbothermal reduction
procedure using citric acid (C¢HgO7) as the carbon precursor. Their in-
vestigations focused on the effects of Zr** doping on crystal structures
and morphologies, with electrochemical characteristics evaluated
through galvanostatic charge-discharge (GCD), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS).

Experimental evidence indicated that modest levels of Zr*™ doping
enhanced the electrochemical performance of NVPF. The NasVs.
xZrx(PO4)2F3/C samples, specifically NagVi.g5Zrg o5(PO4)2F3/C, exhibi-
ted superior rate and cycle performance compared to other samples with
varying Zr content (x = 0, 0.01, 0.05, and 0.1), achieving specific ca-
pacity values of 121.8 and 110.3 mAh g~! at 0.2 and 10C, respectively.
The material also maintained a capacity retention of approximately
83.6 % after 1000 cycles at 5C. Analysis of kinetic characteristics sug-
gested that the remarkable electrochemical performance of
NasVj.95Zrg,05(PO4)2F3/C was attributed to enhancements in electronic
conductivity and ion diffusion coefficients. The synthesis process of
NagVa xZry(PO4)2F3/C (x = 0, 0.01, 0.05, 0.1) is depicted in Fig. 16(a).
To analyze the effects of Zr** doping on electrochemical characteristics,
CV tests were conducted on NagVs (Zry(PO4)2F3/C samples within a
voltage range of 1.5 to 4.5 V. As illustrated in Fig. 16(b-e), distinct redox
peaks were identified around 3.46/3.13, 3.79/3.61, and 4.24/4.08 V.
Based on the findings from the referenced study [132], it can be
concluded that Na(2) ions exhibit lower stability compared to Na(1) ions
due to their displacement from the stable position [133]. During the
charging process, approximately 50 % of the Na(2) ions were extracted,
leading to the reorganization of the Nay 5V2(PO4)2F3 compound to reach
a stable state. The extraction of the remaining Na(2) ions proved more
challenging, contributing to increased redox peak intensity [134].
Analogous to the examination of Na(2) ion reorganization, it was noted
that separation within Na(1) ions increased after the extraction of Na(2)
ions. The Na3Vj 95Zrg 05(PO4)2F3/C sample exhibited the smallest po-
tential difference, indicating minimal polarization. Fig. 16(f-i) presents
the GCD patterns of NagVy4Zrx(PO4)2F3/C samples at a rate of 0.2 C,
with observed specific capacities of approximately 120.4, 121.8, 121.5,
and 120.8 mAh g’l. Among these samples, the NagV; g95Zrg.05(PO4)2F3/
C sample demonstrated the highest specific capacity, with charge-
discharge curves revealing three distinct plateaus at approximately
3.4, 3.7 and 4.2 V, attributed to the V**/V3* redox peaks [135].
Consistent with CV analysis, the extraction and insertion of Na(2) ions
occurred sequentially, resulting in the manifestation of three distinct
working plateaus [136]. The observed voltage gap during the charging
and discharging processes of the NagVi.g5Zrg os5(PO4)2F3/C electrode
was minimal, indicating enhanced Na® transport relative to the other
samples [131].

Papadopoulou et al. [125] investigate Li, K, Mg, and Zn ion inter-
calation for the first time on the ZroCS; MXene monolayer surface,
leveraging the property that S terminations reduce the diffusion barrier
for the ions. The structures of Zr,CSy-Li, ZroCSe-K, and ZroCS,-Mg are
identical, with Zr,CS>-Zn being the only difference due to the ion's
location and the detachment of Zn from the surface of MXenes during
migration. In their assessment of Zr,CS; as a potential anode material for
ion batteries, they analyzed adsorption energy, diffusion barrier energy,
and open-circuit voltage for each ion. Their findings reveal that the K ion
exhibits the highest mobility and the lowest open circuit voltage (VOC),
suggesting that KIB offer faster charge/discharge rates and superior
energy density compared to LIB, MIB, and ZIB when using S-terminated
Zr-based materials as anode electrodes. The abundance and low cost of
K further make KIB a promising alternative to LIBs [125].

The transition states for each ion are illustrated in Fig. 17(a-d),
revealing that the migration pathways consistently occur at hollow sites
on the MXene's surface, avoiding underlying atoms. For Li, K, and Mg,
the migration pathway follows a Zr(2)-hollow-Zr(2) route, wherein the
ions initiate their movement above a bottom-layer Zr atom, transition to
a position above a void, and ultimately settle above a nearby bottom-
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layer Zr atom. In contrast, for the Zn ion, the initial position is over a
termination atom, leading to its detachment from the surface at the
transition state and residing in the vacuum without forming bonds with
surface terminations (S atoms). This behaviour can be attributed to the
exceedingly low adsorption energy of Zn. The relatively high energy
barrier (Epa,) associated with the Zn ion's transition to the vacuum,
surpassed only by the Li-ion scenario, reflects its lack of significant
movement across the surface of Zr.CS: MXene (Fig. 17(e)).

Notably, the K ion exhibits the lowest diffusion barrier despite its
stronger adsorption compared to Zn and its larger atomic mass relative
to Li and Mg (39.0983 amu vs. 6.941 amu and 24.305 amu, respec-
tively). This outcome aligns with predictions, as the average bond length
between K and S is greater than that of the other ions, suggesting that K
is more likely to break its bond with the termination atom and initiate
migration with reduced energy requirements. The relationship between
bond length and Ey,; is depicted in Fig. 17(e).

Another critical parameter for selecting an anode material is the
value of VOC. A negative VOC indicates that the ions do not adsorb onto
the MXene surface but rather aggregate into clusters, while a VOC of
zero signifies the maximum ion capacity of the material. For optimal
rapid charge and discharge rates, the VOC should remain below 1 eV to
minimize dendrite formation. Fig. 17(f) illustrates the VOC for each ion,
highlighting the performance potential of the investigated materials
[125].

Although KIBs, along with Na—ion technology, are emerging as cost-
effective alternatives to Li-ion systems due to the abundance and
affordability of K, challenges such as limited cycle life and thermal
stability persist. Recent studies indicate that Zr-based MXenes can serve
as high-performing anode materials for KIBs due to the presence of S
termination atoms, which help to reduce the diffusion barrier for K-ions.
DFT calculations show that S atoms in Zr,C MXene preferentially occupy
positions above carbon atoms in the surface layer, while Li, K, and Mg
ions tend to occupy sites above Zr atoms in the lower MXene layer. In
contrast, Zn ions are most stable when positioned directly above the S
terminations. Further, computational approaches, including DFT,
CASTEP, generalized gradient approximation (GGA), and BFGS algo-
rithms, have shown that Zr.CS: is metallic with a zero band gap,
providing excellent electronic conductivity [125]. Papadopoulou et al.
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[125] also suggest that K atoms create stronger hybrid states within the
MXene structure than Li ions, and they bond robustly to MXene surfaces.
These findings highlight that KIBs could achieve faster charge-discharge
rates and better energy density than some traditional battery chemis-
tries, such as Mg—ion and Zn—ion batteries [125,137-139].

4.4. Fire retardant

Zr-MXenes have emerged as a promising class of fire-retardant ma-
terials with significant potential in industrial applications. Their unique
properties have been highlighted by Liu et al. [93], who demonstrated
their effectiveness in enhancing fire resistance. However, achieving
effective fire resistance typically requires compromising other material
properties, such as mechanical strength or ductility. This challenge has
hindered the successful synthesis of thermoplastic polyurethane (TPU)
composites that combine both fire resistance and mechanical perfor-
mance. Fig. 18 illustrates a proposed mechanism where a P/Zr/Ti-rich
layer acts as a fire-retardant material, holding promise for a wide range
of industrial uses. TPU itself is a highly attractive material due to its
excellent mechanical properties, corrosion resistance, and self-
lubricating characteristics. Recent advances, such as in situ loading of
Zr amino tris(methylenephosphonate) (Zr AMP) onto the TiC surface,
have led to substantial improvements in TPU's performance, including a
dramatic increase in strain (2060 %), toughness (316 MJ m’3), a43.3%
increase in tensile strength, and enhanced fatigue resistance compared
to conventional TPU matrices. The fire-retardant effect of Zr-MXenes,
which includes physical barrier formation, catalytic carbonization, and
dilution of flammability, offers an effective strategy for reducing flam-
mability while maintaining material integrity, making it a promising
approach for industrial applications [93].

4.5. Energy harvesting

Energy-harvesting systems present a promising solution for power-
ing wearable electronic devices, addressing the challenge of ensuring
uninterrupted operation while minimizing reliance on external energy
sources and extending device longevity [140-142]. The development of
a clean and environmentally compatible power supply is essential,
especially since thermal energy and mechanical movements in the
human body serve as reliable and readily accessible energy sources.
Mechanical energy can be converted into electrical power through either
the piezoelectric or triboelectric effect. Nanogenerators represent a
novel, renewable, sustainable, and cost-effective approach to energy
harvesting, particularly for powering wireless gas sensors [143,144].
Among the various types of nanogenerators, triboelectric nano-
generators (TENGs) have emerged as highly efficient mechanical energy
harvesters due to their straightforward operation [145,146].

In a recent study, Rana et al. [147] developed a stretchy fabric-based
TENG coated with a Zr metal-organic framework (MOF) and a hybrid-
ized nanocomposite. Their work resulted in creating a multilayered
triboelectric nanogenerator (M-TENG) characterized by stretchability,
humidity resistance, and high performance, making it suitable for ap-
plications in autonomous biomotion and tactile sensing. The M-TENG
comprises a nanocomposite formed from Zr MOF-525 mixed with Eco-
flex, combined with a layer of Ecoflex coated with cobalt-nano porous
carbon (Co-NPC) and MXene. The performance of the TENG improved
fourfold due to the homogeneous porosity and efficient charge accu-
mulation provided by MOF-525. The Co-NPC features a porous archi-
tecture that enhances charge-trapping capabilities, while the MXene
nanosheets act as micro capacitors, facilitating ion transport within the
Ecoflex@Co-NPC@MZXene nanocomposite. This composite structure
enabled the effective collection of triboelectric charges from the charge-
generating layer, leading to a substantial increase in negative charge
buildup, quantified as a thirteenfold improvement in performance.

To further enhance performance, a 3D-printed microstructure was
employed to increase the contact area and improve humidity resistance.
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Additionally, the use of knitted materials provided flexible electrodes
due to their exceptional stretchability. The constructed M-TENG
exhibited remarkable performance characteristics, including a power
density of 25.7 W m™2, a sensitivity of 149 V KPa~!, humidity resistance,
and a stretchability of 245 %, surpassing those of previously reported
TENGs. The M-TENG's exceptional stretchability and sensitivity to me-
chanical stimuli have been demonstrated in various applications, such as
wearable biomotion monitoring at low frequencies, biomechanical en-
ergy harvesting, precise character recognition, and self-powered tactile
sensing. Real-time sensing capabilities were showcased using the Lab-
VIEW interface, enabling control of virtual-reality automobile games
through finger tracing. Thus, this study provides promising avenues for
developing wearable energy-harvesting devices, self-sustaining sensing
platforms, and interfaces that bridge humans and machines.

The findings from the M-TENGs also yielded positive results in tactile
sensing applications with inherent self-powering capabilities. For
instance, Fig. 19(a) illustrates the role of M-TENGs in a highly accurate
handwriting identification system, which utilizes a polyvinyl chloride
(PVQ) plastic pen as the writing instrument. The voltage signals gener-
ated by the M-TENGs exhibited distinct peak patterns and magnitudes,
influenced by the pressure applied by the pen tip. The voltages recorded
in response to specific letters (e.g., “A, B, C, D, E, F, and G”) or words (e.
g., “TENG” and “APPLE”) demonstrated consistency and reproducibility,
as shown in the insets of Fig. 19(b), (c), and (d).

Moreover, Fig. 19(e) highlights the tactile detection capabilities of
the M-TENG, indicating that voltage signals produced during finger
contact were readily identifiable. The peak voltages generated by three
fingers were approximately four times, twice, and 1.5 times greater than
those produced by one finger, two fingers, and knocking, respectively.
This behaviour suggests increased efficiency in the interaction area be-
tween the M-TENG and the human finger. Consequently, the M-TENG
has the potential to function as a self-sustaining tactile sensor with built-
in self-monitoring capabilities. The complex geometry and unique sur-
face characteristics of the M-TENG device present significant potential
for self-monitoring applications. To observe and analyze gripping ac-
tions, M-TENG was fabricated and wrapped around a paper cup, as
depicted in Fig. 19(f). This demonstration included two distinct gripping
techniques: one using a single finger and the other utilizing two fingers.
The voltage signals in Fig. 19(f) reveal a positive pulse voltage signal
when the paper cup is held and a negative pulse voltage pattern upon
release [147].

The incorporation of multiple touch points, such as two fingers
instead of one, significantly enhances the voltage impulse generated by
the M-TENG system, attributed to the increased surface area interaction.
This improvement highlights the potential of M-TENG for self-powered
sensor applications. Flexible, soft, and self-monitoring devices, such as
those enabled by M-TENG, are particularly promising in fields like
rehabilitation training and health monitoring. Neurological disorders,
including strokes, often lead to reduced grip strength, severely limiting
an individual's ability to perform daily tasks. Rehabilitation programs
targeting grip strength restoration have proven cost-effective and effi-
cient strategies for managing such conditions.

To address these challenges, a novel, flexible grip exerciser was
developed, utilizing output voltage signals to monitor rehabilitation
progress. This device exhibits excellent flexibility, compressing and
deforming during grip actions and rapidly returning to its original shape
upon release. Voltage signals generated through triboelectrification, in
both positive and negative directions, correspond directly to gripping
and releasing actions, as illustrated in Fig. 19(g). A clear positive cor-
relation was observed between applied grip strength and the resulting
output voltage, enabling the device to autonomously track grip strength
recovery. Furthermore, converting the tactile sensor's output signal into
visual data enhances its viability and usability. A tactile sensor array was
evaluated for real-time analysis, comprising a pressure monitoring sys-
tem with a contact sensor array, a data acquisition device, and a
LabVIEW-based processing program, as shown in Fig. 19(h). Changes in
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exfoliation of ZrC NSs in water, (b) TEM, and (c) HRTEM images (inset displaying the corresponding SAED pattern) of ZrC NSs, (d) Atomic force microscopy image

depicting the ZrC NSs. Reproduced with permission from [158].

touchpoint colour (Fig. 19(i)) allowed for precise identification of con-
tact areas, and touch action trajectories could be effectively recorded.
The rapid advancements in virtual reality (VR) technology have
further expanded potential applications of M-TENG systems into areas
such as immersive gaming and interactive engagement. A 2D VR game
was experimentally demonstrated to validate the efficacy of the
M-TENG array and its control interface. The real-time control system,
depicted schematically in Fig. 19(j), comprises sensors, signal-
processing circuitry, and a microcontroller unit (MCU) [147]. The
MCU, integrated with a wireless transmitter module communicates with
a personal computer running virtual gaming software. Upon activation
of a touch sensor, signals are processed by the signal processing unit
(SPU), which eliminates irrelevant noise. The MCU then transmits the
processed signal wirelessly to the computer via Bluetooth, facilitating
control in VR applications. Pre-set finger configurations enable intuitive
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control over functions like steering and speed adjustment in a VR-based
driving game [147]. This research highlights the potential to enhance
triboelectric performance and introduces a groundbreaking design for
multi-functional, self-powered wearable sensors. These innovations
pave the way for advancements in human-machine interactions, bio-
motion energy capture, and versatile sensing technologies.

4.6. Anti-corrosive coatings

Developing durable, high-performance anti-corrosive coatings is
essential for applications, including steel structures, marine vessels,
machinery, and power facilities [148]. Recent advances have explored
various nanomaterials for this purpose, each with unique benefits and
challenges. Among these, 2D materials, particularly zirconium phos-
phate (ZrP) and graphene oxide-zirconium dioxide (GO-ZrO;), have
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shown significant promise. The incorporation of graphene oxide (GO)
with nanoparticles has been found to improve structural integrity and
enhance corrosion resistance [7,149]. For instance, GO-ZrO5 hybrids
synthesized using silane coupling agents and dispersed in polymer
matrices demonstrated exceptional chemical, wear, and corrosion
resistance [150]. Studies further highlighted the performance of
GO-ZrOy epoxy hybrid coatings, which maintained low capacitance
between the metal surface and electrolytes (e.g., 3.5 % NaCl) even after
prolonged immersion, showcasing their durability and efficacy
[151,152].

Similarly, MXene-based composites have emerged as effective ma-
terials for advanced coatings. For instance, He et al. [116] synthesized
MXene-ZrP@PDA composite by functionalizing a heterojunction
comprising MXene and exfoliated a-ZrP with polydopamine (MZP). This
composite was incorporated into a waterborne epoxy (WEP) coating to
create the MZP/WEP system. Results revealed a significant enhance-
ment in anticorrosion properties, with the corrosion rate of MZP/WEP
(1.70 x 10~* mpy) reduced by an order of magnitude compared to the
baseline WEP coating (1.28 x 10~2 mpy). Additionally, the average

coefficient of friction (COF) of MZP/WEP showed an impressive
reduction of 82.06 % relative to the blank WEP coating. These findings
underscore the efficacy of MXene-ZrP@PDA in improving the anticor-
rosion and anti-wear characteristics of WEP coatings, providing prom-
ising avenues for metal preservation [153]. These results highlight the
potential of ZrOs-based nanocomposites as robust materials for
advanced anticorrosive applications.

4.7. Bio-medical

Extensive research into Zr-based MXenes, particularly ZrC, shows
great promise in addressing critical challenges in biomedical applica-
tions, including cancer treatment [154]. Despite advances in chemo-
therapy, radiation therapy, and surgery, these conventional methods
often face limitations such as systemic toxicity, low bioavailability,
tumour angiogenesis, poor tissue penetration, and complications like
inflammation induced by treatment. These challenges contribute to
suboptimal success rates and patient survival [155]. While advances in
nanomedicine aim to improve treatment efficacy, the translation of
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research findings into clinical trials has often been challenging, with
many studies failing to progress to this stage.

Recent studies have demonstrated the remarkable bio-photonic
properties of ZrC MXenes, which can be engineered into nanosheets
for advanced photothermal therapy (PTT)-based photosensing. For
example, researchers developed an anticancer prodrug using SN38 and
niflumic acid (Nif), showcasing ZrC's potential in cancer treatment
through precision nanomedicine approaches. Mouse model studies
validated the efficacy of ZrC nanosheets in achieving targeted drug de-
livery and precise tumour ablation, positioning ZrC as a promising
candidate for precision oncology. PTT, in particular, stands out for its
noninvasiveness, minimal collateral damage to healthy tissues, and
potent anticancer activity. Atomic properties of Zr, including its thermo-
plasmonic effects, high oxidation state, superior charge density, bond
polarization, and carboxylate O-atom affinity, contribute to its excep-
tional drug-loading capacity and reduced toxicity. Particularly, ZrC
achieves an impressive photothermal conversion rate of 62.1 % under
1064 nm irradiation and can load drugs at an ultrahigh capacity of
approximately 800 %. This high efficiency enables its effective appli-
cation in photothermal and photodynamic therapy (PDT) [156,157].

Liu et al. [158] explored the role of 2D ZrC in prodrug delivery,
demonstrating that 2D ZrC can accumulate in tumour tissue and release
prodrugs via photo-hyperthermia, converting them into the active
agents SN38 and Nif. This process enhances the bioavailability of SN38
and modulates the tumour microenvironment, thereby reducing
inflammation induced by chemotherapy or hyperthermia [159,160].
The study also investigated the potential of ultra-thin 2D ZrC nanosheets
as candidates for cancer treatment, employing a combination of near-
infrared II (NIR-II) PDT and a photo-controlled drug delivery platform.
The ZrC@prodrug formulation benefits from enhanced permeability and
retention (EPR) properties, leading to effective accumulation in tumour
tissues. The release of prodrugs is triggered by photo-hyperthermia
induced by ZrC, facilitated by carboxylesterase—an enzyme typically
upregulated in cancer cells (Fig. 20(a)). Additionally, ZrC promotes se-
lective accumulation of prodrugs, further enhancing SN38 bioavail-
ability. The COX-2 inhibitor Nif effectively suppresses tumour
angiogenesis by targeting the COX-2/PGE2/VEGF signaling pathway.

The ZrC@prodrug formulation effectively regulates the tumor
microenvironment (TME) and alleviates inflammation induced by
chemotherapy and hyperthermia, thus fostering a more favorable
environment for treatment. Notably, both ZrC and the prodrug demon-
strate minimal toxicity. The synergistic combination of photothermal
therapy and chemotherapy resulted in successful in vivo tumor ablation
across various xenograft models, highlighting the efficacy of ZrC@pro-
drug biophotonic nanoplatforms in inhibiting tumor progression, pre-
venting recurrence, and reducing metastasis [158].

In the synthesis of ZrC nanosheets (ZrC NSs), Liu et al. [158]
employed a liquid-phase exfoliation technique, as illustrated in Fig. 20
(a). The stoichiometric ratio of ZrC nanosheets was determined via EDS.
Further, TEM images (Fig. 20(b)) confirmed the ultrathin nature of ZrC
NSs, showing a lateral dimension ranging from approximately 50 to 200
nm. HRTEM and SAED analyses (Fig. 20(c)) revealed lattice fringes with
an interplanar spacing of 0.22 nm, corresponding to the (200) crystal-
lographic planes of ZrC. The fast Fourier transform (FFT) of the crystal
lattice exhibited expected reflections consistent with the Fm3m space
group. Atomic force microscopy (Fig. 20(d)) further confirmed the
thickness of ZrC nanosheets, ranging from 1.1 to 1.4 nm, indicative of
single or double-layer structures.

Raman spectra for both bulk ZrC and ZrC NSs (Fig. 21(a)) and XPS
analyses (Fig. 21(b)) confirmed the chemical composition of the mate-
rials. XRD patterns (Fig. 21(c)) exhibited similar reflection peaks for
bulk ZrC and exfoliated ZrC NSs, attributable to the FCC structure of ZrC.
XPS investigations (Fig. 21(d)) assessed the binding affinity of the pro-
drug to ZrC NSs, with magnified areas (Fig. 21(e)) revealing prominent
peaks at 399 eV and 688 eV corresponding to N1s and Fls orbitals,
respectively, after prodrug loading. Moreover, FTIR spectra (Fig. 21(f))
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indicated peaks at 1627 cm ™! and 2920 cm ™!, associated with C=0 and
NH stretching vibrations of the prodrug. Scanning transmission electron
microscopy (STEM) combined with EDS mapping (Fig. 21(g)) confirmed
the co-localization of Zr, C, F, and N elements in ZrC@prodrug, vali-
dating effective prodrug deposition.

In addition to this, Zr dioxide nanoparticles (ZrO, NPs) have signif-
icant implications in medicine and pharmacy due to their dependable
therapeutic biomedical applications. These applications include their
use as anticancer, antibacterial, and antioxidant agents, as well as in
tissue engineering. A review by Bannunah et al. [161] explores various
synthesis methods for ZrO; NPs and their broad medical and biological
applications. ZrOy is recognized for its mechanical strength, biocom-
patibility, and chemical stability, making it a promising candidate in
biomimetic scaffolds. ZrOa NPs exhibit significant anticancer activity
against various cancer cell types, demonstrate antibacterial properties
against multiple bacterial strains, and showcase exceptional antioxidant
capabilities. Furthermore, ZrO, nanocomposites have notable bio-
sensing potential, particularly in detecting glucose and other biological
entities with high sensitivity.

4.8. Water treatment

Phosphorus (P) is essential for cellular functions across all living
organisms [162]. However, excess P in aquatic systems can severely
impact these ecosystems, leading to hypoxia or anoxia, reduced phyto-
plankton diversity, and higher water treatment costs due to toxic
microcystin production from algal blooms [163]. Consequently, regu-
latory bodies have imposed strict P limits; for instance, the U.S. Envi-
ronmental Protection Agency (USEPA) mandates a maximum
concentration of 25 parts per billion (ppb) of total P in surface waters to
mitigate eutrophication in lakes and reservoirs [164].

To address this issue, Song et al. [89] developed sodium alginate (SA)
beads embedded with a TisC2—based MXene, forming MX-ZrSA beads.
These beads were optimized for phosphate adsorption through batch
experiments, with the MXene enhancing the physical properties of the
SA beads and providing active chemisorption sites. Kinetic and isotherm
models confirmed improved adsorption, and control ZrSA beads without
MXene were also tested. Regeneration and ion leaching studies
demonstrated the beads' reusability, phosphate recovery potential, and
environmental safety. Phosphate removal efficiency was further vali-
dated in a real-world water sample using a continuous-flow anaerobic-
anoxic-oxic (AAO) reactor.

Fig. 22(a) illustrates the fabrication process of the TisC>-MXene
embedded Zr—crosslinked SA (MX-ZrSA) beads, followed by an evalua-
tion of their phosphate adsorption under various conditions. Fig. 22(b)
shows the morphology of the MX-ZrSA beads, which have a smooth
surface and black colour, with a droplet-like shape and dimensions be-
tween 3 and 4 mm. The accordion-like structure of the TizCo—based
MXene formed during the in-situ etching process is depicted in Fig. 22
(c). SEM-EDS analysis (Fig. 22(d)) reveals that the beads consist of five
elements: C, O, Zr, F, and Ti, with no detectable Al from the MAX phase
due to its complete removal during etching. Cross-sectional images of
the beads at magnifications of 5000x (Fig. 22(e-f)) and 10,000x
(Fig. 22(g-h)) show differences in the inner structure. The ZrSA beads,
without MXene, exhibit a denser inner structure, likely due to their
lower mechanical resilience. In contrast, the MXene flakes in MX-ZrSA
beads are uniformly dispersed and interconnected, forming an unse-
cured network-like architecture that supports the bead's structural
integrity. This configuration enhances the adsorption capacity of the
beads by providing more contact sites for phosphate adsorption.

Fig. 22(i) illustrates the proposed mechanism of phosphate adsorp-
tion by MX-ZrSA beads, where chemical adsorption occurs through the
formation of Zr-O-P and Ti—O-P complexes. The presence of -OH, -O,
and -F groups improves the hydrophilicity of the beads, facilitating
better interaction and hydrogen bonding with phosphate in aqueous
solutions. The adsorption capacity of MX-ZrSA beads was evaluated
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using secondary wastewater effluent and lake water samples (Fig. 22(j)),
with initial phosphate concentrations of 0.87 mg L™! and 0.43 mg L},
respectively. After adsorption, phosphate concentrations decreased to
0.15 mg L' and 0.00 mg L2, respectively.

The AAO system, commonly used for biological phosphate removal
in wastewater treatment, is cost-effective but sometimes limited by
unfavourable conditions that affect bioactivity. As demonstrated by MX-
ZrSA beads, the adsorption method offers an effective, cost-efficient
alternative that generates no chemical sludge, unlike traditional chem-
ical methods. In laboratory-scale AAO reactor tests (Fig. 22(k)), MX-
ZrSA beads were used as a filler material in the outflow pipe of a sedi-
mentation tank, leading to a reduction in phosphate concentration from
0.77 mg L ™! (above the 0.5 mg L™! limit set by GB 18918-2002) to 0.27
mg L1 after 12 days of operation.

Reusability, a key factor for practical application, was evaluated
using a 0.1 M NaOH regeneration solution (Fig. 22(1)). The MX-ZrSA
beads maintained 97.5 % and 98.5 % of their original adsorption ca-
pacity after the first two regeneration cycles. Metal ion and F ion
leaching were assessed, with minimal concentrations of Ti ions (0.0016
mg L) and F- ions (0.2400 mg L~1) detected after 1440 min, indicating
minimal environmental risk from ion leaching (Fig. 22(m)) [89].

5. Challenges and future perspectives

The development of non-Ti-based MXenes, particularly Zr-based
MXenes, represents an exciting frontier in 2D layered materials research
due to their unique structural and chemical properties, offering potential
for diverse applications. However, integrating Zr-based MXenes into
practical applications remains challenging. As summarized in Fig. 23,
key obstacles include safety risks associated with hazardous chemicals in
traditional synthesis methods, limited colloidal stability in physiological
environments, and difficulties in scaling up production processes.

Although several Zr MAX phases have been theoretically predicted,
only a few have been synthesized experimentally [165], highlighting a
need for both empirical and computational studies to fully explore the
capabilities of Zr-based MXenes. Such studies are essential to advance
applications in catalysis, energy storage, and biomedicine. Currently,
the field is nascent, with most research focused on theoretical modeling
rather than experimentally validated, scalable synthesis methods. The
high cost and limited availability of precursor materials also complicate
efforts to synthesize Zr-based MAX phases practically. Further research
is required to overcome these obstacles and to develop hybrid or het-
erostructures involving Zr-based MXenes, which could enhance their
functionality for specific applications. To integrate Zr-based MXenes
into real-world applications, addressing the issues related to the haz-
ardous chemicals involved in synthesis, inadequate colloidal stability in
physiological conditions, and scalability for industrial production is
crucial [166].

Furthermore, as interest in Zr-based MXenes grows, establishing
sustainable disposal and recycling methods will be essential to mitigate
their environmental impact. This includes developing recycling pro-
cesses and safe degradation methods to minimize ecological risks.
Research into the environmental impact of MXenes, such as the effects of
degradation products and potential long-term implications for
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ecosystems, is still in preliminary stages and requires further study
[167]. Implementing a circular economy model for Zr-based MXenes,
focusing on recycling and resource recovery, could help reduce their
environmental footprint. Future developments should prioritize
improving material performance while minimizing ecological impacts,
supporting the broader and more sustainable use of MXenes across
various industries [168].

6. Conclusions

This review provides a comprehensive update on recent advance-
ments in Zr and Zr-based MXene materials, emphasizing their distinc-
tive properties and growing applicability across various domains.
Emerging research indicates that Zr-MXene composites, including both
Zr-based MXenes and their parent MAX phases, exhibit remarkable
structural, electronic, optical, thermoelectric, and electrochemical
properties, positioning them as highly promising materials for diverse
technological applications. These materials have demonstrated effec-
tiveness in fields such as optoelectronics, photonics, energy storage (e.g.,
Li- and Na-ion batteries), and anticorrosive coatings. Additionally,
biomedical applications like targeted cancer therapy and biosensing
benefit from their biocompatibility and functional versatility. The
unique adaptability, stability, and performance of Zr-based MXenes in
harsh environments highlight their transformative potential. This re-
view aims to inspire continued exploration and innovative applications
of Zr-MXenes, particularly toward sustainable and high-performance
solutions in advanced material science.
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