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Abstract

The rapid development of high-performing energy storage technologies has increased the
search for 2D electrode materials with tunable electronic structures, abundant electroac-
tive sites, and rapid ion transportation. Although Ti-based MXenes have been extensively
investigated, non-Ti MXenes offer a broader compositional space and distinctive physi-
cochemical properties, yet their supercapacitor applications remain comparatively under-
explored. In this review, we critically examine the emerging field of doped non-Ti
MXenes for advanced supercapacitor applications, including Mo-, V-, Nb-, Cr-, W-, Zr-
, Hf-, Ta-, Sc-, and Y-based systems. In this review, we establish the structural, chemical,
and electrochemical characteristics of non-Ti MXenes and subsequently discuss M-, X-,
and T-site doping, substitution, and multielement engineering strategies. We have dis-
cussed how heteroatom doping regulates electronic structure, charge distribution, defect
chemistry, interlayer spacing, surface chemistry, and ion—accessible active sites. These
modifications are correlated with their influence on electrochemical kinetics, capacitance,
rate capability, and cyclic stability. Finally, computational and data-driven approaches,
critical benchmarking, and critical challenges are integrated to establish structure—dop-
ing-mechanism—performance relationships and design principles for next-generation
doped non-Ti MXene electrodes for supercapacitors.

Keywords: heteroatom doping; doped non-Ti MXenes; electronic structure; defect chem-
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1. Introduction
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they can deliver high power density, rapid charge—discharge, and excellent cyclic stability
[1,2]. Their relatively low energy density, however, remains a major limitation. The devel-

opment of electrode materials with high electrical conductivity, accessible active sites, short
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ion—transportation pathways, and reversible redox activity is therefore important for im-

proving their overall performance [3,4].
This article is an open access article

s Two-dimensional (2D) materials have received considerable attention as supercapaci-
distributed under the terms and

conditions of the Creative Commons  TOT €lectrodes because their thin structures provide large exposed surfaces and short path-

Attribution (CC BY) license. ways for electron and ion transport [5-7]. MXenes have emerged as an especially important
class of 2D materials since the discovery of TisCz in 2011 [8]. MXenes are transition—metal
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carbides, nitrides, and carbonitrides generally represented by M1 X«Tx, where M is an early
transition metal (groups 3 to 6 elements), X is C and/or N, Tx represents surface terminations
such as -O, -OH, -F, and —Cl, and n = 14 [9]. They are commonly obtained by selective
etching of the A layer from MAX-phase precursors followed by delamination [10]. The com-
bination of high electrical conductivity, hydrophilic surfaces, tunable surface chemistry, and
layered structures makes MXenes promising for supercapacitors [11]. Their charge storage
can involve both electric double-layer and pseudocapacitive processes, depending on the
MXene composition, surface terminations, electrolyte, and electrode structure [12]. How-
ever, pristine MXenes suffer from several limitations, including nanosheet restacking, re-
stricted ion accessibility, surface oxidation, limited electroactive sites, and insufficient con-
trol over their electronic structures [13]. These limitations have motivated strategies such as
interlayer engineering, defect creation, surface functionalization, heterostructure formation,
and elemental doping [14].

Most MXene studies have focused on Ti-based materials, particularly TisC2Tx [15,16].
Although these materials have provided important advances, the strong emphasis on Ti has
left much of the broader MXene compositional space unexplored. Non-Ti MXenes based on
Mo, V, Nb, Cr, W, Zr, Hf, Ta, Sc, and Y provide different electronic structures, bonding en-
vironments, redox properties, and surface chemistries [17]. The experimentally investigated
systems are dominated by V-, Mo-, and Nb-based MXenes, whereas Cr-, Ta-, Hf-, Sc-, Y-,
W-, and Zr-based systems remain less developed and are often supported mainly by theo-
retical studies [17]. The broader chemical diversity of these materials provides an oppor-
tunity to design MXene electrodes beyond the conventional Ti-based platform. The review
summarizes the progression of doped non-Ti MXenes, highlighting the development of di-
verse compositions, M-, X-, and T-site engineering strategies, doping-induced structure-
property modulation, electrochemical improvements, and emerging applications. The prop-
erties of non-Ti MXenes can be further modified through doping, substitution, and surface
engineering [17-19]. Doping can alter the local atomic environment and influence electronic
structure, charge distribution, lattice distortion, defects, surface chemistry, and interlayer
spacing. The available strategies can broadly be divided into lattice substitution, functional
substitution, and surface adsorption. Doping can also be introduced through in-situ and ex-
situ approaches. In-situ strategies introduce the dopant during MAX-phase formation,
whereas ex-situ methods modify the MXene after its synthesis [17,20,21]. The choice of ap-
proach determines the location and distribution of the dopant and therefore has a strong
influence on the resulting properties.

A Kkey issue is the distinction between doping and substitution. The terms are often
used interchangeably even though they can describe different compositional regimes and
structural effects. The experimental M-site doping remains difficult, while X- and T-site
modifications are considerably less explored [22]. These limitations are particularly relevant
because most theoretical studies have focused on metal substitution at the M site, whereas
experimental verification remains limited [17]. Thus, establishing reliable synthesis methods
and accurately determining dopant concentration, location, bonding, and distribution are
essential steps toward understanding doped non-Ti MXenes. Doping is particularly attrac-
tive for supercapacitor applications because small changes in composition can strongly in-
fluence charge-storage behavior. Depending on their incorporation site and chemical state,
heteroatom modification can alter surface termination, electronic structure, defect chemistry,
ion accessibility and in case of lattice incorporation, the local structure and interlayer envi-
ronment [23]. These changes can improve electrolyte accessibility, ion diffusion, charge-
transfer kinetics, and pseudocapacitive reactions. Therefore, the performance of a doped
MXene cannot be understood only from its chemical composition; it must be related to the
interaction among dopant, host structure, surface termination, electrolyte, and charge-stor-
age mechanism. DFT calculations can identify favorable dopant sites, formation energies,
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electronic structures, and ion-adsorption behavior, but many theoretically predicted doped
non-Ti MXenes have not yet been experimentally realized [17,24]. Experimental studies also
need better control over dopant concentration and spatial distribution.

Despite rapid progress, a focused analysis of doped non-Ti MXenes specifically for su-
percapacitors is still needed. Existing reviews have mainly addressed non-Ti MXenes across
broad applications or doped MXenes without restricting the discussion to non-Ti systems.
The present review therefore follows a structure—property—mechanism approach. First, the
structural, chemical, electronic, and electrochemical characteristics of non-Ti MXenes are in-
troduced. Next, M-, X-, and T-site doping, together with in situ, ex situ, substitutional, and
surface-engineering strategies, are discussed. The effects of doping on electronic structure,
defects, interlayer spacing, surface chemistry, and ion—accessible active sites are then corre-
lated with electrochemical kinetics, capacitance, rate capability, energy/power density, and
cyclic stability for supercapacitor applications. Finally, unresolved challenges and future de-
sign principles are considered. This framework aims to establish clearer structure-doping—
mechanism—performance relationships and provide practical guidance for designing next-
generation doped non-Ti MXene electrodes for high-performance supercapacitors. The over-
view of this review article is schematically shown in Figure 1.
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Figure 1. Schematic illustration of the overview for this review article.

2. Fundamentals of Different Non-Ti MXenes

MXenes are a substantially larger class of two-dimensional transition-metal carbides,
nitrides, and carbonitrides that have developed from a mostly Ti-based family. Their overall
composition, Mn1XnTx, provides significant options for electrochemical control by enabling
independent manipulation of the transition-metal (M), carbon/nitrogen sublattice (X) and
surface terminations (Tx) [17,22,25,26]. This composition flexibility is especially important
for the current review because doped non-Ti MXenes provide a logical solution to the draw-
backs of pristine electrodes, such as restacking, restricted accessible active sites, slow ion
transport, and inadequate pseudocapacitive contribution. The most experimentally devel-
oped non-Ti systems, according to recent reviews, are Mo-, V- and Nb-based MXenes. Be-
sides, Cr-, W-, Zr-, Hf-, Ta-, Sc- and Y-based MXenes remain less explored, with several of
their features still being mainly supported by theoretical calculations. The various elements
of the MAX phases, crystal structure and synthesis of MXenes are shown in Figure 2
[17,22,27-29].
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Figure 2. MXene structures, synthesis techniques, and uses are depicted in the scheme. Reprinted
from ref. [27].

2.1. Different Non-Ti MXenes

Non-Ti MXenes have attracted increasing attention as a promising class of 2D nano-
materials. Although a lot of research has been done on Ti-based MXenes, investigating
MXenes with other transition metals may lead to materials with unique and possibly better
qualities. Research on non-Ti MXenes is therefore crucial from both a fundamental and an
application-focused standpoint. The special mix of features of non-Ti MXenes is one of the
most significant reasons for investigating them. These materials can have remarkable me-
chanical strength, thermal stability, high electrical conductivity, and intriguing electrochem-
ical and surface properties, depending on their chemical makeup and structure. These fea-
tures make them appealing for creating cutting-edge functional materials and offer chances
to find qualities that might not be possible with traditional Ti-based MXenes. Their wide
range of potential uses is another significant feature. Among other uses, non-Ti MXenes are
being investigated for energy conversion and storage, catalysis, sensing, electromagnetic in-
terference (EMI) shielding, coatings, and structural materials. Researchers can alter their
characteristics for certain uses owing to their 2D structure and customizable chemistry. Thus,
new materials and technologies with applications in energy, electronics, environmental pro-
tection, and other industries may be developed as a result of ongoing research.

Another key objective for researching non-Ti MXenes is sustainability. Relatively
abundant elements and possibly more ecologically friendly material sources could be
used to create some non-Ti systems. The creation of substitute materials that can lessen
the dependency on particular elements is becoming more and more important as chal-
lenges about resource scarcity, environmental effects, and sustainable production con-
tinue to rise. Non-Ti MXenes may also provide important technological and financial ad-
vantages. Improved energy-storage devices, more effective catalysts, sensitive sensors, so-
phisticated protective coatings, and lightweight functional materials could all benefit from
advancements in these materials. These advancements may foster new technologies and
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open up new opportunities for the energy, electronics, transportation, and environmental
sectors. At the outset, non-Ti MXenes merit significant scientific study due to their varied
characteristics, wide range of prospective applications, sustainability opportunities, and
potential technical and economic effects. However, elements including composition, sur-
face chemistry, structure, defects, synthesis conditions, and functionalization have a sig-
nificant impact on the characteristics and functionality of these materials. For the purpose
of creating materials with better performance and customizing them for particular uses, it
is crucial to comprehend how these parameters regulate how these parameters regulate
the characteristics of non-Ti MXenes. The main elements that affect the characteristics and
uses of non-Ti MXene nanomaterials are covered in the sections that follow.

2.1.1. Mo-Based MXenes

Particularly, Mo:CTx have garnered significant attention among the non-Ti family
due to their excellent electrical conductivity, tunable electronic structure, and very strong
oxidative resistance. Conventional and fluoride-free etching techniques have been used
to generate Mo2CTx from Mo2Ga2C, while bottom-up methods have also been explored, as
shown in Figure 3a [23,28-31]. While emphasizing the fact that surface chemistry and syn-
thesis quality have a significant impact on Mo:C electrochemical performance, recent re-
search on the material further validates its promise as a pseudocapacitive electrode [32].

(a)

+ New MAX and MAB phases as precursors
+ Top-down and bottom-up synthesis
« Non-HF conversion of MAX and MAB to MXene

« Surface terminations
Functionalization - Double transition and multiple-metal MXene
« Expenmental synthesis of non-Ti MXene

« Carbon or metal-based material derived from MXene
Derivation . Mxenes with and
* MXenes in hybrid composites

Variety of applications

Figure 3. (a) Non-Ti MXenes for energy conversion and storage applications and (b) Review focus on
non-Ti MXenes current and future directions. (a) Reprinted from ref. [28] and (b) Reprinted from ref. [27].
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2.1.2. V-Based MXenes

Vanadium can access numerous oxidation states, which makes V2CTx and ViCsTx very
appealing for supercapacitors. In addition to MXenes high conductivity and ion-accessible
layered structure, this offers intrinsic redox activity [29,33,34]. One of the first non-Ti MXenes
to show good supercapacitor performance was V2C, which reached a specific capacitance of
487 F/g in 1 M H250s, along with 225 and 184 F/g specific capacitances in MgSOs and KOH,
respectively [34]. The electrolyte also influences the dominant charge-storage mechanism. V2C
exhibited higher capacitance in acidic H2SO4 than in MgSOs or KOH, reflecting the strong de-
pendence of proton-mediated redox reactions and ion intercalation. Therefore, capacitance
values obtained in different electrolytes should not be directly compared without considering
the electrolyte-dependent potential window and charge-storage mechanism. Delamination
significantly expands the accessible interlayer space, which makes ViCsTx equally appealing.
For instance, after 40,000 cycles, a delaminated V4CsTx film maintained 93.1% of its initial ca-
pacitance and delivered the maximum specific capacitance of 292 F/g [35].

2.1.3. Nb-Based MXenes

Nb2CTx and Nb4CsTx, in particular, combine excellent ion accessibility. A large number
of surface sites and strong electronic conductivity. More recent research has concentrated on
their supercapacitor characteristics [36,37]. Ni inclusion in Nb2C boosted the capacitance to
666.67 F/g, which is significant. This rise was attributed to extra electrochemically active sites
and a change in the electronic density of states [38]. Similarly, adding CosOs between Nb2C
layers shortens ion and electron transport channels and suppresses restacking, showing how
structural and compositional engineering can improve a non-Ti MXene electrode’s perfor-
mance [37].

2.1.4. Cr-, W-, Zr-, Hf-, Ta-, Sc- and Y-Based MXenes

The other non-Ti MXenes like Cr-, W-, Zr-, Hf-, Ta-, Sc-, and Y-based MXenes are signif-
icant because they broaden the chemical as well as electrical design space. While W-based
materials benefit from the electronic structure of a heavy 5d transition metal, Cr-containing
MXenes show peculiar electrical and magnetic properties. While TasCsTx has already been
shown to function as an electrochemical electrode in experiments, Zr- and Hf-based MXenes
are projected to exhibit favorable stability and tunable electronic characteristics [17,22,27-29].
In early experiments, Ta«Cs demonstrated quantifiable supercapacitor activity, demonstrating
that heavy-metal MXenes can also take part in electrochemical charge storage [39]. Sc2C, ZrC
and Y-containing structures have been theoretically investigated for energy-storage applica-
tions. Sc- and Y-based systems are still far less explored, as shown in Figure 3b [27,29].

The experimental synthesis of non-Ti MXenes depends on several factors, rather than on
the stability of the final MXene structure alone. One of the key factors is the strength of the M-
A bond in the MAX precursor; the A-layer must be removed selectively without damaging
the M-X framework. The stability and availability of suitable MAX precursors also play an
important role in determining whether a particular MXene can be prepared experimentally.
In addition, the choice of etchant is critical because insufficient selectivity may lead to incom-
plete A-layer removal or structural degradation. These factors determine the study of V-, Nb-,
and Mo-based MXenes is more extensive, with established experimental routes and charac-
terization data. In contrast, Sc- and Y-based systems remain comparatively less explored,
partly because their precursor chemistry and selective etching conditions are less well estab-
lished. Therefore, the limited experimental reports for these systems are not reported as evi-
dence of inferior properties, but rather as an indication that their synthesis and characteriza-
tion require more investigations.
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2.2. Structural Characteristics

Strongly bound M-X layers are divided by an interlayer area with surface terminations,
and depending on processing, water, electrolyte ions, or other species make up the basic struc-
ture of a non-Ti MXene. When the A element is selectively removed from MAX-type precur-
sors, a conductive Mn+1Xn sheet with exposed transition-metal atoms at the surface is typically
left behind [17,22,25]. The identity of M, the M:X ratio, flaws, layer thickness, and surface ter-
mination all have a significant impact on the final structure. The electronic structure, work
function, wettability, ion adsorption and interlayer spacing can all be significantly altered by
-O, -OH, -F and -CI groups [17,26,40]. After doping, this structural tunability becomes even
more crucial. Dopants can locally deform the lattice, redistribute charge, alter the density of
states, and produce more electrochemically active centers. They can occupy M, X, vacancy or
surface sites [19]. Maintaining the distinction between substitution and doping is particularly
important since significant parent element replacement and low-level dopant inclusion can
result in quite different structure-property correlations [17]. Doping can simultaneously in-
crease conductivity, reveal active sites, control interlayer spacing, and promote electrolyte
penetration. Here, dopants generate defects and expand the interlayer spacing. These effects
create a possible consequence of lattice incorporation or structural modification, rather than a
general effect of surface termination change.

2.3. Charge-Storage Mechanisms in Non-Ti MXenes

The charge-storage behaviour of non-Ti MXenes is best understood as a combination of
electric-double-layer capacitance (EDLC), surface pseudocapacitance and interlayer ion-stor-
age processes, rather than a single mechanism [22,25,41-43]. Rapid electron transport is made
possible by the conductive M-X framework, and electrostatic ion adsorption is made easier by
the broad accessible surface. Non-Ti MXenes have a substantial pseudocapacitive contribution
due to the rapid reversible redox processes that surface transition-metal atoms and functional
groups might experience. In V-based MXenes, pseudocapacitance plays a particularly signifi-
cant role. Reversible surface redox reactions are made possible by V’s numerous oxidation
states, and ion transport is made easier by the comparatively high interlayer spacing. Research
on ViCsTx has demonstrated that ion intercalation and deintercalation take place without cat-
astrophically disrupting the layered structure and that the charge-storage process is primarily
surface-controlled [29,35]. The pseudocapacitive reaction of V4CsTx is significantly influenced
by H* intercalation/deintercalation [44]. Nitrogen treatment provides an instructive example
of how doping changes this behavior: N-doped ViCsTx attained 210 F/g, which is higher than
the undoped material. This suggests that regulated heteroatom inclusion can enhance the
charge-transfer kinetics and electrochemically accessible surface [45].

Charge storage in Mo- and Nb-based MXenes reflects the interplay between ion adsorp-
tion/intercalation and surface redox chemistry. Both Mo2C and V2C have large quantum ca-
pacitance, according to recent theoretical research, emphasizing the significance of their elec-
tronic density of states in dictating the electrochemical response [46]. Ion-surface interactions
and the electronic structure can then be changed by surface functionalization and doping.
Metal doping has been shown experimentally to alter the density of states in Nb2C can directly
result in increased capacitance [38]. When the sheets restack, even an intrinsically conductive
MXene may lose accessible surface area. The interlayer galleries can be maintained through
pillaring, delamination, heterostructure creation, and heteroatom inclusion. Recent
ViCsTx/MoOs heterostructures have shown that the designed interface improved pseudo-
capacitive storage and cyclic stability [47]. More recently, TasCsTx pillared with N-doped gra-
phene quantum dots showed a seven-fold improvement in capacitance when compared to
pure TasCsTx, demonstrating the powerful impact of interlayer engineering on a heavy-metal
MXene [48]. Therefore, the main benefit of supercapacitors goes beyond just their large surface
area. The combination of metallic conductivity, ion adsorption, accessible surface redox
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chemistry, and quick interlayer transport is the strength. By altering the electrical structure
and generating new active sites without necessarily destroying the original 2D framework,
doping gives an additional degree of control, as shown in Figure 4a—d [28]. Doped Cr-, W-,
Zr-, Hf-, Sc- and Y-based systems constitute an expanding research area, whereas doped Mo-,
V-, Nb- and Ta-based MXenes are particularly promising. However, recent reviews highlight
the fact that many of these latter compositions are still primarily theoretical and that issues
with controlled termination, scalable synthesis, air stability and reproducible M-site doping
still need to be addressed [17,22,27-29]. Charge storage in non-Ti MXenes involves a combi-
nation of EDLC, surface pseudocapacitance and interlayer ion storage, with their relative con-
tributions depending on composition and surface chemistry. Their kinetics can be evaluated
using: i = aV®, where b approaching 1 indicates surface-controlled behavior, while b near 0.5
represents the ideal diffusion-limited case. Dunn’s method, (i(V) = kev + kev'?), further sepa-
rates capacitive and diffusion-limited dependent contributions. These analyses provide a rate
capability rather than capacitance values. For example, N-doped Nb2CTx increased the capac-
itive contribution from 31.1% to 64.64%, while lowering charge-transfer resistance can lead to
faster and more accessible charge-storage pathways. Chen et al. [49] have reported that N/O/P
co-doped hollow carbon nanofibers improved ion/electron transport and accelerated polysul-
fide conversion through chemisorption and catalytic effects.
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Figure 4. (a) The LSC curves for HER were measured at a scan rate of 5 mV/s and adjusted for iR
effects, (b) The corresponding Tafel slopes for Nb4Cs pristine, NbsCs-H25600-10", NbaCs-H25700-10"
and NbsC3-H25900-60" were determined, (c) LSV curves were adjusted for iR drop and normalised
to the electrochemically active surface area (EASA) and (d) The long-term electrochemical stability
of NbsC3-H25900-60" with a constant current density of 10 mA/cm?. Reprinted from ref. [28].
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3. Doping Strategies for Different Non-Ti MXenes

Doping has grown in importance as a method for modifying the electrochemical be-
havior of non-Ti MXenes because the parent materials frequently have to choose between
high electrical conductivity, accessible surface area and enough redox activity, doping has
grown in importance as a method for modifying the electrochemical behavior of non-Ti
MXenes. Controlled doping can alter the MXene lattice, electronic structure, interlayer en-
vironment, and surface chemistry at the atomic level instead of just introducing another
active material. M-site replacement, X-site heteroatom doping, T-site/surface modification
and in-situ or ex-situ methods are the main categories into which recent research has di-
vided MXene doping [17,19,40,41]. Lattice doping is distinguished from surface modifica-
tion and the formation of separate phases. M-site doping refers specifically to substitu-
tion/replacement of host metal atoms within the MXene lattice, whereas X-site doping in-
volves incorporation of heteroatoms into the C/N sublattice. T-site modification refers pri-
marily to changes in surface terminations or functional groups. In contrast, surface-depos-
ited metals, nanoclusters, quantum dots used for pillaring, and secondary oxide or fluo-
ride phases constitute separate structural components rather than direct evidence of lattice
substitution. For Mo-, V-, Nb-, Ta-, and other non-Ti MXenes meant for high-rate super-
capacitor electrodes, these approaches are particularly significant.

3.1. M-Site Doping and Transition-Metal Substitution

M-site doping is substituting a different metal for a portion of the transition-metal
atoms in the MXene lattice. This strategy is appealing since the M site directly controls the
material’s electronic structure and M-X bonding. Charge can be redistributed, and the
density of states close to the Fermi level can be altered by substituting metals with various
electronegativities, atomic radii or oxidation states [17,23,40]. For instance, it has been
shown that transition-metal alteration of Nb2C can effectively alter its electronic structure
and increase the number of electrochemically accessible sites. For example, compared to
pristine Nb2C, Ni-modified Nb2C demonstrated an improved electrochemical perfor-
mance [38]. This approach is especially intriguing for non-Ti MXenes because it combines
the inherent characteristics of two distinct transition metals. Combinations of V-Mo, V-
Nb, Mo-W, or Nb-Ta, for instance, may be able to balance electrical conductivity with re-
dox activity. However, it is necessary to carefully distinguish between the production of
various metal-containing phases and actual lattice replacement using methods like XPS,
XRD, STEM-EDS, and XAS. Uncontrolled replacement can readily lead to heterostructure
or composite creation instead of accurate atomic doping. An overview of doped non-Ti
MXenes characterization techniques is illustrated in Figure 5 [17,19]. However, the pres-
ence of a dopant element alone does not establish M-site substitution. Metal deposition,
nanocluster formation, or secondary-phase growth can produce similar compositional
and spectroscopic signatures without incorporation into the MXene lattice. Therefore, con-
firmation of true lattice substitution requires evidence of the dopant position and local
coordination, preferably through HAADF-STEM combined with EDS/EELS and comple-
mentary X-ray absorption spectroscopy (XANES/EXAFS). Conventional XPS and XRD are
useful for identifying chemical states and crystalline phases but are generally insufficient
by themselves to establish site-specific atomic incorporation.
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Figure 5. An overview of doped MXenes characterization methods. Reprinted from ref. [19].

3.2. X-Site Heteroatom Doping

Heteroatoms like N, S, P, B, or O are integrated into or have significant interactions
with the C/N sublattice in X-site doping. Because N can alter the electronic structure while
adding more electrochemically active sites, nitrogen doping has drawn a lot of attention
for supercapacitors. Three potential N-doping configurations distinguished in recent lit-
erature are surface adsorption, lattice substitution and functional group substitution [50].
Conductivity is not the only consequence. Defects, changes in the charge distribution sur-
rounding transition-metal atoms, ion adsorption energies, and occasionally an increase in
interlayer distance can all originate from heteroatom inclusion. These modifications may
enhance the contribution from surface-controlled pseudocapacitance and improve elec-
trolyte-ion transfer. In addition to emphasizing CVD, solution-based treatment and multi-
doping as new methods, a recent study from 2026 explicitly highlighted N, S and P doping
as efficient ways to alter MXene interlayer spacing, ion diffusion and charge-storage be-
havior [51]. Inclusion of N is especially intriguing for V-based MXenes because it can en-
hance the balance between conductivity and pseudocapacitance and complement the in-
trinsic multivalent redox chemistry of vanadium.

3.3. T-Site/Surface Functional-Group Modification

T-site modification concentrates on the surface termination chemistry, in contrast to
traditional lattice doping. Depending on the precursor and etching circumstances, pristine
MXenes typically contain combinations of -O, -OH, -F, and occasionally -Cl groups. Ion
adsorption, wettability, electronic structure and electrochemical stability are all signifi-
cantly impacted by these groups [17,19]. Therefore, the electrode/electrolyte interface can
be adjusted without significantly disrupting the M-X framework by substituting or
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altering these groups with species that contain O, S, N, Se, or P [17,40]. This method is
particularly useful for non-Ti MXenes that are structurally sensitive or challenging to syn-
thesise. For instance, O-rich terminations can promote aqueous-electrolyte interactions,
while surface functionalization of Mo2C and Nb2C can change ion-binding strength and
charge transfer kinetics. Surface termination is no longer treated as a synthesis by-product
but rather as an active design parameter in recent studies [17,51]. This distinction is crucial
for supercapacitors because a large portion of the quick pseudocapacitive reaction starts
at the surface, where electrolyte ions initially contact the electrode.

3.4. In-Situ and Ex-Situ Doping Approaches

Doping can be broadly classified as either in-situ or ex-situ from the standpoint of
synthesis. In order to incorporate the dopant into the lattice prior to selective etching, in-
situ doping inserts the desired element during precursor/MAX-phase synthesis. This
method is especially useful for M- or X-site replacement and can produce a suitable ho-
mogeneous atomic distribution [28,41]. In contrast, ex-situ doping is carried out following
the creation of MXene using techniques including hydrothermal/solvothermal treatment,
annealing, plasma processing, CVD, or solution-based processes. Since the dopant con-
centration and surface chemistry can be changed after the 2D structure has formed, these
techniques are typically more adaptable [41,50]. The location of the dopants’ intended res-
idence ultimately determines which of the two approaches is optimal. While ex-situ treat-
ment provides more control over surface functionalization and near-surface doping, in-
situ synthesis is more appropriate for complete lattice substitution [41]. According to re-
cent findings, it may be possible to more successfully independently adjust conductivity,
ion transport and pseudocapacitance by combining the two strategies, such as lattice sub-
stitution followed by surface heteroatom modification [28,51]. Therefore, a single type of
doping is unlikely to be the most promising approach for doped non-Ti MXenes. Rather,
the electrical structure and electrode/electrolyte interface may be tuned concurrently by
logical combinations of M-site replacement, X-site heteroatom insertion, and T-site engi-
neering. Achieving uniform dopant distribution without rupturing the multilayer MXene
structure is the main obstacle. As a result, future research should go beyond just reporting
increased capacitance and establish precise structure-composition property connections
that clarify why a specific dopant enhances supercapacitor performance.

4. Doping-Induced Structure-Property Relationship for Non-Ti MXenes

Doping is more than just changing the composition of non-Ti MXenes; doping offers
a method to consciously connect atomic structure to electrochemical function. An ade-
quately chosen dopant can create defects, open interlayer diffusion channels after surface
terminations, accelerate charge-transfer events, and redistribute electronic charge in Mo-,
V-, Nb-, Ta-, and other non-Ti MXenes. These effects are especially significant for super-
capacitors, because quick ion accessibility, reversible surface redox and low interfacial re-
sistance must all happen at the same time, as high conductivity alone is insufficient
[17,19,22,27,40]. Recent studies emphasize that the electrochemical benefit of doping de-
pends not only on the concentration of the dopant but also on its position, bonding ar-
rangement and interaction with the electrolyte [23,28,41]. Doping can produce substantial
changes in the supercapacitor behavior of non-Ti MXenes because even a small change in
composition can modify several properties simultaneously. Dopant atoms can redistrib-
ute electronic charge, alter the density of states, generate defects or additional electroac-
tive sites, and modify the interlayer spacing and surface terminations. These changes can
facilitate electrolyte-ion access and diffusion, improve charge-transfer kinetics, and in-
crease the contribution from reversible surface redox reactions. Consequently, doping can
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influence not only the specific capacitance but also the rate capability, energy-storage ef-
ficiency, and cyclic stability.

4.1. Electronic-Structure and Charge-Distribution Engineering

Modification of the electronic structure and local charge distribution is the initial and
possibly most fundamental effect of doping. In many MXenes, the electronic states sur-
rounding the Fermi level are dominated by transition-metal d-states. As a result, the Fermi
level can be shifted, the density of states can be changed, and the intensity of ion-surface
interactions can be altered by introducing heteroatoms or replacing a portion of the host
atoms [33,52]. This is especially relevant for MXenes based on V-, Mo-, and Nb-, where
significant pseudocapacitive activity is already provided by the transition-metal electronic
structure. Because the dopant and host atoms typically have different electronegativities
and valence states, M-site replacement can result in local charge polarization. Such redis-
tribution may produce more redox-active states and reduce the energy needed for charge
transfer between the electrolyte and electrode. For instance, recent theoretical research on
Sc-based MXenes shows that metal-layer intercalation can significantly alter quantum ca-
pacitance and charge-storage properties, demonstrating how modifications in the elec-
tronic environment translate into electrochemical behaviour [53]. Another method is het-
eroatom doping, where N, P, S, and B can simultaneously affect ion adsorption and
change the electron density surrounding nearby transition-metal atoms. [23,50,51].

4.2. Defects, Vacancies, and Active-Site Generation

In doped MXenes, defects should not always be considered as structural flaws. They
can develop into electrochemically beneficial active sites with appropriate supervision.
Additional transition-metal atoms are exposed, their coordination environment is altered,
and the electronic structure is locally distributed by metal vacancies, carbon vacancies and
substitutional defects. The kind, density and distribution of vacancies can control electri-
cal characteristics, ion-diffusion barriers, surface chemistry and capacitive behavior as per
areview of vacancy-engineered MXenes [37]. This is especially helpful for supercapacitors
since a vacancy can allow electrolyte ions to reach a metal core that would otherwise be
unreachable. Surface redox processes may be facilitated and ion adsorption strengthened
by the newly exposed locations. Simultaneously, the conductive M-X network may be dis-
rupted, and the layered structure may become unstable due to excessive vacancy devel-
opment. Therefore, an ideal defect concentration is necessary, and it does not imply that
having more defects means better performance of the material. Similar findings from re-
cent defect-engineering research indicate that while uncontrolled defects can become
transport obstacles, regulated carbon vacancies can produce more redox-active sites and
enhance ion-storage kinetics [54]. Defects and vacancies can enhance the performance of
supercapacitors by introducing additional electrochemically accessible sites and modify-
ing the electronic structure of the MXene surface. These sites can facilitate electrolyte-ion
adsorption and reversible surface redox reactions. Moreover, controlled defects can re-
duce the ion-transportation pathways and improve charge-transfer kinetics. However, ex-
cessive defects may disrupt the conducting framework of MXenes and accelerate struc-
tural degradation. Thus, the electrochemical benefit depends on the type, concentration,
and distribution of defects rather than simply on increasing defect density.

4.3. Interlayer-Spacing and Ion-Transport Regulation

The interlayer space is one of the most critical structural factors influencing the rate
capability of MXene electrodes. When individual nanosheets are restacked, the accessible
surface is decreased, and electrolyte ions are forced through convoluted pathways. Dop-
ing can solve the issue by introducing bigger atoms, creating vacancies, causing local
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lattice distortion or forming chemical interactions that function as nanoscale spacers [55-
57]. Although excessive expansion may lower volumetric capacitance or weaken electrical
connection between adjacent layers, a bigger and more accessible interlayer distance often
lowers the barrier for ion movement. Ion size alone does not dictate accessibility. Accord-
ing to recent ion-transport research, the hydration state, solvent interactions, surface ter-
mination and interlayer charge also regulate the effective diffusion process [55]. Because
the quickest electrodes must offer both continuous electron-conduction networks and
short ion-transport channels, this balance is particularly crucial for supercapacitors. Ac-
cording to recent structural engineering research, one of the main obstacles for MXene
supercapacitors is precisely this trade-off between high volumetric capacitance and quick
ion transport [57].

4.4. Surface Chemistry, Wettability, and Redox Activity

Another benefit is that the doping modifies the MXene/electrolyte interface chemistry.
Hydrophilicity, ion adsorption, surface charge and the presence of redox-active sites are
all determined by surface terminations like -O, -OH, -F and -Cl [25,26,29]. These groups
can be changed or replaced by a dopant, which can also change the strength of their bind-
ing or produce novel functional configurations. How effectively an aqueous electrolyte
penetrates the electrode can be determined by the ensuing changes in wettability. For
MXenes based on V and Mo, where surface transition-metal sites can directly contribute
to pseudocapacitance, this effect is particularly significant. According to recent research,
the Mo2C layered structure, having metallic conductivity and adjustable surface chemistry,
contributes significantly to its supercapacitor performance [32]. Surface termination needs
to be improved rather than just maximized, as new studies on nonfunctionalized MXenes
also indicate that traditional surface groups may occasionally impede conductivity and
electrochemical performance [58].

4.5. Electrical Conductivity and Electrochemical Kinetics

The structural changes produced by doping must translate into faster electron and
ion transport. A successful dopant should reduce charge-transfer resistance and ion dif-
fusion while simultaneously increasing electronic conductivity or maintaining the highly
conductive MXene framework. These changes are often captured by electrochemical im-
pedance spectroscopy through decreases in diffusion-related resistance and charge-trans-
fer resistance. Heteroatom-doped MXenes clearly demonstrate the synergistic nature of
this connection. For instance, N doping can simultaneously improve electrical transport,
increase active-site accessibility, alter surface wettability and induce defects [51,55]. Simi-
lar to this, recent nitrogen-doped MXene nanomeshes show how atomic alteration in con-
junction with porous architecture can produce new ion-transfer channels and significantly
enhance the performance of both volumetric and gravimetric supercapacitors [59]. Over-
all, rather than a single electrical impact, the improved performance of doped non-Ti
MXenes can be explained by a number of interrelated structural and chemical modifica-
tions. Electrolyte-ion transfer can be facilitated by the introduction of a dopant, which can
also alter the interlayer structure, produce defects and extra active sites and redistribute
the charge within the MXene framework. In addition, alterations in surface chemistry and
wettability can enhance the electrode-electrolyte interaction, facilitating quicker ion and
electron transfer. Both electric double layer capacitance (EDLC) and pseudocapacitive
charge storage can be enhanced by these combined actions. Therefore, rather than only
comparing individual capacitance values, it is more instructive to comprehend the inter-
action between the dopant, its concentration, location, and the resulting structural
changes for doped non-Ti MXenes. At the outset, this review can direct the logical devel-
opment of MXene electrodes with enhanced rate capability, energy-storage efficiency, and
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long-term stability. Heteroatom doping can improve electrochemical kinetics by changing
both the electronic structure and the pathways available for ion transport. N, S, P, B, and
O dopants can modify surface charge, defect density, wettability, and interlayer spacing,
making active sites more accessible to electrolyte ions. The kinetic effect is calculated using
i=aV? and Dunn’s analysis by: i(V) = kov + kav'2. A larger surface-controlled contribution
at higher scan rates generally indicates improved ion accessibility and faster charge trans-
fer. In N-doped Nb2CTy, the capacitive contribution increased from 31.1% to 64.64% due
to lower charge-transfer resistance. Li et al. [60] have demonstrated that hollow hard-car-
bon nanofibers provided larger interfacial contact, shorter transport pathways, and lower
interfacial and diffusion resistance than solid fibers.

In general, the changes in the electronic structure, defect chemistry, and interlayer
spacing have been supported by experimental characterization in some non-Ti MXenes,
while other mechanistic explanations remain primarily theoretical. We have therefore dis-
tinguished experimentally observed effects from computational predictions throughout
this section and identified areas requiring further experimental validation.

5. Supercapacitor Applications of Doped Non-Ti MXenes

The electrochemical behavior of non-Ti MXenes can be significantly changed by in-
troducing foreign elements into their lattice or surface. Doping has emerged as a useful
strategy for overcoming some of the limitations of pristine non-Ti MXenes, particularly
limited active-site density, restacking, sluggish ion transportation, and inadequate control
over electronic structure. Unlike pristine non-Ti MXenes, doping provides additional con-
tributions towards the electronic states, surface chemistry, defect density, and ion—acces-
sible sites that govern charge storage [61-65]. Recent studies have explored both heteroa-
tom and transition—metal incorporation. These modifications have produced notable im-
provements in specific capacitance, rate capability, and cyclic stability, although the im-
provement varies with the dopant, host MXene, doping level, electrolyte, and electrode
architecture. Importantly, some of the highest reported performances arise from combin-
ing doping with structural or interfacial engineering, making it difficult to separate the
contribution of the dopant alone. This section therefore focuses on experimentally demon-
strated doped non-Ti MXenes and critically examines how dopant element, incorporation
strategy, structural modification, and electrochemical response are interconnected.

Among non-Ti MXenes, N doping provides the effect of heteroatom doping on su-
percapacitor performance. Li et al. introduced N into V4CsTx by annealing the MXene in
NHs [45]. The optimized NHs-treated sample prepared at 350 °C delivered a specific ca-
pacitance of 210 F/g at 10 mV/s in 1 M H2504 in a three-electrode configuration. The elec-
trode also showed 96.3% capacitance retention after 10,000 GCD cycles at 10 A/g. The im-
provement is associated with the incorporation of N and the simultaneous modification
of the surface chemistry. NHs treatment removes part of the F-containing surface species
and changes the local electronic environment of V4CsTx. The optimized doping level im-
proves conductivity and electrochemical accessibility. The observed improvement in ca-
pacitance and diffusion behavior may therefore result from the combined effects of N in-
corporation, altered surface terminations, and changes in the defect structure. The decent
cyclic stability also indicates that moderate N incorporation does not severely compro-
mise the structural integrity of the ViCsTx layers. The performance depends strongly on
the doping condition. The 350 °C sample performed better than the sample treated at a
higher temperature, showing that excessive modification can alter the MXene structure
and surface chemistry negatively. Therefore, dopant concentration and thermal treatment
are important design variables, rather than secondary synthesis parameters. A more ad-
vanced strategy was demonstrated by Nasrin et al., who reported the materialization of
N-doped Nb2CTx and reduced graphene oxide to form a (N-Nb2CTx/rGO) 2D/2D
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heterostructure [66]. This approach is important because it combines electronic doping
with interfacial and structural engineering rather than relying on doping alone. The ma-
terial delivered a specific capacitance of 816 F/g at 1 A/g in a three-electrode configuration.
The symmetric supercapacitor device using N-Nb2CTx/rGO electrode achieved an energy
density of 29 W h/kg in aqueous H250s and 33 W h/kg in TEABF+/ACN. The aqueous
device also reached a reported power density of approximately 6000 W/kg. Most notably,
the quasi-solid-state device retained 100% of its initial capacitance after 100,000 charge—
discharge cycles. A study reported N-functionalized Nb2CTx prepared using a hydrother-
mal process [67]. The N-doped Nb2CTx MXene delivered a specific capacitance of 640 F/g
at5 mV/s, compared with 276 F/g for pristine Nb2CTx in a three-electrode study. An asym-
metric supercapacitor device of N-Nb2CTx//activated carbon (AC) was fabricated for real-
time applications. The electrochemical performance of the device is shown in Figure 6. CV
curves of the asymmetric device indicate pseudocapacitive behavior (Figure 6a) with a
specific capacitance of 75 F/g at 1 A/g (Figure 6b,c). The Ragone plot of the device shows
that at the power delivery rate of 0.55 kW/kg, it retained an energy density of 45 W h/kg
(Figure 6d). The asymmetric supercapacitor device of N-Nb2CTx//AC retained 90% of its
capacitance after 5000 cycles at 5 A/g (Figure 6e) with low resistance for charge transfer,
as evidenced by the Nyquist plot (Figure 6f). The improvement was associated with N-
induced modification of surface terminations, particularly the replacement of F-contain-
ing species, together with increased pseudocapacitive activity. DFT calculations further
indicated that the N-modified structure is thermodynamically favorable. Doping has
emerged as an effective way to overcome the restacking and limited ion—-accessibility of
non-Ti MXenes [68]. A recent example is N-functionalized Nb2CTx, where N incorporation
expands the interlayer spacing, creates additional electroactive sites, and improves charge
transport [68]. The synthesis strategy for N-Nb2CTxMXene includes selective etching and
N functionalization. The optimized N-Nb2CTx treated at 400 °C delivered a specific capac-
itance of 382 F/g at 1 A/g, compared with only 150 F/g for pristine Nb2CTx. More im-
portantly, its capacitance remained 140 F/g at 20 A/g, corresponding to 36.8% retention,
whereas the undoped MXene retained only 27 F/g (18.14%). This improvement is linked
to the formation of Nb—N bonds, suppressed nanosheet restacking, and a higher contri-
bution from surface-controlled charge storage. At 10 mV/s, the capacitive contribution in-
creased from 31.1% for Nb2CTx to 64.64% after N doping, while the charge-transfer re-
sistance decreased from 1.43 to 1.20 Q. In the assembled N-Nb2CTx//AC hybrid superca-
pacitor, the device achieved 23.36 W h/kg at 900 W/kg and retained 2.56 W h/kg at 1.7
kW/kg power density. It also maintained 92.31% of its capacitance after 12,000 cycles with
98.63% Coulombic efficiency. These results show that doping can simultaneously improve
ion accessibility, conductivity, and structural stability. However, excessive doping or
high-temperature treatment may promote oxidation and reduce performance, indicating
that dopant concentration and processing conditions must be carefully controlled. Zhu et
al. developed structurally stable N-doped Mo2C/C nanobelts with a 1D tunnel-like struc-
ture [69]. The electrode showed an initial capacitance of 1139 C/g at 1 mV/s, 151 C/g at
2000 mV/s, and 208 C/g at 200 A/g. After electrochemical activation, the capacitance in-
creased to 2523 C/g at 1 mV/s and 1403 C/g at 50 A/g after 15,000 cycles. The authors at-
tributed the excellent behavior to the combination of N doping, the intrinsic 1D tunnel
structure of Mo:2C, and carbon stabilization. More than 90% of the charge storage was sur-
face-controlled above 10 mV/s, indicating rapid kinetics. These results are important be-
cause it shows that N doping can be effective for V-, Mo-, and Nb-based MXenes, suggest-
ing that the benefit is not limited to a particular transition-metal host.

https://doi.org/10.3390/nano16191224


https://doi.org/10.3390/nano16191224

Nanomaterials 2026, 16, 1224 16 of 30
a (b) 12
g k N-doped Nb,C MXene
6 = 1.0
e S
0 =
5 1S % 08
z P
‘> B -
£ > 06
= o} =
- ]
g < 04
"l: “2F E 1
= < N-doped Nb,C MXene \I A'g
@] -9
-4F 0.2
—SRS5 =——SR10 ——SR20
sr — SR 50 SR 100 —— SR 100 00 . . . . )
00 02 04 06 08 10 12 0 50 100 150 200 250 300
(c) Potential (V vs. Ag/AgCl) (d) Time (s)
100 50 5
—_— 0F 0"\.
gk o O F 09— {4 ~
& Q = \ (=
gr 9—o S o o | 3
£ w0 : or T =
2 (* ) 5 N-doped Nb,C MXene ¢} >
& sof = 9 3
< O n} 12 ¢
o (* ] © [
£er 5 o ;
o '™
2 3} E’ 10 0/ g
@ w / —@— Energy density t?.
20F - —=Q@= Power density
10 M N 1 M 1 0 M M L M M 0
1 2 3 4 5 1 2 3 4 5
Current density (A-g™) Current density (A-g™)
(e) w (f)
100 = !
e — 100 . T
& | =X —J— N-doped Nb,C MXene
e o =, Circuit fitted
= — <80 < f
= 5 {
S oof =P
z £ 3 e W
g wf N-doped Nb,C MX. MEN / -
C N=tlopead | ene A |
= P z % 20f 7 .‘?'_“"':“f‘ —
o 2 oy
20 o { e
1% o paiing 2+
B Ry 0
)JJ af
0 : L N : 0 0 N ; L N
0 1000 2000 3000 4000 5000 0 5 10 15 20 25
No of cycles Z'(Q)

Figure 6. Electrochemical performances of the N-Nb2CTx//AC asymmetric supercapacitor device: (a)
CV plots at different scan rates, (b) GCD analysis at different current densities, (¢) Current density
vs. specific capacitance plot, (d) Ragone plot of the device, (e¢) Coulombic efficiency and cyclic sta-
bility up to 5000 cycles at 5 A/g current density, and (f) Fitted Nyquist plot. Reprinted from ref. [67].

Metal doping provides a different approach to improve the electrochemical perfor-
mance of non-Ti MXenes. Zaheer et al. reported the Ni-doped Nb2C MXene for superca-
pacitor applications [38]. The DFT-optimized structures confirm stable Ni adsorption on
Nb:C, indicating strong interaction between Ni and the MXene surface (Figure 7a). The
pristine NbzC electrode delivered a specific capacitance of 258.6 F/g at 5 mV/s, whereas
Ni-doped Nb2C reached 666.67 F/g capacitance under the same measurement conditions
in PVA-H2S04 electrolyte. Thus, Ni incorporation increased the measured capacitance by
approximately 2.6 times. The doped electrode retained about 81% of its initial capacitance
after 10,000 cycles. The enhancement is mainly due to the changes in the electronic struc-
ture and the generation of additional active sites. DFT analysis showed an increase in the
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density of states near the Fermi level after Ni incorporation, which can facilitate electronic
transport (Figure 7b). The band structure, as shown in Figure 7c, shows a nearly zero
bandgap and metallic behavior, with Nb and Ni states crossing the Fermi level. The DOS
also indicates contributions from Nb 4d, Ni 3d, and C 2p orbitals, confirming strong or-
bital hybridization. The calculated optical absorption profile closely matches the experi-
mental spectrum, supporting the reliability of the theoretical model and confirming the
modified optical response of Ni-doped Nb2C (Figure 7d). Experimentally, Ni doping also
increased the electrochemical response compared with pristine Nb2C. This result demon-
strates an important advantage of M-site or metal doping. Unlike N doping, which mainly
modifies the anion or surface environment, incorporation of a transition metal can directly
modify the metal-centered electronic states responsible for charge transfer and surface re-
dox reactions. However, the 81% retention after 10,000 cycles is lower than the stability
reported for N-doped ViCsTx and N-Nb2CTx/rGO 2D/2D heterostructure. Therefore, the
increase in capacitance reduces long-term retention. A particularly interesting study re-
ported post-synthetic La incorporation into Nb2CTx and Nb4CsTx [70]. This study repre-
sents an experimentally demonstrated metal-incorporation strategy beyond conventional
N doping. DFT and experimental characterization indicated favourable La incorporation
together with La:0s and LaFs formation, which modified the surface chemistry and
charge-transfer behavior. La-incorporated Nb2CTx delivered an areal capacitance of 200.5
mF/cm? at 5 mV/s within a 1.5 V window, together with an energy density of 0.47
mWh/cm? and power density of 937.3 mW/cm? over 6000 cycles. More remarkably, La-
incorporated NbiCsTx showed a 291% increase in capacitance after 90,000 cycles, though
with a lower coulombic efficiency. La incorporation effectively addresses the limited elec-
trochemical activity and conductivity of Nb-based MXenes by modifying their structure,
surface chemistry, and charge-storage mechanism. In Nb-based MXenes, La formed La-
Nb and La—C bonds and additional La20s and LaFs phases, which increased interlayer
spacing, facilitated ion transport, and provided additional redox-active sites. However,
the unusually high retention of La-incorporated NbsCsTx should be interpreted because
its coulombic efficiency decreased to 30%, indicating contributions from parallel reactions
and possible water electrolysis. Overall, La improves charge transfer, ion accessibility, re-
dox activity, and structural stability, but optimizing La content and suppressing side re-
actions remains essential for reliable practical performance.

The available results nevertheless show that doping can produce substantial changes
in supercapacitor behavior. The main effects arise from modified electronic states, addi-
tional redox-active sites, increased interlayer spacing, altered surface termination, and im-
proved electrolyte accessibility. Importantly, the improvement does not always originate
from a larger surface area. In some cases, changes in electronic structure and surface chem-
istry contribute more strongly to capacitance than the geometric surface area. This distinc-
tion is important when assessing the actual role of doping. At present, N doping has the
strongest direct experimental evidence among non-Ti MXenes for supercapacitors, while
metal doping offers a promising route for stronger electronic-structure modulation. Ca-
pacitance enhancement after doping should not be attributed solely to the dopant without
considering the structural changes introduced during the doping process. Dopant incor-
poration may cause the formation of defects or vacancies, changes in surface termination,
altered wettability, and modification of interlayer spacing. These changes can inde-
pendently affect ion accessibility, surface redox activity, and charge-transfer kinetics. The
distinction should be maintained because the enhancement may arise from a secondary
phase rather than from the dopant itself. The electrochemical energy storage perfor-
mances of some non-Ti MXene-based electrodes for supercapacitor application are sum-
marized in Table 1. Active mass loading is another important factor when assessing the
practical performance of doped non-Ti MXene electrodes. Lower mass loading can favor
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electrolyte accessibility and ion transport. Increasing the mass loading of active materials
may enhance the diffusion resistance and can trigger nanosheet restacking, thereby reduc-
ing the utilization of electrochemically active sites. At the same time, high packing density
can be beneficial for volumetric energy storage. Therefore, gravimetric capacitance should
be considered with mass loading. The limited reports of these parameters in the existing
literature also prevent a reliable comparison of the practical volumetric performance of
doped non-Ti MXene electrodes.
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Figure 7. (a) DFT-optimized structure of Nb2C-OF MXene and Ni-adsorbed Nb2C-OF MXene, (b)
Total density of states (TDOS) for Nb2C-OF and Ni-adsorbed Nb>C-OF, (c) Band structure and or-
bital-resolved density of states (DOS) of Nb2C—OF MXene and Ni-adsorbed Nb2C-OF MXene, and
(d) Experimental and theoretical optical properties of doped MXene. Reprinted from ref. [38].

However, doped non-Ti MXenes have demonstrated a clear potential to improve su-
percapacitor performance, but the experimental database is still small. N-V4CsTx, Ni-NbzC,
and N-Nb2CTx/rGO provide the strongest direct examples, showing improvements in ca-
pacitance, energy density, rate capability, and cyclic stability. The next step should be to
move from empirical doping toward site-controlled and concentration—controlled doping,
supported by spectroscopy, DFT, and standardized electrochemical testing. Such an ap-
proach will be essential for establishing a reliable dopant-structure—charge-storage rela-
tionship and for identifying which non-Ti MXenes can deliver genuine advantages at the
full-device level. The available experimental research on doped non-Ti MXenes is still lim-
ited and is focused mainly on V-, Nb-, and Mo-based systems. The electrochemical re-
sponse varies with the dopant, host MXene, dopant concentration, electrolyte, and elec-
trode architecture. Further studies using different dopants and host structures under
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comparable testing conditions are needed to establish reliable structure—performance re-
lationships.

Table 1. Electrochemical energy storage performances of some non-Ti MXene-based electrodes for

supercapacitor application.

Doped Non-Ti

MXene-Based Systems Electrolyte Capacitance Energy Density  Stability Ref.
N-doped ViCsTx 210 F/g at 96.3% after
(Three-electrode) 1M H:50: 10 mV/s - 10,000 cycles [45]

N-doped
Nb2CTx/rGO//N-doped
1M 33 100% after
Nb:CTH/rGO TEABF/ACN 152 F/g at 025 Alg Whikg 100,000 cycles 100
(Symmetric superca-
pacitor)
?IA-S Onﬁf:elt\rlifngﬁi 1M KOH De75 :1{2; telleﬁig de 45 o0%after
Y e sup po © W h/kg 5000 cycles [67]
pacitor) mass: 1 mg
- Tx/[A F 1A
N-doped Nb:CT,//AC 66 /g at 1 Alg 23.36 92.31% after
(Asymmetric superca- 1 M aqueous (NH4)2SOx4 Deposited electrode [68]
. W h/kg 12,000 cycles
pacitor) mass: 1.5-1.6 mg/cm?
1 M LiClOs in propylene car-
bonate, ethylene carbonate
N-doped M02C/C nano- and dimethyl carbonate solu- 1139 C/g at o
belts tion (a volume ratio of 1mV/s B Over 90% [69]
PC:EC:DMC of 1:1:1) with 5%
fluoroethylene carbonate
Ni-doped Nb2C MXene 666.67 F/g at 81% after
1 1 PVA-H -
(Three-electrode) Megel PV 250 5mV/s 10,000 cycles [38]
La'lrl‘\?grg?ated 200.5 mF/cm? 0.47 14435% after
2! X 2
(2-electrode cell) at5mV/s mW h/cm 6000 cycles
La'lilc;’ ré’(;fated ) 0.39 131%after
P mWh/em? 3000 cycles L]

(2-electrode cell)

6. Structure Performance Relationship of Doped Non-Ti MXenes in Su-
percapacitors

The examples discussed in Section 5 show that doping can improve the electrochem-
ical response of non-Ti MXenes, but the improvement is not controlled by dopant concen-
tration alone. The same dopant can produce different results when its concentration, lo-
cation, bonding state, or processing temperature changes [45,66,68]. In the N-doped
Nb:2CTx system, increasing the treatment temperature to an optimum level increased both
the capacitive contribution and rate capability [68]. These results indicate that the perfor-
mance of doped non-Ti MXenes should be discussed through a connected structure-dop-
ing-mechanism—performance framework rather than by comparing capacitance values
only. The following discussion therefore correlates how the nature of the dopant and con-
centration influence structure, how the doping site controls charge storage, how ion
transport and electronic properties determine kinetics, and how multielement strategies
may provide further opportunities.

The identity of the dopant determines the type of structural and electronic perturba-
tion introduced into the host MXene. Heteroatoms such as N can modify surface
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chemistry and create additional redox-active environments, whereas transition-metal do-
pants can directly alter the metal-centered electronic states [71]. This difference is evident
for ViCsTx and Nb2C. N incorporation into V4CsTx through annealing in NHs at 350 °C
produced 210 F/g at 10 mV/s, representing a 17.3% improvement over pristine VaCsTx,
with only 3.7% capacitance loss after 10,000 cycles [45]. The optimum result was associ-
ated with an intermediate N content and lower diffusion resistance. The effect of concen-
tration is even clearer when the thermal treatment is varied. As evidenced by the XPS
survey plots of VaCsTx, NH3-VaCsTx-350 °C and NHs-V4CsTx-550 °C, after NHs annealing,
an additional N 1s peak appears, confirming N incorporation (Figure 7a). The progressive
decrease in F 1s intensity with increasing temperature indicates F removal, consistent with
surface modification during N doping. Excessive N incorporation or aggressive annealing
can remove surface terminations and promote structural changes that reduce electro-
chemical activity. Thus, increasing the dopant content does not necessarily increase ca-
pacitance. The same principle has been observed more broadly in doped MXenes, where
excessive doping can reduce the accessible surface chemistry and deteriorate charge-stor-
age behavior [72-74]. Metal doping can produce a prominent change in electronic struc-
ture [38,75,76]. Ni-doped Nb2C exhibited a specific capacitance of 666.67 F/g, compared
with 258.6 F/g for pristine Nb2C, at 5 mV/s in PVA-H:50s. The increase was attributed to
additional electroactive sites and a higher density of states near the Fermi level. However,
the electrode retained about 81% capacitance after 10,000 cycles, showing that the large
increase in capacitance did not translate directly into superior long-term stability. These
results suggest that an optimum dopant concentration should balance three factors: elec-
tronic conductivity, electrochemical activity, and structural stability. Too little doping
may produce only a small electronic perturbation, whereas excessive doping may block
active sites, disturb the MXene lattice, or introduce secondary phases.

The location of the dopant is equally important. Doping in MXene can occur at M, X,
or T sites, and each site produces a different type of chemical disruption. M-site substitu-
tion directly changes the transition-metal framework and therefore has a strong influence
on d-orbital states, charge distribution, and redox activity. X-site doping changes the local
M-X bonding environment, while T-site or surface modification mainly affects the elec-
trode—electrolyte interface [77,78]. For non-Ti MXenes, experimental evidence is strongest
for surface and heteroatom modification, whereas controlled M-site doping remains rela-
tively limited. There are limited experimental verifications of M-site doping and a scarcity
of X- and T-site studies as important gaps. This distinction is important because the same
element may produce different electrochemical behavior depending on its location. The
Ni-Nb2C example illustrates the role of metal-centered modification. Ni incorporation
changed the total density of states and produced additional states near the Fermi level,
which favoured electronic transport and charge storage [38]. La incorporation into Nb2CTx
and Nb4CsTx MXene provides another useful example. La formed La—Nb and La-C bonds
together with La20s and LaFs phases [70]. The Nb 3d XPS spectrum confirms Nb—C and
Nb-O bonds, whereas La 3d reveals La-Nb, La—C, La:0s, and LaFs phase species (Figure
8a—c). FTIR further confirms Nb-C, Nb-O, Nb-F, La-O, C-C, C-O, and C-F bonds, sup-
porting successful La incorporation and surface modification (Figure 8d). These changes
increased interlayer spacing and generated additional redox-active sites. However, be-
cause secondary La-containing phases were also formed, the improvement cannot be as-
signed entirely to lattice La doping.
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Figure 8. (a) XRD patterns of Nb2CTx and Nb2CTxLa, confirming the formation of La20s and LaFs
phases, (b) Nb 3d XPS spectra of Nb2CTx, (c) La 3d XPS spectra of Nb2CTx La, and (d) FTIR spectrum
of Nb2CTxLa. Reprinted from ref. [70].

Doping improves supercapacitor performance only when the modified structure re-
mains accessible to electrolyte ions. Increasing the interlayer distance can reduce the dif-
fusion barrier and allow ions to reach otherwise inaccessible surfaces. At the same time,
improved electronic conductivity reduces charge-transfer resistance and allows faster uti-
lization of active sites. The N-Nb2CTx system clearly demonstrates this relationship [67].
N doping increased the capacitive contribution from 31.1% to 64.64% and reduced the
charge-transfer resistance from 1.43 to 1.20 Q. Quantum capacitance provides another use-
ful way to understand these changes. In MXenes, the total capacitance is influenced not
only by ion adsorption at the interface but also by the electronic ability of the electrode to
accommodate charge. Doping can alter the density of states near the Fermi level and there-
fore modify the quantum capacitance [79]. The broader doped-MXene literature has
shown that changes in adsorption energy, electronic density, and surface active centers
can increase quantum-capacitance contributions. For non-Ti MXenes, however, direct ex-
perimental separation of quantum capacitance from double-layer and pseudocapacitive
contributions remains rare. This should therefore be treated as an important research gap
rather than as an established mechanism for every doped non-Ti MXene.

Single-element doping changes one part of the MXene structure, whereas multiele-
ment or co-doping can introduce complementary effects [80-83]. One dopant may
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improve conductivity, while another can increase surface activity or modify interlayer
spacing. Such a strategy is attractive for non-Ti MXenes because their broad compositional
space allows multiple transition metals and heteroatoms to be combined. However, direct
experimental evidence for co-doped non-Ti MXenes specifically in supercapacitors re-
mains limited. The broader MXene literature demonstrates that N/S, N/P, and N/O com-
binations can provide synergistic changes in surface chemistry, active-site density, and
charge storage [41,84-88]. These results provide a useful mechanistic basis for extending
co-doping toward V-, Nb-, and Mo-based MXenes, but they should not be presented as
direct evidence for non-Ti systems. A promising direction is therefore to combine two
complementary dopants with controlled concentrations. For example, a transition-metal
dopant could regulate the d-electronic structure while N, S, or P modifies the X-site or
surface environment. Such designs could simultaneously increase electronic conductivity,
create redox-active sites, expand ion—accessible regions, and stabilize the layered structure.
The key challenge is to avoid excessive compositional complexity, which can make it dif-
ficult to identify which element is responsible for the observed improvement.

A direct comparison of doped non-Ti MXenes is difficult because reported capaci-
tance values are obtained under different conditions. The specific capacitance of 210 F/g
for N-doped ViCsTx was obtained at 10 mV/s in 1 M H2SO4, whereas N-Nb2CTx reached a
specific capacitance of 640 F/g at 5 mV/s in an alkaline solution of 1 M KOH [45,67]. These
differences in electrolyte, scan rate, voltage window, electrode mass loading, and cell con-
figuration make simple ranking unreliable. In this respect, device-level metrics provide a
more meaningful comparison. Cyclic stability also requires careful interpretation. La-in-
corporated NbsCsTx showed a remarkable 291% increase in capacitance after 90,000 cycles,
but its coulombic efficiency fell to approximately 30% [70]. This suggests that the apparent
capacitance increase may involve parallel unwanted reactions, such as water electrolysis,
hydrogen/oxygen evolution, and electrode or electrolyte degradation, rather than only re-
versible charge storage. This example highlights why capacitance retention alone is insuf-
ficient for determining long-term stability. Coulombic efficiency, leakage current, self-dis-
charge, impedance evolution, and post-cycling structural analysis should also be consid-
ered.

The structure-performance relationship of doped non-Ti MXenes in supercapacitors
shows that the electrochemical benefit of doping is a multivariable phenomenon. Dopant
identity controls the type of electronic and chemical perturbation, dopant concentration
determines its magnitude, and dopant location governs whether the dominant effect oc-
curs in the lattice, at the surface, or at the electrode—electrolyte interface. These changes
subsequently influence ion diffusion, charge-transfer kinetics, redox activity, and elec-
tronic charge accommodation. For doped non-Ti MXenes, the most important unresolved
issue is therefore not finding another dopant but establishing a predictive relationship
between dopant location and electrochemical function. For meaningful comparison of
doped MXene supercapacitors, high capacitance and apparent cyclic stability should not
be considered sufficient evidence of improved charge storage. Reported performance
should be supported by high Coulombic efficiency, reproducible charge—discharge behav-
ior, and should be evidenced that unwanted Faradaic reactions, electrolyte decomposition,
and electrode degradation do not dominate the measured charge-storage efficiency.
Doped MXene-based electrodes showing poor Coulombic efficiency should therefore be
treated as exhibiting significant unwanted electrochemical activity rather than actual en-
hancement of reversible charge storage mechanism. In addition, electrolyte chemistry
should be treated as an essential parameter when evaluating doped non-Ti MXenes for
supercapacitor applications. Changes in surface chemistry or dopant-induced redox ac-
tivity may alter the electrode potential range, but the working device voltage must also
satisfy the electrochemical stability of the electrolyte and electrode. Accordingly,
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electrochemical performance should be evaluated with the working voltage window,
Coulombic efficiency, and long-term structural stability rather than from capacitance
value only. The research should move toward controlled studies that combine spectros-
copy, microscopy, electrochemical kinetics, DFT, and quantum-capacitance calculations.
Such an approach would allow the actual contribution of doping to be separated from
effects caused by secondary phases, surface functionalization, composites, and electrode
architecture. This distinction will be essential for developing reliable design rules for next-
generation doped non-Ti MXene supercapacitors.

7. Summary and Conclusions

Non-Ti MXenes provide a broad chemical platform for developing supercapacitor
electrodes beyond the extensively studied Ti-based systems. This review examined Mo-,
V-, and Nb- based MXenes and evaluated how their properties can be further tuned
through M-, X-, and T-site modification, heteroatom incorporation, metal doping, substi-
tution, and surface engineering. The discussion shows that the value of doping lies not
simply in introducing a foreign element, but in using composition as a tool to control the
electrochemical behavior of the host structure.

Several important conclusions emerge from the reviewed literature. First, doped non-
Ti MXenes are still an emerging area for supercapacitors, despite the rapid growth of re-
search on non-Ti MXenes in other energy-storage and conversion applications. Experi-
mental studies remain concentrated mainly on V-, Nb-, and Mo-based systems, whereas
many other non-Ti MXenes are still supported largely by theoretical predictions. Similarly,
the lack of experimentally demonstrated S-, P-, and O-doped non-Ti MXenes for superca-
pacitors highlights an important gap that permits systematic investigation. Second, dop-
ing can provide a useful means of overcoming limitations associated with pristine MXenes
by creating new chemical environments and modifying the accessibility of electroactive
regions. However, the reported improvements should be interpreted in the context of the
host MXene, electrolyte, electrode architecture, and synthesis conditions rather than
through capacitance values alone. A central outcome of this review is the need to distin-
guish doping, substitution, surface functionalization, and composite formation. These
terms are frequently used interchangeably, although they describe different structural sit-
uations and can lead to different electrochemical mechanisms. This distinction is particu-
larly important for non-Ti MXenes because some reported performance enhancements
originate from secondary phases or carbon-based components rather than from the do-
pant itself. The review also highlights that the current literature is not yet sufficient to
establish universal rules for selecting a dopant or predicting its optimum concentration.
Experimental determination of dopant location and distribution remains limited, espe-
cially for M-site doping, while systematic investigations of X- and T-site modification are
even less common. Consequently, the field should move beyond empirical material
screening toward controlled experiments in which composition, doping level, spatial dis-
tribution, and surface termination are deliberately varied. Another important conclusion
concerns performance assessment. Electrode-level specific capacitance is useful for under-
standing intrinsic electrochemical behavior, but it does not by itself establish practical su-
periority. Energy density, power density, active-material loading, voltage window, cou-
lombic efficiency, self-discharge, and long-term stability should be considered together.
The unusual capacitance evolution reported for La-incorporated NbsCsTx further demon-
strates why stability data require careful interpretation when parasitic reactions may con-
tribute to the measured response.

Overall, doped non-Ti MXenes should be viewed as a design platform rather than a
single class of high-capacitance materials. Their future development will depend on link-
ing atomic composition with measurable electrochemical function and separating genuine
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doping effects from contributions arising from structure, surface chemistry, and electrode
architecture. Combining controlled synthesis, advanced characterization, theoretical cal-
culations, and standardized device testing can establish reliable design rules. Such pro-
gress would provide a stronger foundation for translating doped non-Ti MXenes from
promising laboratory materials into practical high-power and high-performance superca-
pacitor electrodes. It is very important to note that the experimental evidence for doped
non-Ti MXenes remains relatively limited, as many reported compositions and doping
configurations have so far been explored mainly through theoretical studies. Conse-
quently, N-modified VCTx and NbCTx appear more frequently in the present discussion
because comparatively more experimental evidence is available for these systems. Their
reported improvements should therefore be considered representative examples rather
than trends for all doped non-Ti MXenes. Besides, experimental studies covering a wide
range of compositions, dopants and well-defined doping configurations are needed to es-
tablish more general structure-property relationships for supercapacitor applications.

8. Challenges and Future Perspectives

Doped non-Ti MXenes have opened a broader compositional space for supercapaci-
tor electrode design, but the field is still at an early stage. The main challenge is no longer
to demonstrate that doping can change electrochemical behavior. Instead, the priority is
to develop reproducible, scalable, and mechanistically controlled materials. The recent lit-
erature on non-Ti MXenes also shows that many compositions remain theoretically pre-
dicted, while experimental synthesis is concentrated mainly on V-, Mo-, and Nb-based
systems.

Controlled synthesis and dopant distribution: Reliable control of dopant concentra-
tion, bonding state, and spatial distribution remains a major limitation. In particular, it is
difficult to confirm whether a dopant occupies the M, X, or T position or forms a separate
phase. Most theoretical studies focus on M-site substitution, whereas experimental verifi-
cation of site-specific doping remains limited. Future work should combine controlled
precursor chemistry to establish the actual dopant location. In situ characterization during
synthesis would be particularly useful for following dopant incorporation and avoiding
the common problem of assigning surface adsorption or secondary phases to lattice dop-
ing.

Stability, oxidation, restacking, and scalable processing: The practical use of non-
Ti MXenes is also limited by oxidation, structural degradation, and restacking. Many non-
Ti compositions have not yet been produced in large quantities, and their long-term sta-
bility in air and electrolyte environments is not well established. The broader non-Ti
MXene literature identifies the development of air-stable materials and bulk synthesis as
important requirements for practical applications. Doping may improve stability in some
cases, but it can also introduce lattice strain or chemically unstable phases. The oxidation
of the transition-metal centers can progressively alter the MXene surface and structure,
which may trigger the loss of electrochemical activity and increased self-discharging. Ad-
ditionally, hydrophobic functionalization and covalent ligand modification are possible
approaches to restrict the possible contact with water and oxygen as well as improve en-
vironmental stability. Future studies should therefore evaluate storage stability, oxidation
kinetics, and electrochemical degradation under realistic conditions rather than only
measuring short-term cycling. Scalable preparation should also move toward safer etch-
ing, continuous processing, and high-yield delamination while maintaining the intended
composition.

Establishing genuine site-specific doping: A major scientific gap is the lack of ex-
perimentally verified M-, X-, and T-site-specific doping. Theoretical calculations predict
many attractive structures, but only a small fraction have been experimentally realized.
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This gap should be addressed by developing synthesis routes that selectively target indi-
vidual sites. Such control would allow researchers to separate lattice effects from surface
effects and determine whether a particular dopant improves conductivity, ion adsorption,
redox activity, or structural stability. This information is essential for developing transfer-
able design rules rather than relying on trial-and-error synthesis.

Standardized electrochemical evaluation: The current literature is difficult to com-
pare because electrode loading, electrolyte, voltage window, scan rate, current density,
and cell configuration vary substantially. Therefore, future reports should provide both
intrinsic electrode properties and full-device performance. Mass loading should be clearly
stated, and energy density should be calculated using the total mass of active materials
where appropriate. Coulombic efficiency, self-discharge, leakage current, impedance evo-
lution, and post-cycling structural changes should accompany cycling data. This is partic-
ularly important when capacitance increases during cycling, because such behavior may
arise from irreversible reactions rather than genuine reversible charge storage. The re-
ported studies suggest that doping can improve the electrochemical response of non-Ti
MXenes, but the available studies do not yet support a universal trend. The observed en-
hancement depends on the dopant, its concentration and location, the host MXene, elec-
trolyte, and electrode structure.

From empirical screening to a technology roadmap: The next stage should combine
DFT, machine learning, automated synthesis, and experimental validation. DFT can first
screen stable host-dopant combinations, preferred sites, formation energies, electronic
structures, and ion—adsorption behavior. Experimental measurements can then validate
the most promising candidates. A useful database should connect composition and syn-
thesis parameters with dopant concentration, site occupancy, surface termination, con-
ductivity, ion-transportation properties, capacitance, energy density, and cycling behav-
ior. Machine-learning models could subsequently identify composition—structure combi-
nations that are difficult to discover through conventional screening. Table 2 highlights
the challenges, current limitations, and future research directions for doped non-Ti
MXenes in supercapacitor applications, highlighting controlled synthesis, site-specific
doping, structural stability, standardized electrochemical evaluation, and the transition
toward data-driven and scalable material development.

Table 2. Challenges and future perspectives for doped non-Ti MXenes in supercapacitors.

Major Challenge

Current Limitations Future Research Directions Expected Outcome

Difficult to precisely control
dopant concentration, bonding Develop controlled precursor =~ Reproducible dopant con-

Controlled synthesis and state, spatial distribution, and chemistry, site-selective synthesis, centration and location

dopant distribution

whether the dopant occupies  and in-situ characterizations of ~with clear structure—prop-
M, X, or T sites or forms sec- dopant incorporation. erty relationships.
ondary phases.

Stability, oxidation, re-
stacking, and scalable
processing

Non-Ti MXenes can undergo
oxidation, structural degrada-
tion, and nanosheet restacking.

Develop oxidation-resistant
structures, protective coatings, in- Improved long-term stabil-
L. terlayer engineering, safer etch-  ity, reproducibility, and
Large-scale synthesis with con- . yer eng & 5a! Yr TP 4
ing, continuous processing, and scalable production.

sistent composition remains . . L
P high-yield delamination.

challenging.

Establishing exact site-
specific doping

Experimental evidence for M-, Develop synthesis routes target-  Site-specific design rules
X-, and T-site-specific doping  ing specific sites and combine linking dopant location

is limited, while many pre-  spectroscopy, microscopy, and with conductivity, ion
dicted structures remain ex- DFT to verify dopant occupancy transport, redox activity,
perimentally unrealized. and bonding. and stability.
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Standardized electro-
chemical evaluation

Establish standardized testing

Differences in mass loading, protocols and report electrode— . .

. . . Reliable comparison of ma-

electrolyte, voltage window, and full-device performance, in- . .
terials and more realistic

assessment of practical per-

formance.

scan/current rate, and cell con- cluding coulombic efficiency, self-
figuration make direct com-  discharge, leakage current, im-
parison difficult. pedance, and post-cycling struc-
ture.

From empirical screen-
ing to a technology

Trial-and—error material dis- . . .
Integrate DFT, machine learning, Faster discovery and ra-

automated synthesis, and experi- tional design of high-en-
mental validation to identify  ergy, high-power, durable

covery is slow, and integrated
databases connecting composi-
tion, structure, synthesis, and

roadmap ) promising host-dopant combina- doped non-Ti MXene elec-
electrochemical performance .
. tions. trodes.

are lacking.

A practical development pathway can therefore be divided into four stages: (i) com-
putational screening and synthesis optimization, (ii) site-controlled material preparation
and structural verification, (iii) standardized electrochemical and full-device testing, and
(iv) scalable electrode fabrication and long-term validation. Flexible printing, coating, and
filtration methods already demonstrated for non-Ti MXenes provide useful routes toward
wearable and lightweight devices. The future of doped non-Ti MXene supercapacitors
will depend on moving from composition—driven experimentation to mechanism-guided
materials design. The most promising systems should not simply deliver high capacitance;
they should combine controlled composition, oxidation resistance, scalable synthesis,
rapid kinetics, high energy and power density, and reliable long-term operation. Estab-
lishing these links will determine whether doped non-Ti MXenes can progress from la-
boratory-scale demonstrations to practical high-performance supercapacitor electrodes.
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