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Surface terminations profoundly influence the intrinsic properties of
MXenes, but existing terminations are limited to monoatomic layers or
simple groups, showing disordered arrangements and inferior stability.
Here we present the synthesis of MXenes with triatomic-layer borate
polyanion terminations (OBO terminations) through a flux-assisted eutectic
molten etching approach. During the synthesis, Lewis acidic salts act as

the etching agent to obtain the MXene backbone, while borax generates
BO, species, which cap the MXene surface with an O-B-0O configuration. In
contrast to conventional chlorine/oxygen-terminated Nb,C with localized
charge transport, OBO-terminated Nb,C features band transport described
by the Drude model, exhibiting a 15-fold increase in electrical conductivity
and a10-fold improvementin charge mobility at the d.c. limit. This transition
isattributed to surface ordering that effectively mitigates charge carrier
backscattering and trapping. Additionally, OBO terminations provide Ti,C,
MXene with substantially enriched Li*-hosting sites and thereby a large

charge-storage capacity of 420 mAh g™*. Our findingsillustrate the potential
of intricate termination configurations in MXenes and their applications for
(opto)electronics and energy storage.

Two-dimensional (2D) transition-metal carbides/nitrides, known
as MXenes, have attracted intensive attention due to their promis-
ing applications in the areas of energy storage', (opto)electronics®?,
environmental,*® biomedicine® and future quantum technologies®.
MXenes are characterized by the formula M,,.;X, T, (n=1-4), where M
represents the transition metal, X represents carbon and/or nitrogen,
and T, represents the surface terminations. Unlike other 2D materi-
als, MXenes typically possess a layer of functional groups (thatis, T,)
capping the exposed surface metal atoms. Recent research hasunder-
scored the pivotal role of surface terminationsin shaping the intrinsic
properties of MXenes, such as band structures’, electronic properties®®,

superconductivity’and electrochemical functions®. These early results
have prompted the exploration of new terminations, which offer an
unparalleled and largely untapped design space for expanding the
MXene family and discovering unique physicochemical properties.
MXenes are commonly synthesized via the selective removal of
A-layers from layered ternary metal carbides/nitrides (that is, MAX).
Although the M,,,;X,, backbone of MXene is inherited from MAX pre-
cursors, terminations are predominantly determined by the syn-
thetic process. Typically, wet-chemistry etching utilizing fluorine- or
chlorine-containing aqueous acids yields MXenes with randomly
mixed -OH, -0, -F and -Cl terminations'. Lewis-acid molten salt
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Fig.1|Synthesis of OBO-MXenes by the flux-assisted eutectic molten etching approach. a-c, Schematics showing the synthesis process with Ti;C, MXene as an

example (a) and atomic structures of OBO-Ti,;C, (b) and OBO-Nb,C (c).

etching shows promise in producing MXenes with monoatomic-layer
halogen terminations (-Cl, -Br or -1)'°'2. These halogen terminations
canbe subsequently substituted with chalcogen terminations or other
monoatomic-layer terminations (for example, lead and antimony)
by a post-conversion process”'®. However, these terminations are
susceptible to oxidation upon air exposure or during washing steps
and thus fall short in stabilizing the ordered termination structure.
Furthermore, other synthetic approaches (for example, hydrother-
mal etching'*", electrochemistry'® and iodine-assisted etching")
and post-treatment strategies (for example, annealing’® and chemi-
cal conversion) offer termination manipulation, yet termination
options remain constrained to the aforementioned types. Critically,
the instability and disordering of the termination structure pose a
major challenge for MXene applications that necessitate structural
integrity and superior quality.

In this study, we showcase the synthesis of MXenes (Nb,C and
Ti,C,) with ordered triatomic-layer borate polyanion terminations,
using a flux-assisted eutectic molten etching approach. The synthesis
involves co-melting CuCl, and borax (Na,B,0,:10H,0), whereupon CuCl,
selectively removes aluminium layers from MAX phases, while thermally
decomposed borax generates BO, species that cap the MXene surface
(denoted OBO terminations). Due to the ordered triatomic-layer O-B-O
arrangement, terahertz (THz) spectroscopy unveils fully delocalized
charge carriers of OBO-terminated Nb,C (OBO-Nb,C), demonstrating
Drude-type band transport characteristics. This unique feature con-
trasts with chlorine/oxygen-terminated Nb,C (CIO-Nb,C) with partially
localized charge transport, which leads to suppressed long-range carrier
transport. Consequently, OBO-Nb,C demonstrates a 15-fold enhance-
ment in electrical conductivity and a 10-fold improvement in charge

mobility in comparison to CIO-Nb,C. Additionally, OBO terminations
substantially increase the Li*-hosting sites of Ti,C, MXene, resultingin
anultrahigh charge storage capacity of 420 mAh g™, approximately dou-
ble that of chlorine/oxygen-terminated Ti,C, (CIO-Ti;C,, 212 mAh g™).

Synthesis of OBO-terminated MXenes

The flux-assisted eutectic molten etching approachintegrates a Lewis
acidic etching agent (that is, CuCl,) and a polyanion supplier (that
is, borax). Borax was selected for its ability to co-melt with the etch-
ing agent and to generate anionic borate species that preferentially
occupy the termination positions of MXenes. Taking Ti;AIC, as an
illustrative example (Fig. 1a), the aluminium layers of Ti;AIC, are ini-
tially removed by CuCl, during annealing through equation (1)"°. In
parallel, borax undergoes thermal decomposition, generating NaBO,
and B,0, through equation (2). Anionic BO, species subsequently
cap the Ti,C, surface through equation (3), forming the terminations
featured by aunique triatomic-layer O-B-0 configuration (Fig. 1b). As
evidenced by the calculated thermodynamic stability (Supplementary
Fig.1), BO, manifests a higher affinity than CI” for covering the MXene
surface. Finally, OBO-terminated MXenes (OBO-MXenes) are obtained
following sequential washing steps involving 5 wt% HCIl to remove
glassy B,05and 0.1 M ammonium persulfate solution to remove cop-
per generated during synthesis. Energy-dispersive X-ray (EDX) spec-
troscopy (Supplementary Fig. 2 and Supplementary Table 1) reveals
that the chemical composition of OBO-Ti,C, is minimally affected
by the washing process. OBO-Nb,C was synthesized through similar
procedures, showing similar OBO terminations (Fig. 1c).

2Ti;AlC, + 3CuCl, — 2Ti;C, + 2AICL, () 1 + 3Cu o))
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Fig.2|Synthesis mechanism and characterizations of OBO-MXenes. a, SEM

image of OBO-Ti;C,. Scale bar, 2 pm. b, Solid-state "B MAS NMR spectra of borax,
borax-A, rOBO-Ti,C, and OBO-Ti,C,. ¢, B1s XPS spectra of B,O,, NaBO,, OBO-Ti,C,
and OBO-Nb,C. d, XANES spectra of CIO-Ti,C,, OBO-Ti,C, and the corresponding
TiO,, TiCand Tifoil references. Inset: comparison of corresponding edge energy

(E,) position. The £, values are derived for OBO-Ti,C, (4,976.7 eV), CIO-Ti,C,
(4,974.7 eV), OBO-Nb,C (19,001.6 eV) and CIO-Nb,C (19,000.5 eV). e-h, Contour
plots of the wavelet-transformed EXAFS of TiC (e), TiO, (), CIO-Ti,C, (g) and
OBO-Ti,C, (h).

Na,B,0; — 2NaBO, + B,0; (2)

Ti;C; + CuCl, + 2NaBO, — Ti3;C,(BO;), + 2NaCl+Cu  (3)

Scanning electron microscopy (SEM) images reveal the typical
accordion-like morphology of OBO-Ti,C, (Fig. 2a) and OBO-Nb,C (Sup-
plementary Fig. 3). Powder X-ray diffraction (PXRD) patterns reveal
expanded interlayer spacings when comparing OBO-MXenes to their
corresponding MAX phases (Supplementary Fig. 4). Both SEM and
PXRD results substantiate the conversion fromthe corresponding MAX
phasesto the MXene phases. Inaddition to OBO-Ti,C,and OBO-Nb,C,
we also demonstrated the applicability of the flux-assisted eutectic
molten etching approachtosynthesize Ti;CN and TINbC with OBO ter-
minations (Supplementary Fig. 5). Moreover, OBO-MXene nanoflakes
with lateral sizes of 0.5-2 pum were obtained viaa liquid-phase chemical
delamination (Supplementary Fig. 6).

The synthetic mechanism is supported by high-resolution
solid-state "B magic-angle spinning (MAS) NMR spectra collected under
alarge magneticfield (18.8 T, Supplementary Fig. 7). Pristine borax was
annealed under the same conditions used for MXene preparation to
identify its decomposition products (borax-A). In contrast to the two
characteristic "B NMR signals of borax at 2.3 and 17.4 ppm, borax-A
presents twosignals at1.1and 15.3 ppm (Fig. 2b), corresponding to the
locally tetrahedrally oxygen-coordinated boronatom (B(OR),) and the
threefold oxygen-coordinated boron atom (B(OR),), respectively?.

These two signals align with those of standard B,0; and NaBO,
(Supplementary Fig. 7c), which verifies the thermal decomposition of
borax outlined in equation (2). Moreover, the as-obtained OBO-Ti,C,
before washing (denoted rOBO-Ti,C,) exhibits a diminished (B(OR),)
peakat1.3 ppm compared with borax-A, implying the participation of
NaBO, in the termination formation described in equation (3). After
washing, OBO-Ti,C, depicts amajor signal at14.2 ppm, which manifests
the presence of OBO terminations with B(OR),-type boron atoms. The
weak peak detected for OBO-Ti,C, at 26.8 ppm could be attributed
to the formation of a minor fraction of surface-exposed B(OR),-type
boron atoms during washing (Supplementary Fig. 8). In addition, the
B MAS NMR pattern of OBO-Nb,C (Supplementary Fig. 7d) validates
the threefold oxygen-coordinated boron configuration of the OBO
terminations, similar to OBO-Ti,C,. Fourier transform infrared spec-
troscopy analysis (Supplementary Fig. 9) confirms the absence of -OH
groups on the surface of OBO-MXenes. In addition, high-resolution B
1sX-ray photoelectron spectroscopy (XPS) spectra of both OBO-Ti,C,
and OBO-Nb,C (Fig. 2c) present abroad peak at191.5 eV, matching with
the binding energy of NaBO,. This suggests that the boron atoms in
OBO terminations have asimilar electronic state to the boron atomsin
NaBO,, suggesting that OBO terminations originate from BO, species
(equation (3)). No B,0, signal (194.0 eV) was observed in the B 1s XPS
spectra of OBO-MXenes, confirming the complete removal of B,0;.
Moreover, the C 1s XPS spectra of OBO-MXenes identify the charac-
teristic carbon-metal bonding, further supporting the successful
synthesis of MXenes (Supplementary Fig.10).
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Fig. 3| Structural characterizations of OBO-MXenes. a,b, Cross-sectional
HAADF-STEM images of OBO-Ti;C, (a) and OBO-Nb,C (b).Scale bars,1nm.c,d,
STEM-EDX boron-elemental mapping and corresponding HAADF-STEM images
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of OBO-Ti,;C, (c) and OBO-Nb,C (d). Scale bars, 0.5 nm. e,f, Atomic-resolution
SIMS depth profile of OBO-Ti,;C, (e) and OBO-Nb,C (f). g,h, Rietveld refinement of
SXRD patterns of OBO-Ti,C, (g) and OBO-Nb,C (h).

For comparison, we synthesized CIO-Ti,C, and CIO-Nb,C with
mixed and disordered chlorine/oxygen terminations using a previ-
ously reported method (Supplementary Fig. 11 and Supplementary
Table 2)'°. In the metal (Ti, Nb) K-edge X-ray absorption near-edge
structure (XANES) spectra, both OBO-Ti,C, (Fig. 2d) and OBO-Nb,C
(Supplementary Fig. 12) present a similar spectrum shape to their
corresponding metal carbide references (that is, TiC and NbC). The
absorption edge energy (E,) of OBO-MXenes is higher than that of the
corresponding chlorine/oxygen-terminated MXene counterparts,
whichindicates that OBO terminations induce higher oxidation states
in the surface metal atoms of MXenes. Additionally, metal (Ti, Nb)
K-edge Fourier-transformed extended X-ray absorption fine structure
(EXAFS) R-space spectrawere performed to reveal thelocal coordina-
tion of metal atoms in OBO-MXenes (Supplementary Fig. 13)*. The
visualized wavelet-transform analysis of EXAFS in R and k spaces was
carried out for OBO-Ti,C, (Fig. 2e-h) and OBO-Nb,C (Supplementary
Fig. 14), and the results are compared with the corresponding chlo-
rine/oxygen-terminated MXenes, metal carbides and metal oxides.
The contour intensity in the analysis revealed two maxima for both
OBO-Ti,C, and OBO-Nb,C, which correspond to the first-shell metal-
carbon/oxygen scattering (1.60 A for Ti-C/0, 1.63 A for Nb-C/O in R
space) and second-shell metal-carbon-metal scattering (2.74 A for
Ti-C-Ti,2.73 Afor Nb-C-Nbin R space). The first-shell metal-carbon/
oxygen scatterings in OBO-Ti,;C, and OBO-Nb,C are slightly lowerinR
space thanin CIO-Ti,C, (1.71 A) and ClO-Nb,C (1.70 A), reflecting their
relatively compact metal-termination connecting bonds.

Atomic configuration of OBO terminations

The hexagonal crystal structures of OBO-MXenes were further
identified by their high-resolution transmission electron microscopy
andselected area electron diffraction patterns (Supplementary Fig.15).
The homogeneous distribution of titanium/niobium, carbon, oxygen
and boron throughout the MXene grain is confirmed by the EDX
elemental mapping of OBO-Ti,C, and OBO-Nb,C (Supplementary
Fig. 16). Neither EDX nor XPS (Supplementary Fig. 17) analyses
identify any chlorine signals. Relying on the quantified EDX result
(Supplementary Table 3), the formulas of OBO-Ti,C,and OBO-Nb,Care
estimated as Tis1.07C;.0:05B20:03040:1.0 ANA ND3 1.04C0.0:02B20:0304 1100
respectively, closely aligning with our predicted formulas, Ti,C,(BO,),
and Nb,C(BO,),.

Atomic-resolution cross-sectionalimages and EDX mapping were
next performed for OBO-Ti,C,and OBO-Nb,C using high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM).
The interlayer distance was deduced to be 1.36 nm for OBO-Ti,C,
(Fig. 3a) and 1.27 nm for OBO-Nb,C (Fig. 3b). These values notably
exceed the interlayer distance of CIO-Ti,;C, (1.07 nm, Supplementary
Fig.18) and CIO-Nb,C (0.97 nm, Supplementary Fig. 19). Upon closer
examination of each MXene layer, we observed distinct triatomic-layer
titanium atoms in OBO-Ti,C, (Fig. 3¢), and diatomic-layer niobium
atoms in OBO-Nb,C (Fig. 3d), consistent with the expected MXene
backbone structures. Although the precise arrangement of carbon,
boron and oxygen cannot be directly discerned using HAADF-STEM,
STEM-EDX mapping reveals symmetric boron layers on both sides of
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Fig. 4| Charge-transport properties of OBO-MXenes. a,b, Electrical
conductivity of OBO-Ti;C, and CIO-Ti,C, (a) and of OBO-Nb,C and CIO-Nb,C

(b). ¢, Time-resolved THz photoconductivity (Ao, proportional to the pump-
induced relative changes in the transmitted field, ~A£/E) normalized to absorbed
photon density N, for OBO-Nb,C and CIO-Nb,C. d, Frequency-resolved

THz photoconductivity spectrum of OBO-Nb,C and CIO-Nb,C, recorded

~5 ps after photoexcitation. The red and blue symbols represent the real and

Pump-probe delay (ps)

Temperature (K)

imaginary parts of the complex-valued conductivity, respectively. The solid

lines are the Drude model fitting to the OBO-Nb,C data, and the Drude-Smith
modelfitting to the CIO-Nb,C data. e, Temperature-dependent time-resolved
THz photoconductivity of OBO-Nb,C from 78 K to 354 K under vacuum
conditions (pressure, <1.8 x 10™* mbar). f, Temperature-dependent maximum
photoconductivity normalized to the values at 288 K of OBO-Nb,C and CIO-Nb,C,
respectively. The dashed curves are the fitted linear lines for the dot data.

each MXene layer, thereby providing evidence of the presence of boron
in the terminations of both OBO-MXenes.

To elucidate the atomic configuration of the OBO terminations,
we employed an optimized ultralow-energy secondary-ion mass spec-
trometry (SIMS) technique with atomic-depth resolution®. Taking
OBO-Ti,C, as an example (Fig. 3e), three layers of titanium atoms are
evident in each MXene layer, with two layers of carbon atoms inter-
leaved between the titanium layers. In the outermost termination layer,
threedistinct atom layers are observed, exhibiting an 0O-B-0 configu-
ration. Specifically, one oxygen layeris adjacent to the outer titanium
layer, while another layer of boronis positioned in the middle, followed
by anoutermost layer of oxygen. The SIMS depth profile of OBO-Nb,C
indicates the same triatomic-layer configuration of OBO terminations
(Fig. 3f). It should also be noted that we detected the presence of oxy-
geninthe carbonlayers of the OBO-MXene backbones (Supplementary
Fig. 20), consistent with a previous report?’. Moreover, the SIMS pro-
files of OBO-Ti,C, before and after washing during synthesis exhibit no
discernible changesin theintensity of the titanium, carbon, boron and
oxygen signals. We conclude from this that the unique borate polyanion
terminations form through the reconstruction of molten BO, species.
These cover the MXene surface with metal-oxygen bonds, and each
boron atom is threefold oxygen-coordinated. Most intriguingly, the
terminations comprise three atomic layers arranged in a distinctive
O-B-0 configuration.

Having determined the configuration of OBO terminations, the
crystal structures of OBO-Ti;C,and OBO-Nb,C are simulated by density
functional theory (DFT) calculations (Supplementary Fig. 21). The
optimized models are correlated with the synchrotron X-ray diffraction
(SXRD) patterns of OBO-Ti,C, (Fig. 3g) and OBO-Nb,C (Fig. 3h).Rietveld
refinement of the structures® (Supplementary Table 4) gives OBO-Ti,C,
lattice parameters of a=b=3.19 A, c=27.46 A, and OBO-Nb,C lattice
parameters of a=b=3.30 A, c=25.56 A. These derived parameters
match well with the HAADF-STEM analysis, confirming the large

interlayer distance enabled by triatomic-layer OBO terminations.
Thepresence of TiC,.in OBO-Ti,;C, could originate from the impurities
inthe Ti;AIC, MAX precursor (Supplementary Fig. 22). The simulated
atomic structures also reveal that the same OBO terminations have
varying effects on the backbone thickness of different MXenes and on
the interlayer gap space (Supplementary Fig. 23). Furthermore, OBO
terminationsimprove the stability of MXene structures against oxida-
tioninwater and air at room temperature (Supplementary Figs. 24-26)
and at elevated temperatures (Supplementary Fig. 27).

Charge-transport properties
The electrical conductivity and photoconductivity of OBO-MXenes
and chlorine-/oxygen-terminated MXenes were further assessed.
Temperature-dependent van der Pauw analysis revealed that the elec-
trical conductivity of all MXene pelletsincreased with rising tempera-
tures (Fig. 4a,b), indicating the predominant influence of thermally
activated transport™. In particular, OBO-Nb,C displays a substantially
higher conductivity (40.6 Sm™at 300 K) than CIO-Nb,C (2.6 Sm™ at
300 K), achieving an approximately 15-fold enhancement. Meanwhile,
OBO-Ti,C,showsa conductivity of 777.9 Sm™at 300 K, 3.8 times that of
ClO-Ti;C,(205.3 S m™at 300 K). Such notable improvement in conduc-
tivity underscores the pivotal role of OBO terminations in modulating
the charge-transport properties of MXenes. Moreover, the termination
effect appears more pronounced in Nb,C MXene with atriatomic-layer
backbone when compared with Ti,C, MXene with a pentatomic-layer
backbone. This findingis also supported by their simulated band struc-
ture (Supplementary Fig. 28). It should also be noted that the van der
Pauw measurement of electrical conductivity encompassesintra-flake
charge transport and inter-flake charge hopping and transport through
grain-contact interfaces.

We further used optical pump-THz probe (OPTP) spectroscopy to
understand the mechanism governing the intrinsic intra-flake charge
transport of OBO-MXenes (Supplementary Fig. 29)%. OPTP typically
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Fig. 5| Charge-storage properties of OBO-Ti,C,. a, Cyclic voltammetry profiles
of OBO-Ti,C,and CIO-Ti,C, electrodes at 0.5 mV s . b, Galvanostatic charge-
discharge profiles of the OBO-Ti,C, electrode at various current densities.

¢, Li*-adsorption configurations of OBO-Ti,C,. Blue spheres, titanium; grey
spheres, carbon; yellow spheres, boron; red spheres, oxygen, purple spheres, site-1
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lithium; orange spheres, site-2 lithium. d,e, Cycling stability of the OBO-Ti,C, and
CIO-TiyC, electrodesat 0.1A g™ (d) and1A g™* (e). f, Voltage profile and contour
plots of operando SXRD of the OBO-Ti,C, electrode, showing a characteristic
(0002) peak at1.74°,a (1010) peak at 8.99° and a (1018) peak at 11.13°.

evaluates the short-range and intra-flake charge transport within
crystalline domains on the order of tens of nanometres®*2¢, OPTP
measurements detected a transientincrease in photoconductivity (Ao)
for OBO-Nb,C and ClO-Nb,C (Fig. 4c), indicative of the generation of
free carriers. Following this initial increase, a rapid photoconductiv-
ity decay was observed, presumably due to the recombination and/
or trapping of the photogenerated charge carriers®. Importantly, the
magnitude of the photoconductivity of OBO-Nb,C is double that of
CIO-Nb,C.Inthediffusive transportregime, Agisrelated to the charge
carrier mobility (1) as described in equation (4), where Nis the charge
carrier density, ¢ is the photon-to-free-charge conversion quantum
yield, and N, is the absorbed photon density. Assuming asimilar ¢, the
higher photoconductivity per absorbed photon (Aa/N,,,) of OBO-Nb,C
directly reveals its much enhanced charge mobility compared with
ClO-Nb,C. Moreover, the photoconductivity of OBO-Nb,C decays
slower than that of CIO-Nb,C in the normalized dynamics (Supple-
mentary Fig. 30), underscoring the slower charge-trapping rate and
consequently prolonged carrier lifetime of OBO-Nb,C.

Ao = eNu = eN, 1 “4)

Time-resolved THz time-domain spectroscopy (TDS) measure-
ments were next performed to quantitatively assess charge-transport

parameters®. Figure 4d presents the frequency-resolved,
complex-valued conductivity spectra of OBO-Nb,C and CIO-Nb,C.
Importantly, the conductivity spectrum of OBO-Nb,C can be ade-
quately described by the Drude model, which points to aband-transport
mechanismwith fully delocalized charge carriers. In contrast, CIO-Nb,C
displays a partially localized charge-transport effect, where the real
conductivity increases with the frequency, and the dispersion can
be fitted by Drude-Smith model. The Drude-Smith model describes
charge carriers undergoing (partial or full) localization via preferential
backscattering effects due to grain boundaries or structural disor-
dering”%. The disordered arrangement in surface terminations of
ClO-Nb,C MXenes could contribute to suppressing long-range charge
transport and consequently hampering charge-carrier mobility***.
By fitting the conductivity spectra, the charge scattering times (7) of
OBO-Nb,C and CIO-Nb,C were estimated to be 39 + 3 fsand 29 + 2 fs,
respectively. Because surface terminations do not apparently alter
the band dispersion of Nb,C (Supplementary Fig. 28), the effective
mass (m*) of OBO-Nb,C and CIO-Nb,C can be considered similar.
Following equation (5), c is introduced to signify the likelihood of
charges undergoing backscattering at scattering sources, with the
value ranging from O (equivalent to the Drude model) to -1 (100%
backscattering). c is determined to be O for OBO-Nb,C and -0.86
for CIO-Nb,C. Consequently, we compare the macroscopic charge
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carrier mobility (¢) at the d.c. limit for OBO-Nb,C and conclude that
the short-range carrier mobility in OBO-Nb,C is improved tenfold
compared with that in CIO-Nb,C.

T,;;e d+0) )

ﬂ:

Additionally, we conducted temperature-dependent OPTP
measurements for OBO-Nb,C (Fig. 4e) and CIO-Nb,C (Supplementary
Fig. 31). As displayed in Fig. 4f, the photoconductivity of OBO-Nb,C
exhibits a notable increase as the temperature drops from 354 to
78 K. This temperature-dependent behaviour supports the band-like
transport feature of OBO-Nb,C and underscores the critical role of the
carrier-phononscatteringin dictating the charge-transport process. By
contrast, ClIO-Nb,C exhibits amuch less pronounced increase in pho-
toconductivity and reaches saturation below 225 K. This again reflects
the defect-dominated charge scattering in CIO-Nb,C, particularly at
low temperatures. The opposite temperature dependencies observed
for thelong-range electrical conductivity (Fig. 4a) and the short-range
photoconductivity (Fig. 4f) suggest thatintra-grain charge transport
isgoverned by band-like behaviour, while long-range inter-grain trans-
port occurs through hopping and thereby limits charge percolation®.

All the above analyses reveal the considerably boosted
charge-transport properties of OBO-Nb,C in comparison with
CIO-Nb,C, highlighting the desirable effects of OBO terminations in
diminishing the charge-carrier backscattering and trapping. In addi-
tion, the OPTP and time-domain spectroscopy measurements were
performed for OBO-Ti,C, and CIO-Ti,C, (Supplementary Fig. 32). In
comparison with CIO-Ti;C,, OBO-Ti,C, achieves a 1.4-fold enhance-
mentin photoconductivity and 2.3-fold improvement in macroscopic
electron mobility, which verifies the generic effect of OBO terminations
on enhancing the charge-transport properties of MXenes.

Ultrahigh Li*-hosting capacity

MXenes, with Ti;C, as the representative, have been widely stud-
ied for energy-storage applications due to their pseudocapacitive
ion-intercalation mechanism’°>., We were thus motivated to under-
stand the effect of OBO terminations on the charge-storage proper-
ties of Ti;C,. The electrochemical performance of OBO-Ti,C,, and of
ClO-Ti;C, as a control sample, was evaluated in 1 M LiPF,. Figure 5a
presents the cyclic voltammetry curves of OBO-Ti,C, and CIO-Ti,C,
electrodes at 0.5 mV s™ after activation. The OBO-Ti,C, electrode pre-
sents a substantially larger cyclic voltammetry area than the ClO-Ti,C,
electrode, reflecting the much higher specific capacity of OBO-Ti,C,.
Galvanostatic charge-discharge curves of the two electrodes at vari-
ous current densities were collected to quantify the specific capacity.
Both the OBO-Ti,;C, electrode (Fig. 5b) and the CIO-Ti,C, electrode
(Supplementary Fig. 33) exhibit slope-shaped profiles without appar-
ent plateau. Of note, the OBO-Ti,C, electrode delivers a maximum
specific capacity of 420 mAh g™ (1,512 Cg™) at 50 mA g ™. This value
is nearly twice that of CIO-Ti,C, (212 mAh g'and 763.2 Cg™) and rep-
resents one of the highest specific capacities ever achieved for Ti,C,
MXenes (Supplementary Table 5). Even at a high current density of
1A g™, the OBO-Ti,C, electrode still delivers a large specific capacity
of 202 mAh g7, highlighting its excellent rate capability. Moreover,
OBO-Nb,C also exhibits apparently higher Li*-hosting capacities than
CIO-Nb,C (Supplementary Fig. 34).

We further sought insights into the high Li*-hosting capability
of OBO-Ti;C, through DFT calculations. Specifically, we simulated
the absorption of Li* on two different sites of OBO-Ti,C, usinga2 x2
supercell with aformula of Ti,,C,,B,,0,, (x =4, Supplementary Fig. 35).
The absorption begins with the site inside the OBO cage (site-1),
followed by thessite located on the top of the outer oxygen layer (site-2)
(Fig. 5¢). As Li*isincrementally absorbed, we observe a change in the
net partial charge transfer from lithium atoms to the MXene lattice

(Supplementary Table 6). The Ti,,C,,B,,0,, unit canaccommodate up
to 16 Li"ions (eight Li* ions on each side, Fig. 5c), corresponding to a
theoretical Li*-hosting capacity of 423.2 mAh g7, a value close to our
experimental result. Ti;C, models with monoatomic-layer termina-
tions (Ti,;,C,,Cl,,and Ti;,C,,0,,, x = 4) were established for comparison.
By contrast, the Ti;,C,,Cl,, (Supplementary Fig. 36) and Ti,,C,,0,,
(Supplementary Fig. 37) units can accommodate a maximum of eight
Li*ions (four Li*ions on eachside), corresponding to a specific capacity
of 224.6 mAh g'. When more than four Li* ions are adsorbed on each
side of Ti;,C,,Cl,, and Ti,,C,,0,,, the extra Li* ions enable minimal partial
charge transfer with the MXene lattice (Supplementary Tables 7 and 8).
Thesimulationresult also proves that the lattice oxygen atoms (in car-
bonlayers) of MXenes have anegligible effect on the Li*-storage capabil-
ity (Supplementary Fig. 38 and Supplementary Table 9). Additionally,
Li* diffusion was calculated to be energetically more favourable in
Ti,;,C,,B,,0,, (Supplementary Fig. 39) than in Ti,,C,,Cl,, and Ti,,C,,0,,
(Supplementary Fig. 40), further supporting the superior Li*-hosting
capability of our developed OBO-Ti,C,.

In addition, OBO terminations contribute to the prolonged
cycling stability of Ti;C, MXene. In a cycling test at 0.1A g for 550
cycles (Fig. 5d), the OBO-Ti,C, electrode exhibits a capacity retention
of 98%, in stark contrast to the capacity retention of the CIO-Ti,C,
electrode (59%). Moreover, the OBO-Ti,C, electrode retains 94% of its
original capacity after 2,000 cycles at 1A g™, whereas the CIO-Ti,C,
electrode maintains 79% of the original capacity (Fig. 5e). Operando
SXRD was employed to monitor the structural evolution of OBO-Ti,;C,
during Li" intercalation/deintercalation (Fig. 5f). The characteristic
peaks appear unshifted for OBO-Ti,C, during the electrochemical
test, demonstrating its near-zero-strain characteristic. Meanwhile,
B1sXPSspectrasuggest the good stability of OBO terminations during
Li*intercalation/deintercalation (Supplementary Fig. 41). These results
highlight the crucial role of OBO terminations in buffering the inter-
nal stress induced by Li* intercalation, which improves the structural
stability of OBO-Ti,;C, given the notably boosted Li*-hosting capability.

Inconclusion, we have demonstrated the synthesis of MXenes with
triatomic-layer borate polyanion terminations using borax-containing
Lewis acidic molten salts. OBO termination, characterized by an
ordered O-B-0 configuration, enabled MXenes with vastly enhanced
charge-transport and charge-storage properties. Specifically, we
showcased that, compared to CIO-Nb,C which exhibits localized
charge-transport features, OBO-Nb,C demonstrated band-transport
behaviour that follows the Drude model, showing a notable 15-fold
enhancementin electrical conductivity and a10-foldimprovementin
charge mobility. Additionally, OBO-Ti,C,, which possesses consider-
ably enriched Li*-hosting sites, exhibited an excellent charge-storage
capacity of 420 mAh g!, one of the highest values reported for a Ti,C,
electrode. Our study highlights the profound impact of constructing
ordered terminations with complex configurations in promoting the
desirable properties of MXenes, fostering their applicationsin (opto)
electronics, energy devices and beyond.
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Methods

Chemicals

Ti,AIC,and Nb,AIC MAX phases were purchased from Carbon-Ukraine.
Ti,AICN and TiNbAIC MAX phase were purchased from Jilin 11
Technology. Borax (Na,B,0,-10H,0), CuCl,, NaCl, KCI, NaBO,-4H,0,
B,0;, (NH,),S,04, HCI (aq.), 2.5 M n-butyllithium solution in hexane,
N-methyl-2-pyrrolidone (NMP), cellulose, polytetrafluoroethylene,
1M LiPFin ethylene carbonate and diethyl carbonate (EC/DEC, 1:1
vol%, battery grade) were purchased from Sigma-Aldrich. Hexane,
tetrahydrofuran, Super P carbonblack and lithium foil (purity, 99.9%;
thickness, 0.75 mm) were bought from Alfa Aesar. Glass microfibre
(grade GF/A) was purchased from Whatman. All chemicals were used
directly without any purification.

Synthesis of OBO-MXenes

MAX phase (Ti;AIC,, Nb,AIC, Ti;AICN and TiNbAIC), CuCl,,
Na,B,0,-10H,0, NaCl and KCl were mixed inamolar ratio of 1:3:2:2:2 and
ground inamortar for10 min. The mixture was then placed inacorun-
dumboat and transferred toatightly sealed tube furnace with an argon
flow (100 sccm). The synthesis reactions of OBO-Ti,C,, OBO-Nb,C and
OBO-Ti;CN MXenes were carried out at 800, 750 and 800 °C, respec-
tively, with a heating rate of 3 °C min™and held for 24 h. The synthesis
of OBO-TiNbC was performed at 700 °C with a heating rate of 3 °C min™
and held for 8 h. Afterward, the product was immersed in 5 wt% HCI
solution and sonicated for 30 min to remove by-products (for example,
B,0,). The product was then washed witha 0.1 Mammonium persulfate
solution to eliminate the copper particles produced. The obtained
product was further washed with deionized water and ethanol before
being dried in a vacuum oven for 24 h. As control samples, chlorine-/
oxygen-terminated MXenes were prepared by asimilar procedure, but
without the addition of borax.

The delamination of OBO-MXenes was conducted by a modified
chemical exfoliation approach®. Specifically, 50 mg of OBO-Ti,C, was
addedtol mlof2.5Mn-butyllithiumsolutioninanargon-filled glove-
box (H,0 and O, content maintained below 0.1 ppm). The sample vial
wasthensealed and stirred at room temperature for 24 h, followed by
washing with high-purity hexane and tetrahydrofuran. Subsequently,
thesamplewas added to10 mlof anhydrous NMPin a centrifuge tube.
After ice-water bath sonication (<5 °C) for 40 min, the supernatant
with exfoliated nanoflakes was collected by centrifugation at 360g for
20 mintoremove precipitated particles. Next, the supernatant was cen-
trifuged at13,000g for 15 min to precipitate MXene nanoflakes. Finally,
the precipitated MXene nanoflakes were dispersed inanhydrous NMP.

Characterizations

XPS was performed with an Axis Supra spectrometer (Kratos
Analytical). The high-resolution spectra were acquired using Al Ko X-ray
radiation atan emission angle of O° relative to the surface normal,and a
passenergy of 20 eV was utilized to obtain the high-resolution spectra.
Powder MXene samples were fixed on a copper adhesive tape, and all
analyses were performed using a charge neutralizer system to com-
pensate sample charging. Spectrawere calibrated onabinding energy
scale to the position of the C 1s C-C bond at 284.8 eV. Solid-state "B
NMR spectrawere acquired on 300 MHz (7.05 T) and 800 MHz (18.8 T)
Bruker Ascend spectrometers. Measurements with the 300 MHz spec-
trometer were performed using a commercial 2.5 mm H-X MAS NMR
probe (Bruker Biospin) at 15 kHz sample spinning rate. Measurements
withthe 800 MHz spectrometer were obtained usingal.3 mmH-X MAS
probe at 50 kHz spinning rate. "B MAS NMR spectra were recorded
by direct excitation with a delay of 3 s between subsequent scans.
Spectra were referenced using boric acid as reference for 'B. PXRD
was measured with an AERIS XRD system (PANalytical) with a Cu Ka
sourcediffractometer, ascanstep of 0.02° and ascan range between 5°
and 70°. Fourier transforminfrared spectrawere measured with a Shi-
madzu IRSpirit spectrometer. SEM images were collected using a Zeiss

GeminiS4 500. Atomic force microscopy images were collected using
aPark NX10 microscope. Transmission electron microscopy investiga-
tions were conducted using a Talos F200X transmission microscope
at 200 kV and a Scientific Titan Themis (ThermoFisher). Measure-
ments were performed in STEM modes using a HAADF. EDX was used
to map the chemical composition. Thermogravimetric analysis was
performed with a Simultaneous Thermal Analysis DSC/TG 111 system
(Setaram) from room temperature to1,000 °C in air. SIMS experiments
were conducted using a CAMECA IMS SC Ultra instrument equipped
with a Cs* primary-ion beam operating at a high incident angle of 75°
relative to the sample surface”’. The primary-ion beam was character-
ized by ultralow impact energy (100 eV), moderate intensity (6 nA) and
astandard diameter of 30 um. Negative detector polarity was used for
the measurements. Initially, the experimental procedure involved the
utilization of a beam of primary Cs" ions in a parallel configuration,
serving the purpose of delicately removing any potential impurity
species presentonthe crystal surface and promoting the formation of
flatsurfaces. Subsequently, low-energy Cs*ions were directed towards
the sample surface at ahighincident angle, enabling selective interac-
tions exclusively with the uppermost atomic layer. As a result of the
bombardment of the sample surface by the primary Cs* ions, atoms
fromthe material were sputtered away and subsequently detected as
secondaryions.

Synchrotron X-ray absorption spectroscopy (XAS) was per-
formed atbeamline P65 at the PETRA Il synchrotron (DESY, Hamburg,
Germany). XAS datawere collected in transmission mode at room tem-
perature withenergy around the TiK-edge (4,966 eV) and the NbK-edge
(18,986 eV). The incident, transmitted and reference X-ray intensities
were monitored using gasionizationchambers. A titanium/niobium foil
standard served as areference for energy calibration and was concur-
rently measured with the experimental samples. Prior to measurement,
all powder samples were prepared as pellets (diameter, 8 mm), diluted
with an appropriate quantity of cellulose, and sealed in Kapton tape
within aglovebox. The collected XANES and EXAFS data were further
integrated and corrected using Athena software v.0.9.26 (ref. 21). The
wavelet transform of the EXAFS patterns was performed using HAMA
Fortran software. To derive the EXAFS oscillations, x(k) (k-weights, 2)
was extracted as a function of photoelectron wave number k, within
aselected calculation range of 0-6 A (R, = 0, Rynax = 6). The Morlet
function was used as the mother wavelet function, with parameters
set to kappaMorlet =10 and sigmaMorlet =1.

SXRD data were collected at beamline BLO4 of the ALBA
synchrotron station, with 35 keV energy, A=0.4142 A, and the
high-angular-resolution multicrystal analyser detector set-up. To
enable the operando electrochemical test, the MXene electrodes were
prepared by combining MXene powder, Super P and polytetrafluoro-
ethyleneinan 8:1:1weightratio, assisted by ethanol. The resulting mix-
ture was compressed into afilmand subsequently driedat80 °Cfor12 h
under vacuum conditions, leading to the formation of a free-standing
film. A 3032-coin cell was assembled in argon-filled glovebox by uti-
lizing the free-standing MXene electrodes as the working electrode,
lithium foil as the counterelectrode, a layer of glass microfibre as the
separator,and 1 M LiPFin EC/DEC as the electrolyte. To enable X-rays
to pass through, awindow 5 mmin diameter was created in the middle
ofthe coin cell shell and the lithium foil. The assembled batteries were
mounted onaspecialized set-up provided by the beam station for test-
ing. The charging and discharging processes were carried out using a
Biologic VMP3 potentiostat at a current density of 0.1 A g™ GSAS-II
software was used to process the Rietveld refinement of the obtained
SXRD patterns to derive the lattice parameters®.

Van der Pauw measurements

Theelectrical conductivity of the MXenes was measured using acom-
mercial Lakeshore Hall System (9700A). Powder MXene samples were
compressed under a force of 8 tonnes to create MXene pellets with a
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diameter of 8 mm and a thickness of 200 pm. Conductive silver paste
was applied to establish contact betweenthessilver wires and the pellet.
Current-voltage (/-V) curves were obtained at different temperatures
using a van der Pauw pattern to ensure the contacts are ohmic. The
sheetresistance (R,) of the pelletin the temperature range of 5-320 K
was determined to calculate the bulk electrical resistivity (p) and
electrical conductivity (o).

THz spectroscopy

THz spectroscopy used a commercial regeneratively amplified and
mode-locked titanium:sapphire femtosecond laser system (Spectra
Physics Spitfire Ace, seeded by Mai Tai and pumped by Empower).
The laser system generated pulses of approximately 50 fs duration,
centred at a wavelength of 800 nm, and operated at a repetition rate
of 1kHz. THz radiation was produced through optical rectification
using a non-linear zinc telluride (ZnTe) crystal oriented along the
(110) direction. The resulting THz electric field was measured using
asecond ZnTe detection crystal via the electro-optical effect, which
was probed with an 800 nm sampling pulse. The use of a ZnTe crystal
enabled the measurement of frequency information in the range of
0.4-2.5 THz. For OPTP measurements, the THz absorption induced
by charge carriers due to optical excitations (800 nm) was monitored
by fixing the sampling beam to the peak of the THz field. Using this
set-up, we measured time-dependent, pump-induced THz absorp-
tion by adjusting the time delay between the pump and THz probe. To
prevent THz absorption by vapours, the entire THz set-up was main-
tained under a nitrogen purge. During measurements, the samples
were either purged with dry nitrogen or placed under vacuum condi-
tions (<2 x 10 mbar). Charge carriers were photogenerated inMXene
samples using an optical pump pulse (1.55 eV laser pulse with -50 fs
duration), and subsequently probed using a single-cycle THz pulse
withafrequencybandwidth of2 THz. The time-resolved photoconduc-
tiveresponse (Ao) of charge carriers was monitored by characterizing
the time-dependent pump-induced THz absorption (AE) using the
thin-film approximation, by using equation (6), where Z,=377 Q s
the impedance of free space, [ is excitation thickness and ny,, =1.95is
therefractive index of the fused silica substrate in the THz range. £,
and £, represent the peak intensity of the transmitted THz field with
and without photoexcitation (Ao = 0,,m, — 0o), respectively.

_ Nsup + 1 Epump —Eo

Ao = 7l X £ (6)

Extraction of frequency-resolved photoconductivity

THz time-domain spectroscopic measurements were conducted with
afixed pump-probe delay time. The entire THz waveform transmitted
through the sample without photoexcitation was set as the reference
(E), and we measured the photoinduced THz waveform modulation
AE=E,,, - Einthe time domain. We utilized Fourier transformation to
converttherelative change of THz transmission from the time domain
to the frequency domain. Subsequently, we applied the thin-film

approximation to quantify the complex photoconductivity spectra.

Electrochemical measurements

The MXene electrodes were prepared by mixing the MXene powder
(80 wt%) with10 wt% Super Pand 10 wt% CMC binder to formaslurry.
Subsequently, the electrode was prepared by dispersing the mixturein
distilled water and coated onto a copper foil by a typical blade method.
After dryingin a vacuum oven for 24 h at 50 °C, 8-mm-diameter discs
were cut and used as the working electrodes. The loading mass of
MXenewas1+ 0.1 mg cm™. CR2025 coin cells were further assembled
inanargon-filled glovebox with H,0 and O, contentless than 0.1 ppm,
using the MXene electrodes as the working electrode, lithium foil
(diameter, 8 mm) as the counterelectrode, a layer of glass microfibre

as the separator and 1 M LiPF in EC/DEC as the electrolyte. Galvano-
static charge-discharge measurements were conducted on a LAND
CT2001A battery test system, while cyclic voltammetry was performed
by using a Biologic VMP3 potentiostat. Both OBO-Ti,C, and CIO-Ti,C,
electrodes needed an activation process with charge and discharge
cyclingat0.1Ag™

Computational studies

DFT calculations were performed using the projector-augmented
wave basis set, as implemented in the VASP code*?*. Exchange and
correlation effects were treated at the Perdew-Burke-Ernzerhoflevel
of theory and the dispersion forces by the Grimme correction (Per-
dew-Burke-Ernzerhof + D2)*7¢, A kinetic energy cut-off of 600 eV
was implemented, using a Monkhorst-Pack sampling of 4 x 4 x 1 for
monolayersand 4 x 4 x 4 for bulk MXene samples for the Brillouinzone
integration during allgeometry optimizations. The self-consistent field
convergence criterion was set to 10 eV, and the ionic relaxation was
stopped when the change of the total free energy was <10 eV between
two subsequent steps. For MXenes withoutand with Li*adsorbed onthe
MXene surface, vacuum spacing was set to 30 A to avoid any interaction
with periodic images. Subsequent self-consistent field calculations
were performed using a denser k-point grid of 6 x 6 x 1for monolayers
and 6 x 6 x 6 for bulk samples for the Brillouin zone integration. Partial
charge-transfer analysis was performed using the DDEC06 method™.
Li* diffusion on the MXene surface was computed using the climbing
image-nudged elastic band method implemented in the VASP code®*.

Data availability
All data are available in the main text or the Supplementary
Information. Source data are provided with this paper.
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