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ABSTRACT: MXenes, a family of ultrathin layered two-dimen-

sional (2D) transition-metal carbides, nitrides, and carbonitrides, MOPS HEPES o

are steadily advancing as novel inorganic nanosystems for a broad ’ o TR

range of applications. While high conductivity, solution process- .‘“b

ability, hydrophilic nature, and the presence of various surface \\ = . bs ‘ ‘
functional groups enable the use of 2D MXenes in aqueous '\Y MXene adsorption & intercalation
systems, applications that involve the use of MXenes in aqueous . nanosheets surface
systems and biological solutions, including but not limited to water o :\ “oxidation |
treatment, water desalination, and biological assays, are only

beginning to emerge. For the successful application of MXene in 1-2-(HEP)\

aqueous systems, their interactions with common aqueous solution Piperazine

constituents must be better understood. This paper describes the nanosheet aggregation

structural and functional properties of Ti;C,T, (Tx = O7, OH,

F~) MXenes in N-substituted commonly used biological buffers like N-(2-hydroxyethyl)-piperazine-N’-ethanesulfonic acid
(HEPES) and 3-(N-morpholino)-propane sulfonic acid (MOPS) and with a series of piperazine-based molecules dissolved in
phosphate buffer solutions. Dissolving MXenes in these buffers significantly impacts their optical, structural, and electrical properties.
The interactions of Ti;C,T, MXenes with N-substituted zwitterionic buffer molecules are structure-dependent and mostly but not
fully reversible. X-ray photoelectron spectroscopy measurements reveal small but measurable surface oxidation through the
formation of Ti—O bonds. Our results suggest a complex interaction pattern where some interactions are driven by hydrogen
bonding and electrostatic forces, while others involve chemisorption, which results in a permanent impact on the MXene nanosheets.
This study is an important step toward understanding the stability of MXenes in complex aqueous media and the impact of
interactions of MXenes with nitrogen-containing molecules on MXene properties, which are especially important in applications of
MXenes in biological systems. The nature of interactions between MXenes and biological buffer molecules, revealed in our study,
suggests that surface chemistry modifications of MXenes are required to preserve their chemical stability and enable their
applications in complex biological solutions.

KEYWORDS: Ti;C, MXene, N-(2-hydroxyethyl)-piperazine-N'-ethanesulfonic acid, 3-(N-morpholino)-propane sulfonic acid,
zwitterionic biological buffers, intercalation, adsorption, aggregation, oxidation

B INTRODUCTION bonds and covalent M—X bonds, highly reactive fluorine-
containing etchants must be used to extract monoatomic A-
metal layers from the MAX phase forming loosely stacked MX
layers.”'® These multilayered structures are further expanded
normally to the in-plane direction or sheared parallelly to yield
atomically thin nanosheets that are unique from the bulk
multilayered structures. Such delaminated monolayers of
MXenes are characterized by a high density of mobile

Non-toxic and environmentally friendly titanium-based tran-
sition-metal carbide two-dimensional (2D) materials, termed
MXenes,"* have attracted significant attention in the materials
research community as they add a large number of building
blocks to the family of hydrophilic,” layered 2D materials.”
MXenes are a large group of 2D transition-metal carbides,
nitrides, and carbonitrides, with the formula M,,;X,T,, where
M represents a transition metal (Ti, V, Nb, Ta, Mo, Zr, Cr, Sc,
etc.), X is carbon and/or nitrogen, and n = 1, 2, or 35719 Received: February 12, 2023
MXenes are obtained through a top-down synthesis approach Accepted:  February 24, 2023
of selectively etching a parent non-van der Waals ceramic

precursor called MAX phase, where A represents an element

from group IIIA to VIA of the periodic table such as Al or Si.

Due to the presence of more chemically active metallic M—A
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electronic carriers, which results in extraordinary metal-like
electrical conductivity.”'”'” Due to their structural and
electrical properties, MXenes have already been applied as
components of devices in energy storage, =~ sensors,”
wearable electronics,”® ™' and electromagnetic interference
shielding.””** They have also been used as catalysts’* and in
photothermal therapy’ and water treatment to remove
contaminants.*

The aqueous phase synthesis of MXenes adds surface
functionalities (represented as T, in the MXenes' general
formula) such as oxygen (O), hydroxyl (OH), fluorine (F),
and chlorine (Cl).>’~ The capability of MXenes to retain
surface charge results in high colloidal stability in aqueous
solutions over a broad pH range between 4 and 12.7%'7%*
These surface functional groups provide anchoring sites for
attaching various surface functionalization agents but may also
present chemical vulnerabilities. Although, ideally, 2D nano-
sheets would comprise single monolayers, they often form
incompletely exfoliated flakes with a thickness of a small
number (<10) of stacked monolayers. When MXenes absorb
guest molecules into their interlayer spaces, creating inclusion
complexes through intercalation, the surface terminations aid
in holding these intercalants intact, weakening the interlayer
adhesion and increasing the layer spacing. This process
reorganizes the nanosheets into highly controlled nanostruc-
tures either by increasing gaps between the densely packed
nanosheets or by forming a specifically ordered arrangement of
MXene nanosheets over a wide area.”’””” With a negative
surface charge, MXenes show high stability in aqueous
solution.”* However, their applications in aqueous media
have been limited to date. To increase the use of MXenes in
aqueous media, it is essential to understand the interactions
between MXene nanosheets and aqueous solution compo-
nents, especially in complex biological buffer solutions. It
should be noted that the presence of dissolved oxygen and
water molecules in an aqueous solution could lead to the
oxidation of MXene nanosheets, especially of Ti atoms at the
defect and edge sites of MXenes."' However, this is a more
prevalent problem in MZXenes synthesized using earlier
synthesis methods, resulting in a higher defect density. Recent
molecular dynamics simulations of MXenes also show that the
attack of water molecules on the basal plane of O-terminated
MXenes could lead to hydrolysis of MXenes, which pulls out
Ti atoms to the surface, making them more susceptible to
oxidation.”” This study also indicates that converting the
surface O into —OH groups and negatively charging the
surface prevent hydrolysis and stabilize the surface.

With growing interest in using MXenes in biological and
environmental applications,”~*° it is important to note that
the use of MXenes in biological applications must involve their
suspension in more complex aqueous solutions than just water.
Therefore, it is critical to understand the interactions of
MXene nanosheets with biological buffers commonly used in
biological applications. This paper focuses on the behavior of
TiyC,T, MXenes in two widely used nitrogen (N)-substituted
zwitterionic biological buffers: 2-[4-(2-hydroxyethyl) piper-
azin-1-yl] ethane-1-sulfonic acid (HEPES), which contains a
piperazine ring terminated with sulfonyl and hydroxyl groups,
and (3-(N-morpholino) propane sulfonic acid (MOPS), which
contains a morpholine ring terminated with a sulfonyl group.
To elucidate the role of the sulfonyl and hydroxyl groups in
HEPES buffer, MXenes were also solubilized in the HEPES—
analogue solutions of piperazine and 1-2-(hydroxyethyl)

piperazine (1-2-HEP). Nitrogen containing buffer and bio-
logical molecules are ubiquitous in biological systems, and their
presence could impact MXene chemical stability and perform-
ance in a multitude of biological applications, for example,
electrochemical and plasmonic biosensors*®™*® and photo-
thermal and drug delivery technologies.”~*****° Our study
shows that MXenes interact with N-substituted biological
buffer molecules and that these interactions impact the
structural and functional properties of MXenes, most
importantly their electrical conductivity. This study is an
important step in understanding the behavior of MXenes in
biological solutions.

B EXPERIMENTAL SECTION

Materials and Reagents. The Ti;AlC, MAX phase was procured
from the Gogotsi Group, Drexel University, USA. Hydrofluoric acid
(HF), hydrochloric acid (HCI), and lithium chloride were purchased
from Sigma-Aldrich. HEPES and MOPS buffers, piperazine, and 1-2-
(hydroxyethyl) piperazine (1-2-HEP) were purchased from Sigma-
Aldrich. All chemicals were used as received without any further
purification. The polypropylene membrane, 3501 Coated PP, was
purchased from Celgard LLC Co. (Charlotte, NC, USA).

Ti;C,T, MXene Synthesis. The synthesis of Ti,C,T, MXenes was
carried out following recently described synthesis protocols.***'~
Typically, a sample of the Ti,AIC, MAX phase was selectively etched
by slowly adding Al-rich Ti;AIC, (1 g, <7S um particle size) to an
etchant solution containing HF (12 M) and HCI (15 M) in a 50 mL
plastic bottle over the course of ~5 min due to the exothermic nature
of the reaction. The suspension was stirred at 300 rpm with a
polytetrafluoroethylene-coated stir bar at 35 °C for 24 h in a loosely
capped polyethylene terephthalate bottle. The resulting suspension
was washed multiple times via centrifugation at 3500 rpm for 5 min
with deionized (DI) water in a S0 mL centrifuge tube until the pH
reached 7. Following washing, the multilayered MXenes were further
delaminated by stirring in 5 wt % lithium chloride solution. The stable
suspension comprising monolayered MXenes was obtained by
centrifuging the delaminated MXene at a lower speed of 3500 rpm
for S min each time, until a dark clear supernatant was obtained. The
obtained dark supernatant was further subjected to high-speed
centrifugation at 10,000 rpm for 2 h to concentrate the solution.
The as-obtained concentrated MXene nanosheets were finally
dispersed in a 50 mL Millipore water solution to obtain a stable
colloidal suspension of concentrations as high as 25 mg mL™".

Interactions between Ti;C,T, MXene Nanosheets and
Zwitterionic Buffers and Their Analogues. The interaction
studies between MXene nanosheets and zwitterionic buffers and their
analogues were carried out by adding 100 L of 25 mg mL™" Ti,C,T,
MXene colloid samples to 20 mL glass vials containing 10 mL of DI
water, 10 mL solutions of HEPES and MOPS buffers of varying
concentrations between 1 and 10 mM, and 10 mL of piperazine and
1-2-HEP solutions of varying concentrations between 0.5 and 2.0
mM. The MZXene-containing solutions were kept under magnetic
stirring of 500 rpm at room temperature for 24 h. Following exposure
to the N-containing buffers and prior to their analysis by X-ray or
electron-based spectroscopies the MXene nanosheets were washed
three times by centrifugation at 3500 rpm to remove excess buffer and
buffer analogue molecules. The final suspension was vacuum-filtered
on polypropylene membranes (Celgard, 3501) and the as-obtained
free-standing films were dried under vacuum over at 110 °C for 24 h.

Characterization of MXenes. X-ray diffraction (XRD) (Rigaku
HyPix-3000 diffractometer) measurements were conducted on free-
standing films using a monochromatic Cu Kf# X-ray source. Survey
scans were conducted from 4 to 70° with a step size of 0.03° at 1.2
°/min. All films (before and after washing) were dried prior to XRD
measurements. The thickness of films was measured with a three-
dimensional laser scanning microscope (KEYENCE, VX-X1000).
UV—vis spectra of MXene solutions were obtained using an Agilent
Cary 3500 UV—vis spectrophotometer with a wavelength range of
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Figure 1. (a) Schematic illustration of the synthetic route of Ti;C,T, MXenes using the mixed acid (HF + HCI) method, (b) Tyndall effect in the
as-synthesized MXenes, (c) a representative TEM image (highlighted region) with a scale bar of 0.2 ym, (d) a SAED pattern, (e) XRD pattern, (f)
UV—vis spectrum, and (g) Raman spectrum of Ti;C,T, MXene. These MXene nanosheet characterization measurements are consistent with

previous studies and indicate the presence of high-quality MXenes.

200—1000 nm. Structural characterization of MXene nanosheets was
carried out using transmission electron microscopy (TEM) (JOEL
JEM-ARM200F), selected area electron diffraction (SAED), and field-
emission scanning electron microscopy (Hitachi S$4800). TEM
samples were prepared by drop-casting solutions of Ti;C,T, MXene
nanosheets in DI water (MXene—DI water), HEPES (MXene—
HEPES), MOPS (MXene—MOPS), piperazine (MXene—Piperazine),
and 1-2-hydroxyethyl piperazine (MXene—1-2-HEP) on lacey carbon
TEM copper grids. The grids were then placed in a desiccator to dry
the samples completely. X-ray photoelectron spectroscopy (XPS) was
conducted on the free-standing MXene films using a VersaProbe 5000
X-ray photoelectron spectrometer with a monochromatic Al K-Alpha
(Al Kar) 1486.2 eV X-ray source. High-resolution Ti 2p, C 1s, F 1s, O
1s, N 1s, and Fermi energy region spectra were recorded using a pass
energy of 23.5 eV and an energy resolution of 0.05 eV. Survey spectra
were recorded using a pass energy of 117 €V and an energy resolution
of 0.5 eV. Quantification and peak fitting were conducted using
CasaXPS software. Raman spectroscopy measurements of MXene
solutions were carried out using a Jasco NS-3100 Raman
Spectrometer equipped with a 785 nm laser as the excitation source.

The electrical conductivity of all MXene film samples was measured in
ambient conditions using the four-point probe on a Hall effect
measurement system (ECOPIA, HMS-5500).

B RESULTS AND DISCUSSION

MXene Nanosheet Properties. Figure 1la depicts the
synthetic route used to form Ti;C,T, MXene nanosheets from
a MAX phase, which is etched using an acidic mixture of
hydrofluoric/hydrochloric acid (HF/HCI) and delaminated
using lithium chloride salt following a previously described
protocol.”” Our characterization measurements of the resulting
MXene nanosheets are in agreement with previous studies and
indicate the formation of high-quality MXene nanosheets."’
The obtained greenish colloidal aqueous dispersions are highly
stable in storage for over 6 months. The high stability of
MXene nanosheet dispersions in water is attributed to the
presence of high-alumina content in the precursor MAX phase.
Earlier studies have shown that high aluminum content in the
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Figure 2. (a—c) Molecular structures of buffers: (a) phosphate, (b) HEPES, and (c) MOPS; (d—e) UV—vis spectra of Ti;C,T, MXene (d)
dispersed in Deionized (DI) water and 10 mM PB, PBS, HEPES, and MOPS buffers, at a pH of 7.2, and (e) washed with DI water to remove buffer

ions and molecules.

Ti;AlC, MAX phase precursor results in the formation of
Ti;AlC, grains with improved crystallinity and carbon
stoichiometry, which in turn leads to enhanced chemical and
colloidal stability.”’ The stable aqueous MXene dispersions
exhibit an easily observed Tyndall effect (Figure 1b),
suggesting the presence of MXene monolayers.”* The presence
of monolayers is also confirmed by TEM measurements
(Figure 1c), which show MXene nanosheets with lateral
dimensions in the micrometer range. Nanosheets of such large
lateral dimensions were previously reported to exhibit higher
chemical stability toward oxidation.””**>> The presence of
dotted rings in the SAED pattern (Figure 1d) obtained using
high-resolution TEM (HRTEM) measurements confirms the
formation of highly crystalline MXene nanosheets. The XRD
pattern presented in Figure le indicates the conversion of the
MAX phase into MXene. The significant weakening of the 26
peak at around ~39° indicates the removal of aluminum,”®
while the small peak indicates the presence of a small fraction
of residues of the Ti;AIC, MAX phase. The low-angle 20 shift
of the (002) peak in the XRD pattern and the observed peak
broadening also confirm the delamination of MXene nano-
sheets from the MAX phase. The increased d-spacing is
attributed to the intercalation of water molecules between
MXene nanosheets.'”'”*

The UV—vis spectrum of the MXene nanosheet solution is
shown in Figure 1f. Unlike the UV—vis spectrum of the MAX
phase® that shows relatively flat spectrum from 200 to 1000
nm, the UV—vis spectrum of MZXene shows prominent
absorbances in the UV as well as visible region. The intensity
and shape of the UV absorption peak at 300 nm correspond to
surface terminations, flake size, and shape of the MXene
nanosheets. The intensity and shape of the visible absorption
peak at 765 nm are consistent with fully etched and highly
delaminated MXene nanosheets.”>* The Raman spectrum of
delaminated MXene nanosheets (Figure 1g) shows multiple
Raman bands that are distinct from those of the Ti;AlC, MAX
phase.”’ The occurrence of prominent peaks at 206 cm™" and
in the region between 590 and 740 cm ™!, which are attributed

to out-of-plane vibrations of Ti and C atoms, also confirm the
formation of highly delaminated Ti;C,T, MZXenes. The
presence of prominent peaks at 290 and 368 cm™ indicate a
high density of hydroxyl and other oxygen containing
functional groups on the surface of the MXene nanosheets,
which results in a highly hydrophilic surface.”” The hydro-
philicity enables loading of MXene interlayer spaces with water
molecules when the MXene nanosheets are suspended in
aqueous solution, thereby increasing the interlayer spacing.

UV-Vis Spectroscopy Studies of MXene Nanosheets
in Aqueous Biological Buffers. Phosphate buffer (PB) and
phosphate-buffered saline (PBS) and the zwitterionic buffers
HEPES and MOPS (structures shown in Figure 2a—c) are
used widely in biological research due to their high stability,
aqueous solubility, and inertness.”®>” HEPES and MOPS,
which have low metal-binding constants,”’ are buffers of choice
for enzyme-related studies, where preserving metal ions is
essential for maintaining enzyme activity. A layer of M;C,
MXene, such as Ti;C,T, constituting a transition-metal carbide
(TizC,) core, possesses a positive charge, while the surface
functionalities (T,) are negatively charged. Thus, the positively
and negatively charged components of MXenes interact
electrostatically with the oppositely charged domains of
HEPES and MOPS buffers. Figure 2d shows the UV—vis
spectra of Ti;C,T, MXene nanosheets dispersed in DI water
(MXene—DI water), 10 mM PB (MXene—PB), 10 mM PBS
(MXene—PBS), 10 mM MOPS (MXene—MOPS), and 10
mM HEPES (MXene—HEPES) buffers at pH 7.2. The MXene
nanosheet solutions show characteristic UV and visible
absorption peaks.

Earlier studies revealed that the absorption peaks at 262 and
323 nm are signature absorption peaks of MXene nanosheets
that depend on their flake size, shape, and surface
terminations.”’ ~®* The changes in the peaks observed in our
study are not necessarily related to the change in flake size or
shape but to the adsorption of buffer molecules on the surface
of MXenes. Table 1 summarizes the ratios between the
absorption intensities of MXene nanosheets at Ay, and
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Table 1. Ratio of UV—Vis Absorption Intensities at 262 and
323 nm for DI Water and Various Buffer Solutions at pH
7.2

MXenes in Lnsanm/Di3aanm MXenes washed from Lisanm/Di323nm
DI water 0.95 DI water 0.95
PB 0.93 PB 0.97
MOPS 0.93 MOPS 0.94
PBS 0.78 PBS 0.95
HEPES 0.67 HEPES 0.94

23230m (Iganm/ I3230m) When suspended in DI water and 10 mM
PB, PBS, MOPS, and HEPES buffer solutions. The ratio I, __/

I, . provides an estimate of the degree of adsorption of buffer
323nm
molecules on MXenes. Minimal or no effect on I, /I, s

observed when MXene nanosheets are incubated in DI water
and phosphate and MOPS buffers at pH 7.2. On the other
hand, suspending MXene nanosheets in PBS (MXene—PBS)
leads to a noticeable decrease in the absorption intensity of
MXene nanosheets in the UV region and to a large change in
Lanm/Loanm (shown in bold in Table 1), which indicates
strong interactions of MXene nanosheets with Na* ions that
adsorb onto the MXene surface and intercalate between
MXene layers.”* Even stronger interactions are observed when
MXene nanosheets are suspended in HEPES, where the UV—
vis spectrum shows a significant decrease in absorption in both
the UV and visible absorption peaks. The strong absorption
peak at around 235 nm and the weak absorption peak at
around 660 nm are attributed to the complexation of HEPES
molecules with MXene nanosheets. While HEPES buffer
molecules are chemically stable and do not tend to form
complexes with biological molecules and materials, the
formation of complexes between HEPES molecules and
transition-metal ions in aqueous solution, for example
Cu(I1)-HEPES complexes has been observed.”’ It is note-
worthy that despite the MXene—HEPES complexation, no

precipitation or aggregation of MXene nanosheets is observed.
The interactions of HEPES molecules with MXenes are
concentration-dependent (Figure S1). The strong interactions
of MXene nanosheets with HEPES molecules could be
explained by the formation of coordination bonds between
hydroxyl and tertiary amine groups in HEPES and the Ti
atoms in the MXene nanosheets. This, in turn, leads to the
formation of a chelate ring on the MXene surface. Our UV—vis
results also show a recovery of the spectral features of MXene
nanosheets including I ,n/I53,m When washed extensively
with DI water to remove the sodium ions and HEPES
molecules, but the large changes in the spectral features of
MXene nanosheets in PBS and HEPES bufers raised concerns
about the impact of these exposures on MXenes™ functional
properties.

To determine whether the interactions of MXene nano-
sheets with various buffer molecules permanently affect MXene
structural and electronic properties, the MXene nanosheets
were suspended in various buffer solutions for 8 days, then
washed three times, and redispersed in DI water. A significant
irreversible red shift from 774 to 794 nm in the UV—vis
spectrum of MXene nanosheets following their longer
incubation with HEPES molecules was observed (Figure 2e).
This suggests a certain degree of chemisorption of HEPES
molecules that either remain bound to the MXene nanosheets
even after excessive washing or lead to permanent damage,
possibly due to surface oxidation. A similar phenomenon,
albeit to a lesser extent, was observed in MXene—MOPS
solutions. The lower decrease in absorption peak intensities in
MXene—MOPS suggests weaker interactions between the
MOPS molecules and the MXene nanosheets, most likely due
to the absence of donor atoms on the a-, ff-, or y-carbons of
the morpholine ring. The differences in the strength of
interaction between MXene—HEPES and MXene—MOPS
might be attributed to the higher electron-donating ability of
the piperazine ring of HEPES than the electron-donating
ability of the morpholine ring of MOPS molecules. XRD and
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Figure 3. (a) XRD patterns of MXene nanosheets in DI water (MXene—DI water, red), 10 mM HEPES buffer (MXene—HEPES, blue), 10 mM
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samples, and (c) Raman spectra of the five samples.
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Figure 4. Molecular structures of analogues of HEPES: (a) piperazine, (b) 1-2-HEP, (c) XRD pattern, and (d) magnified XRD patterns of the
(002) 26 region. (e) UV—vis spectra of MXenes in all analogues of HEPES, SAED patterns of (f) MXene—DI water, (g) MXene—HEPES, (h)
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MXene—Piperazine, the inset of (j—m): HRTEM images. These analyses discuss the impact of interactions of MXenes with HEPES and its
analogues on the structure of MXenes.

Raman measurements were used to further investigate the
interactions between HEPES and MOPS molecules and
MXene nanosheets.

XRD and Raman Studies of MXene Nanosheets in
HEPES and MOPS Buffer Solutions. XRD measurements
used to confirm and compare the intercalation efficiency of
HEPES and MOPS molecules into layered MXene nanosheets
are shown in Figure 3. Figure 3a shows the XRD patterns of
MXene nanosheets in DI water (MXene—DI water, red), 10
mM HEPES buffer at pH 7.2 (MXene—HEPES, blue), 10 mM
MOPS buffer at pH 7.2 (MXene—MOPS, green), and MXene
nanosheets, which were washed multiple times to remove
HEPES (pink) and MOPS (purple) buffer molecules. Figure
3b highlights the low-angle 26 region range of S—10°, which
corresponds to the (002) peak, a characteristic peak of the c-
lattice parameter of MXene nanosheets. As is seen, the peaks
corresponding to the basal direction are relatively broad. We

ascribe them to the relatively improved in-plane alignment of
flakes in the buffer-intercalated films.”*> The c-lattice
parameter either expands or contracts under various circum-
stances, such as the intercalation of water molecules, organic
molecules, and ions in between MZXene layers or the
functionalization of MXene nanosheets with surface li-
gands.'”?*®* The distance between monolayers, defined as
the d-spacing, is calculated from the XRD patterns. The d-
spacing provides important information about the intercalation
of HEPES and MOPS molecules between MXene monolayers.
For MXenes, the d-spacing is calculated by dividing the c-
lattice parameter by 2.°° The d-spacing of MXene nanosheets
in DI water is 12.05 + 0.01 A. It increases to 15.30 + 0.01 and
1544 + 001 A in MXene—HEPES and MXene—MOPS,
respectively. Being hydrophilic, the 2D structure of MXene
easily accommodates the HEPES and MOPS molecules,
thereby expanding the basal spacing. The increase in d-spacing
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induced by HEPES and MOPS molecules is similar. The d-
spacing values decrease from 15.44 + 0.01 to 15.32 + 0.01 A
when MXene—MOPS nanosheets are washed and from 15.30
+ 0.01 to 14.63 + 0.01 A, on washing MXene—HEPES
nanosheets. The notable appearance of the second (002)
shoulder peak in the MXene—HEPES washed sample at 6.28°
(Figure 3b, pink diffractogram) indicates the presence of
intercalated guest species (HEPES), creating a large interlayer
space between two adjacent nanosheets.” In both cases, the d-
spacing values remain far off the d-spacing value of MXene in
DI water (12.05 + 0.01 A). Most importantly, the retention of
high d-spacing values in MXene—HEPES and MXene—MOPS
after washing compared to the d-spacing value of MXene—DI
water despite repeated washing cycles strongly supports our
interpretation of the UV—vis measurements (Figure 2) that
some HEPES and MOPS molecules intercalate and remain
trapped in the MXene nanosheets despite multiple washing
cycles. These measurements also suggest that the presence of
HEPES or MOPS molecules between MXene layers is not
sufficient to induce a change in functional properties. Such
changes depend on the strength and nature of interactions of
the adsorbates with the MXene surface.

Raman spectroscopy studies were carried out to gain a
greater molecular understanding of the interactions between
MZXene nanosheets and HEPES and MOPS molecules and
their impact on the morphology and order of the nanosheets.
The Raman spectra of MXene—HEPES and MXene—MOPS
solutions before and after washing are presented in Figure 3c.
Being stiffest, the out-of-plane vibrations of the titanium
carbide core [A;,(Ti,0,C)] remain unchanged. Sarycheva and
Gogotsi ascribed this to the presence of the maximum number
of atoms occupying the MXene unit cell. However, peak shifts
are observed in the out-of-plane vibrations corresponding to
carbon atoms [A,,(C)], suggesting differences in intercalation.
The shifts in AIKC) from 727 cm™ in MXenes—DI water to
730 cm™' in MXene—HEPES and 731 cm ™' in MXene—MOPS
are consistent with the increase in interlayer spacing.’’
Moreover, the differences in the intensities of A;, (C) in all
samples reveal that the vibrations of the carbon layer depend
on the nanosheets’ orientation. The ratio of A;,(C)/
A,(Ti,0,C) gives a quantitative estimate of the orientation
of MXene nanosheets and their interactions with buffer
molecules.’” The ratio A1(C)/A(Ti,0,C) of MXene—DI
water is 2.78. This high A;,(C)/A4(Ti,0,C) value indicates
that when suspended in DI water, our delaminated MXenes are
mostly monolayers with a high degree of freedom in terms of
nanosheet orientation. The ratio A;,(C)/A((Ti,0,C) de-
creases to 1.94 and 1.30 in MXene—HEPES and MXene—
MOPS, respectively. As HEPES or MOPS molecules
intercalate between MXene monolayers and increase the d-
spacing, they also appear to form a more ordered layer-by-layer
structure where multiple MXene nanosheets are held together
by the intercalating HEPES or MOPS molecules. When the
MXene nanosheets are washed and resuspended in DI water,
most but not all HEPES or MOPS molecules are removed.
Furthermore, the Alg(C)/Alg(Ti,O,C) values of the MXene
nanosheets further decrease when washed of HEPES [Alg(C) /
Alg(Ti,O,C) value of 1.29] and of MOPS [Alg(C)/
Alg(Ti,O,C) value of 1.12]. The differences in the Alg(C)/
Alg(Ti,O,C) values of MXene—HEPES and MXene—MOPS
indicate that the orientation of MXene layers is different in the
layer-by-layer structures formed in HEPES or MOPS buffer
solutions. Nevertheless, the formed MZXene intercalated

structures remain stable and aggregation free in both buffers
and even after washing.

Interactions of MXene Nanosheets with HEPES
Derivatives. To understand the role of hydroxyl and sulfonyl
groups in the interactions of HEPES molecules with MXene
nanosheets, we carried out experiments with the HEPES
analogues piperazine that does not contain hydroxyl and
sulfonyl groups (Figure 4a) and (1-2-(hydroxyethyl) piper-
azine) (1-2-HEP) that contains a hydroxyl but no sulfonyl
group (Figure 4b). Figure 4c presents the XRD patterns of
MXene—HEPES, MXene—Piperazine, and MXene—1-2-HEP.
The low-angle 260 region ranging from S to 10°, which
corresponds to the (002) peak, is presented in Figure 4d. Low-
angle 26 shifts in the XRD patterns of MXene nanosheets
indicate the intercalation of HEPES and its two analogues in
between monolayers of MXenes. Figure 4e shows the UV—vis
absorption spectra of MXene—HEPES, MXene—Piperazine,
and MXene—1-2-HEP solutions, all at 2 mM concentration
and pH 7.2. The UV—vis spectra of the MXene—HEPES
(blue), MXene—Piperazine (gray), and MXene—1-2-HEP
(brown) preserve the main spectral features seen in the
UV—vis spectrum of MXene—DI water (red). However, the
absorption intensity decrease is much more significant in
MXene—1-2-HEP, indicating stronger interactions of 1-2-HEP
with MXene nanosheets. The absence of the sulfonyl group in
1-2-HEP decreases the molecule size compared to HEPES,
lowers its hydrophilicity, increases its intercalation efliciency,
and decreases the rate of release of 1-2-HEP to the solution
following washing. It is noteworthy that the MXene nanosheets
remain stable and aggregation free in both HEPES and 1-2-
HEP solutions, most likely due to the presence of hydroxyl
groups in both molecules. In contrast, molecules like
piperazine that do not contain hydroxyl or sulfonyl groups
rapidly aggregate MXene nanosheets. This is evident from a
lower signal-to-noise ratio, probably due to increased light
scattering in the UV—vis spectrum of MXene nanosheets in
piperazine solution (Figure 4e).

To elucidate the structural changes on MXene nanosheets,
we measured the SAED patterns of MXenes after exposure to
the different solutions. The SAED pattern of MXene—DI water
(Figure 4f) is a signature pattern assigned to the hexagonal
symmetry of crystalline Ti;C, MXenes. The SAED patterns
presented in Figure 4g—i reveal the formation of a ring,
typically observed when an anatase phase of TiO, is present,
indicating the onset of surface oxidation of the MXene
nanosheets. A comparison of the SAED patterns of MXene—
HEPES (Figure 4g), MXene—1-2-HEP (Figure 4h), and
MXene—Piperazine (Figure 4i) shows that the severity of
oxidation follows MXene—HEPES < MZXene—1-2-HEP <
MXene—Piperazine. The presence of hydroxyl and sulfonyl
groups in HEPES and hydroxyl groups in 1—2 HEP decreases
the MXene nanosheets’ oxidation rate due to increased
hydrophilicity but does not prevent it. TEM measurements
were also used to determine the structural impact of HEPES
and its analogues on MXene nanosheets (Figure 4j—m). Figure
4j shows the TEM image of stable MXene—DI water that is
free of oxidation or any degradation even when suspended in
DI water for several months. In contrast to the planar and
smooth surface of MXene flakes in DI water (Figure 4j), the
presence of dark nucleated regions seen in TEM images of
MXene—HEPES (Figure 4k), MXene—1-2-HEP (Figure 41),
and MXene—Piperazine (Figure 4m) indicate the presence of
these organic molecules on the surface of MXenes. These
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effects are observed in the HRTEM images shown as insets in
Figure 4j—m. When exposed to insoluble piperazine molecules
with no hydroxyl and sulfonyl groups, the MXene nanosheets
aggregate, which leads to the formation of pinholes or defects
on the surface of the MXene nanosheets (Figure 4m). The
presence of defects is also evident from the formation of large
sphere-like particles (inset of Figure 4m) on the surface of
MXenes.

XPS measurements were carried out to better understand
the adsorbate-MXene interactions along with the parameters
affecting surface oxidation of MXene nanosheets in solutions of
HEPES and its derivatives. XPS survey spectra (Figure S2) of
MXene samples in DI water (MXene), HEPES (MXene—
HEPES), 1-2-HEP (MXene—1-2-HEP), and piperazine
(MXene—Piperazine) show the constituent elements of the
participating species in each sample. In general, the
interactions of HEPES and its derivatives do not produce
large or significant changes in the XPS data, as evidenced by
the similarity of all the survey spectra (0—1000 eV) shown in
Figure S2. This suggests that the overall degree of buffer
adsorption to the MXene surface is relatively small and/or the
strength of adsorbate-substrate bonding is not sufficiently
strong to allow most of the buffer molecules to remain
adsorbed under UHV conditions. However, closer inspection
of the Ti 2p, N 1s, and C 1s transitions shown in Figure Sa—c
does reveal subtle changes. The XPS spectra of MXene
nanosheets in DI water and HEPES, 1-2-HEP, and piperazine
are shown in black (prior to washing) and red (following
washing). The difference spectra between the unwashed and
washed MXene nanosheets are shown in blue. As a result of
atomic-spin orbit interactions, the Ti 2p region in Figure 5a is
composed of 2p;;, and 2p,;, peaks at 455.9 and 461.8 eV,
respectively. As observed in Figure Sa, peaks at 455.9 and
461.8 eV in the blue spectra correspond to the oxidation of Tj,
most likely in the form of TiO,. The oxidation is most

pronounced when the MXene nanosheets are treated with
piperazine and least when treated with HEPES, which
correlates with the pK, of the buffer. On washing MXene—
HEPES, the oxidized peaks, presumably associated with the as-
formed TiO,, get washed away, as evidenced by the absence of
any spectral intensity in the difference spectra of the Ti 2p
region of MXene—HEPES washed (Figure S3a) compared to
the native MXene. Analogous results regarding the removal of
oxidized Ti species were observed for MXenes treated in
MOPS buffer and then washed. In the Ti 2p regions of
MXene—1-2-HEP and MXene—Piperazine, the extent of Ti-
oxidation increases compared to MXene—HEPES (Figure Sa),
an indication of the greater degree of TiO,. The N 1s spectra
of all samples are presented in Figure Sb. The N 1s spectrum
of MXene in DI water shows no intensity contributions from
nitrogen, while contributions from nitrogen are seen in
MXene—HEPES and MXene—1-2-HEP and MXene—Piper-
azine, indicative of adsorption. The more significant adsorption
in MXene—1-2-HEP and MXene—Piperazine is ascribed to the
structural differences in the organic molecules interacting with
MXenes. Figure Sc shows the Cls spectra of all the samples
subtracted from that of MXenes. All samples have observed no
appreciable change in the carbide region (Ti—C) at around
282.0 eV. This indicates no hindrance to the carbide core
region when zwitterionic buffers and their analogues interact
with MXenes. However, exciting trends in the adventitious
carbon region (284.8 eV) are observed. The zwitterionic
HEPES and MOPS (Figure S3b) both appear to remove a
significant fraction of the adventitious carbon from the layers
of MXenes. This observation could be helpful in terms of
pretreating MXenes for subsequent surface functionalization as
adventitious carbon blocks otherwise active surface sites such
as Ti—OH groups. In contrast, the adventitious carbon
increases when MXenes interact with piperazine (Figure 5¢).
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interacts with different organic molecules.

Effect of MXene Interactions with HEPES, MOPS, and
Their Analogues on the Electrical Conductivity. The
previous sections provided clear evidence for a significant and
partially irreversible impact of HEPES, MOPS, and their
molecular analogues on MZXene nanosheets. We also
determined whether the interactions of MXenes with
zwitterionic buffers HEPES and MOPS and the analogues of
HEPES affect the conductivity of MXene films. These
measurements are critical since MXene nanosheets are often
used as components in electrical devices due to their excellent
conductivity properties. Thin films of MXenes were obtained
by vacuum filtering colloidal solutions of MXene nanosheets,
which were dispersed in HEPES, MOPS, or HEPES analogue
solutions. The representative photograph of the free-standing
Ti;C,T, MXene film is shown in Figure 6a. Such free-standing
films were used to measure electrical conductivity. All films
were dried and annealed under the same conditions prior to
conductivity measurements, which were carried out using a
four-point probe. The measured conductivity of MXene films
prepared from DI water (orange bars) was 20,200 S cm™".
Figure 6b shows that the conductivity of films prepared from
MXene—HEPES and MXene—MOPS (green bars) decreases
to 4171 and 5908 S cm’, respectively. The conductivity
significantly decreases with MXene interactions in 1-2-HEP
(1540 S cm™) and piperazine (95 S cm™'). These results
suggest that the intercalation and inability to completely wash
molecular species blocks contact points between MXene
nanosheets, which leads to a significant decrease in the
electrical conductivity of MXene films in these solutions. In the
case of interactions with HEPES analogues 1-2-HEP and
piperazine, such a drastic loss in conductivity is attributed to
the formation of anatase TiO, and structural defects in the
MXenes. A much higher loss in conductivity in MXene—
Piperazine (95 cm™) compared to MXene—1-2-HEP (1540
cm™') results from greater TiO, formation and suggests the
formation of defects on MXene flakes. To determine the
degree of reversibility of the impact of HEPES, MOPS, and
HEPES analogues on the conductivity of MXene films, the
MXene films were thoroughly washed, resuspended in DI
water, and vacuum filtered to obtain free-standing MXene
films. As seen in Figure 6b, washing an MXene film derived
from MXene—HEPES more than doubled the MXene film’s
conductivity, increasing from 4171 to 9760 S cm™". Similarly,
washing an MXene film derived from MXene—MOPS

increased the MXene film’s conductivity by 1.5 folds from
5908 to 9100 S cm™. The increased conductivity of both films
by washing suggests the removal of HEPES and MOPS that
were weakly bound to the MXene films. In contrast, the
conductivity of MXene films derived from MXene—1-2-HEP
and MXene—Piperazine solutions increased only slightly
following washing, indicating more permanent damage caused
by MXene film oxidation and/or defect formation. It should be
noted that in all MXene films, which were derived from
HEPES, MOPS, or HEPES analogues, the electrical con-
ductivity of the films was not fully restored following washing.
The negative impact on MXene films’ conductivity due to
exposure to these organic molecules is significant and
irreversible, even if only a small number of molecules remain
attached or entrapped between MXene layers, as suggested by
the XPS data.

B CONCLUSIONS

MXenes have gained increasing attention and popularity as
components of electronic and energy conversion devices.
Recently, they have also been proposed for numerous
applications in aqueous media including but not limited to
water treatment and biomedical devices that involve their
exposure to complex biological solutions. Such complex
aqueous environments pose a challenge. While the availability
of active surface functional groups like hydroxyl and fluoride
provides anchoring sites for surface conjugation and
intercalation of molecules into the MXene layered structure,
these same functional groups and MXene hydrophilicity make
MXenes vulnerable to destructive interactions with chemical
constituents in complex biological solutions. The interactions
between MXenes and common aqueous solution constituents
must be better understood for successful application of
MXenes in complex biological solutions. Our study shows
that the interactions of N-containing buffer molecules like
HEPES and HEPES derivatives and MXene nanosheets lead to
their intercalation and disruption of the MXene layered
structure. UV—vis results show significant changes in the
absorption spectra including an overall decrease in absorption
and changes in the ratio between UV peaks when MXene
nanosheets are exposed to these molecules and to sodium ions
in aqueous solution. Our UV—vis results also show the
recovery of most absorption features of MXene nanosheets
when washed extensively and suspended in DI water. However,
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our XRD, XPS, and conductivity measurements show a non-
reversible impact on MXene nanosheets due to these
exposures, which in some cases lead to surface oxidation and
permanent degradation of functional properties, most
importantly MXene nanosheets’ conductivity. The sulfonyl
groups of HEPES and MOPS buffers play an essential role in
controlling the rate of oxidation of the 2D Ti;C, network. It
should be noted that many biomolecules have similar
molecular motifs to HEPES and HEPES derivatives and
interactions of similar or even higher strength of biomolecules
with MZXenes are expected. The increasing strength of
interactions with the increase in hydrophobic characters
suggests that biomolecules with hydrophobic domains like
lipids would interact more strongly with MXene surfaces. This
study is an important step toward understanding the behavior
of MXene nanosheets in biological media. It reveals that
ubiquitous adsorbates in biological solutions like HEPES and
HEPES derivatives significantly impact the structural and
functional properties of MXenes and that the strength of the
effect is adsorbate structure-dependent. Further detailed
studies of interactions of nitrogen-containing biomolecules
with MXene surfaces to reveal whether the interactions are
driven by surface defects and edge sites or by substitution of
functional groups on MXene surfaces along with improving the
stability and limiting the interactions of nitrogen-containing
hydrophobic biomolecules with MZXenes through directed
surface modifications are necessary to preserve the structural
and functional properties of MXenes and enable their
successful applications in complex biological media.
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