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ABSTRACT: In this study, we characterized the morphology, composition,
and surface properties of individual flakes of graphene oxide and Ti3C2Tx
MXene chemically modified with ethylenediamine, dopamine, and (3-
aminopropyl) triethoxysilane (APTES). Individual monolayers of modified
Ti3C2Tx MXene and graphene oxide nanosheets were deposited using the
Langmuir−Blodgett technique. We compared the chemical surface modifica-
tion of these two-dimensional (2D) flakes by employing advanced atomic force
microscopy (AFM) modes, including quantitative nanomechanical (QNM)
mode, Kelvin−Probe force microscopy (KPFM), and Nano-IR imaging. This
approach reveals the distribution of mechanical, electrical, and chemical
properties on individual flakes at the nanoscale. QNM analysis confirms that
the flakes exhibited full surface coverage after the chemical modification
process. In modified MXene flakes, we observed a decrease in apparent elastic
modulus and an increase in adhesion of up to four times after their functionalization. Nano-IR imaging demonstrates that chemical
modification uniformity is highest for graphene oxide species, while the complex surface distribution was observed for dopamine-
modified MXene flakes, with a difference between the inner flat surface and their edges. KPFM indicates greater uniformity of
surface electrical potential in differently modified graphene oxide, while a significant increase in surface potential of MXene flakes is
seen when modified with dopamine. We suggest that a combination of the added dielectric layer and different grafting densities
across the flakes is responsible for the increased or changes in apparent surface potential. Overall, a combination of AFM probing
modes is needed for understanding how these functionalized nanosheets can be integrated into diverse polymer matrices.

■ INTRODUCTION
The use of functional two-dimensional (2D) materials in diverse
polymer composites requires new and improved surface
functionalities to take full advantage of their high specific
surface area, high Young’s modulus, tailored interfacial adhesion,
and good thermal conductivity.1,2 These materials are not only
of interest for heterostructure electronic materials but also
provide critical improvements and additional functionalities
when utilized as coatings, binders, and nanofillers. Two
prominent 2D nanomaterials considered for such applications
are MXene and graphene derivatives. Graphene oxide and other
graphene derivatives appeal due to their versatility, scalability,
and low cost.1,3 MXene competes with graphene oxide, as they
share similar chemical and physical properties, including high
energy storage capabilities, large surface area, significantly high
concentration of negative surface charges, and hydrophilicity.2,4

Moreover, MXene exceeds graphene oxide in terms of strength,
modulus, and conductivity, while maintaining comparable
dispersibility in water and polar solvents.4 There are over 40
different known compositions of MXene composed of a
transition metal and carbon and/or nitrogen.5 Ti3C2Tx is the
most common and environmentally stable composition with

abundant surface functional groups; hence, it is used here.6 Due
to their interlayer stability, Ti3C2Tx can maintain its properties,
specifically conductivity, which is usually the first indication of
degradation. However, stability under proper storage has been
shown over multiple years.7

Different functionalization methods have been proposed for
enhancing the stability of MXene and graphene flakes for
improving their integration into various polymer matrices.8,9

Surface chemistrymodifications can provide increased tunability
of properties and better control over interfacial interactions in
heterostructured nanocomposite materials.10 A prominent
example of 2D heterostructure materials’ potential lies in
interlayer electron or ion transfer, which can be improved by
precise molecular organization and the native ion binding
properties. These properties often depend on the specific surface
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modifications applied to the system.11 To date, different entities,
such as amines,12 quinones,13 and catechol structures,14 have
been utilized to modify 2D nanosheets due to the abundance of
hydroxyl terminations, allowing for high surface affinity for
diverse covalent bonding.15

Several popular chemical species are widely used for current
2D material modifications. For instance, dopamine has been
used extensively for graphene oxide flakes because of its strong
adherence to a variety of surfaces, including carbon materials
and polymer resins.16,17 Dopamine modification is often

employed as an adhesive to enhance charge transfer and
increase interlaminar spacing via covalent bonding to MXene
surfaces.18 It can improve the mechanical integration of flakes
into host matrices by reducing π−π interstacking,19 and it offers
a less toxic alternative for graphene oxide-epoxy composites
compared to traditional reducing agents like hydrazine that can
significantly thin original flakes and change their surface
chemistry.17,20

Ethylenediamine (EDA) has been shown to induce cross-
linking between graphene oxide andMXene by forming covalent

Figure 1.Chemical schematics of graphene oxide (top) andMXene (bottom) flakes showing surface functional groups and their bonding abilities with
EDA and dopamine, and APTES, respectively.
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bonding with graphene oxide flakes and noncovalent bonding
with MXene surfaces through van der Waals forces and π−π
stacking interactions.21 The induced cross-linking between
disparate flakes within a system is instigated due to the presence
of two amine groups that ultimately improve mechanical
strength and interlayers.21

Amines have been proposed to modify graphene oxide and
MXene via covalent bonding to maintain a laminated structure
and stabilize the mechanical properties of large-area graphene
paper.22 Amine groups show strong interlayer bonding for both
materials, contributing to increased interfacial adhesion, and can
be completed under mild conditions, which is ideal for solution
processing.23,24 Furthermore, these modifications protect
vulnerable MXene flakes from oxidative impacts by forming a
protective coating along the flakes.24 Finally, (3-aminopropyl)
triethoxysilane (APTES) has been shown to covalently bond
withMXene by covalently bonding to theMXene surface via the
formation of Si−O bonds.25 This bonding provides further
surface protection, postfunctionalization ability, improved
stability, and adjusting the hydrophilicity of surfaces.26

This work aims to investigate different ways for understanding
surface functionalization of popular 2Dmaterials with a focus on
the distribution of localized surface properties as influenced by
heterogeneous surfaces and adsorption, grafting, and growth of
organic molecules. Localized functionalization discrepancies as
well as their resulting property changes on the nanoscale remain
unclear, as most of the research has focused on bulk chemical
and structural characterization.9,12,16 While chemical bonding
routines have been well established as discussed above, this
study addresses the way in which these molecules conform to
individual flakes via comparison between graphene oxide and
MXene flakes. Spatial functionality distribution needs further
exploration to better understand these functionalization
methods and their implications for diverse interfacial engineer-
ing.14,18

Here, the Langmuir−Blodgett (LB) technique was utilized to
fabricate monolayer films on atomically flat substrates, enabling
advanced AFM probing modes to be applied to individual
monolayer flakes (Figure 1). The chemical surface modifications
of these flakes were investigated using advanced AFM modes
that go beyond conventional high-resolution AFM topography
measurements. These complementary techniques include
quantitative nanomechanical (QNM) mode, Kelvin−Probe
force microscopy (KPFM), and Nano-IR imaging, which
probe the mechanical, electrical, and chemical properties of
the surfaces of the modified individual flakes and surrounding
surface areas.11,27,28 Although recent research has mainly
concentrated on topographical characterization,29,30 leveraging
a combination of complementary AFM modes can unlock
deeper insights into the diverse surface properties of these
materials as candidates for integration into multifunctional
nanocomposites.

■ EXPERIMENTAL: MATERIALS AND METHODS
Choice of Materials. As is known, graphene oxide and MXene

exhibit diverse bonding sites and can be functionalized through
accessible chemical reactions (Figure 1).14,31

The selected molecules for functionalization were chosen because
their bonding mechanisms have already been studied and shown to
effectively adhere to the surface of MXene and graphene oxide flakes, as
discussed above.
Amines were specifically chosen due to prior research indicating

strong adhesion between MXene flakes and the surfaces of amine-
modified carbon fibers.32 In fact, amine-modified carbon fibers

demonstrate stronger bonding with MXene compared to unmodified
carbon fibers.15 Therefore, functionalizing graphene oxide with amine
molecules should enhance bonding to MXene, especially in hetero-
stacks of alternating 2D flakes. Similarly, dopamine has been utilized
with both MXene and graphene oxide, with traditional chemical
characterization methods confirming the bonding mechanisms by
which dopamine interacts with the surface functional groups of the
flakes.12,36 APTES is employed because of additional postfunctionaliza-
tion opportunities, improving the oxygen stability of MXene and
facilitating hydrophilic adjustments.26 APTES can bond differently to
the surface of the MXene, as the organosilyl group interacts with the
titanium present in MXene (Figure 1). Three surface modifications
were chosen for this study, with some limitations imposed by their
surface reactivity. To this end, target amine groups have been proven to
bind to both MXene and graphene oxide covalently as well as interlayer
interactions as discussed previously. Fundamentally, directly comparing
the way in which dopamine binds to each species was chosen due to its
indicated strong bonding.
Ti3C2Tx MXene Synthesis. In this study, we used delaminated

Ti3C2TxMXene flakes supplied by the Nanomaterials Group at Drexel
University.33 The Ti3C2Tx was synthesized through a selective wet-
chemical etching process that removed aluminum from the Ti3AlC2
MAX phase from Carbon Ukraine, Ltd. Initially, the Ti3AlC2 MAX
phase was purified by washing with hydrochloric acid (HCl) to
eliminate impurities. It was then immersed in 20 mL of an etchant
solution composed of hydrofluoric acid (HF), HCl, and water in a
volume ratio of 1:6:3 and stirred at 35 °C for 24 h. The etchant
contained HF (48−51 wt %, Acros Organics) and HCl (37 wt %, Fisher
Scientific).
For the delamination step, 1 g of lithium chloride (LiCl, 99%, Alfa

Aesar) per gram of etched Ti3AlC2 MAX was dissolved in 50 mL of
deionized water and stirred at 300 rpm at room temperature for 24 h to
produce delaminated Ti3C2Tx MXenes. The resulting material was
washed with deionized water and centrifuged at 3500 rpm for 5 min.
After the supernatant was discarded, the MXenes were redispersed by
manual shaking, and the washing cycles were repeated until the pH
reached 6. Finally, the solution was centrifuged at 3500 rpm for 60 min
to collect MXene flakes ranging from single layer to few-layer thickness.
MXene flakes were extracted from a concentrated sediment

containing delaminated MXene, redispersed in ultrapure deionized
water, hand-shaken, and centrifuged for 1 h at 3500 rpm. The initial
colloidal solution contained 0.0042 wt %MXene after preparation. Two
separateMXene solutions were prepared by centrifuging 5 μL of 0.0042
wt % MXene solution at 3500 rpm and extracting the supernatant until
0.5 wt % concentration of MXene in water was reached. All specimens
were stored at −80C prior to use to maintain stability and prevent
oxidation.
Graphene Oxide Preparation. Graphene oxide was prepared

from 325 mesh graphite following the well-known Hummers
method.34,35 Initial wt % after graphene oxide preparation was
estimated at 0.63 wt %. The solution was diluted to 0.5 wt % by
adding ultrapure deionized water and sonicating for 10 min to disperse.
Chemical Modification of 2D Flakes. Modification of MXene

with dopamine was accomplished via a solution-based method as
previously established.18 MXene at a concentration of 1 mg/mL was
mixed with 1 mg/mL dopamine hydrochloride, both dispersed in DI
water, at room temperature, and stirred for 24 h. The resulting
suspension was rinsed via centrifugation to remove excess dopamine
three times and resuspended in DI water. The resulting mixture was
used at a concentration of 0.05 mg/mL.
MXene modification with APTES was similarly mixed in solution. 1

mg/mL MXene concentration was mixed in a 1:3 ratio of water and
ethanol. 1 mg/mL of APTES was added to the solution and stirred at
room temperature for 24 h. After stirring, the solution was rinsed via
centrifugation three times to remove excess APTES and resuspended in
DI water. The resultingmixture was used at a concentration of 0.05mg/
mL.
Graphene oxide was modified with dopamine by mixing 1 mg/mL

graphene oxide and 1 mg/mL dopamine hydrochloride in a pH 8
dispersion of DI water and Tris-HCl buffer. Themixture was washed via
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centrifugation three times and redispersed in DI water, resulting in a
neutral pH and filtering out unbonded dopamine (DOPA).12

Graphene oxide was modified with ethylenediamine (EDA) by
dissolving the EDA in ethanol and then adding equal parts of the
resultant solution to a suspension of graphene oxide in DI water,
resulting in a 1:1 ethanol−water mixture and a concentration of 1 mg/
mL of both graphene oxide and EDA.36 The mixture was washed as
above via centrifugation three times and redispersed in DI water.
Monolayer Film Formation.Monolayer films were prepared on a

silicon wafer using LB deposition with a KSV 2000 mini-trough with a
temperature-controlled subphase kept at room temperature according
to the usual procedure.37 HCl was added to the subphase bath until a
pH of 2 for MXene and a pH of 4 for graphene oxide were achieved. All
samples were bath sonicated for 3 min immediately before use. A
suspension of materials (either graphene oxide or MXene) in 1:5 water
and methanol at a concentration of 0.05 mg/mL was spread dropwise
on the water’s surface and left to allow the organic solvent to evaporate
for 30 min.
Compression isotherms were obtained at a rate of 5 mm/min to

monitor the necessary surface pressure for monolayer formation
without stacking and aggregation. Surface pressures for monolayer
deposition were selected in disperse and condensed states based on
isotherm data as indicated below. Langmuir monolayers were deposited
onto silicon wafers at a rate of 1 mm/min at selected surface pressures.
The silicon oxide surface of silicon wafers with local roughness of 0.1
nm within 1 μm × 1 μm surface areas is an atomically flat substrate,
critically important for investigation of nanoscale interfacial properties.
Samples were dried while remaining upright under ambient conditions.

■ CHARACTERIZATION
X-ray Photoelectron Spectroscopy. X-ray photoelectron

spectroscopy (XPS) measurements were conducted using a
Thermo K-α XPS instrument with Al Kα radiation (hν = 1486
eV). Samples were prepared using drop casting onto silicon
wafers to ensure appropriate thickness and coverage of the
substrate. Survey scan spectra were taken three times with
binding energies ranging from 0 to 1350 eV in 1 eV increments,
and the high-resolution scans were collected ten times for each
element in 0.1 eV steps. The obtained spectra were analyzed
with Thermo Scientific Avantage Software.
Optical Microscopy. Optical microscope images were

collected with an Olympus BX51 microscope using the bright
field reflection mode. Images were taken with a 10× objective
lens.
Attenuated Total Reflectance Fourier Transform

Infrared Spectroscopy. Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) was done with a
Bruker Vertex 70 system by drop casting samples onto a silicon
crystal substrate for ATR with a range of 4000−400 cm−1 and
resolution of 2 cm−1. The resulting spectra were smoothed,
background subtracted, and fitted in Origin software using
known peak assignments.
Atomic Force Microscopy. AFM topographical imaging

was conducted using a Bruker Dimension Icon AFM in
conventional light-tapping mode.38 Typically, scans were
conducted using a probe with a nominal tip radius of 8 nm, a
scan rate of 0.5 Hz, and a resolution of 512 × 512 pixels. Flake
thickness was derived using the NanoScope software from
height histograms and the average value of each peak.
Surface mechanical mapping was collected using a QNM in

peak force tapping mode. The probe-sample interactions are
translated into mechanical information about the sample. QNM
was typically conducted with an RTESPA probe with a 40 N/m
spring constant, a scan rate of 0.5 Hz, and a resolution of 512
pixels × 512 pixels. All AFM tips were similarly calibrated on a

known material, sapphire, chosen for its hardness and lack of
deformation during the tip−sample interaction with a sharp tip
before measuring each sample. Ultimately, the indentation
depth and load force were used for mechanical response
evaluation. All measurements were kept consistent and
calibrated with a hard sample (sapphire). Ultrasharp tips with
a smaller radius of curvature were chosen for improved lateral
resolution for surface mapping. Measurements are considered
only with force applied appropriately in the linear regime, and
the probe and cantilever spring constant were chosen with
respect to the hardness of the samples at 40 N/m. Quantitative
values were analyzed and calculated in NanoScope software by
comparing substrate and single flake regime absolute values to
display changes in properties in comparison with the known
substrate. Values were taken from three different locations on
each of the five different image scans.
The KPFM technique was used to map the surface potential

distribution in noncontact, lift mode with frequency modu-
lation.38,39 KPFM was typically conducted with a PFQNE-AL
probe, which is conductive and has a spring constant of 0.8 N/m.
Probes were tuned and calibrated with the same procedure as
described in QNM. Scans were conducted with a rate of 0.5 Hz
and a resolution of 256 × 256 pixels. Scans were kept consistent
with a lift height of 70 nm above the sample surface for all
samples. Images were collected for five different areas on each
sample, and histograms of surface potential distribution were
created.
Nano-IR imaging was performed using Bruker Anasys

NanoIR3 AFM, which combines nanoscale infrared (Nano-
IR) spectroscopy with AFM.40 The Nano-IR 3 employs a
photothermal response to accurately map the chemical
composition and material properties with exceptional spatial
resolution. When infrared light is absorbed at a particular
wavelength, it induces local microscopic thermal expansion,
which, along with changes in surface stiffness, is detected with tip
deflection. Nano-IR mapping provides localized chemical
information that can be derived from thermal expansion after
being irradiated by a laser beam.18 Spectra were taken during
illumination from 800 to 1800 cm−1 at a resolution of 4 cm−1.
Chemical mapping images can be obtained at a selected
characteristic single wavenumber chosen from IR signature with
a resolution of 512 × 512 pixels and a scan rate of 0.5 Hz.
Ten spectra were taken per sample on locations indicated to

be the monolayer thickness of the samples. Additional samples
were fabricated via drop casting to eliminate substrate
interference, and ten spectra per bulk area were taken for each
for comparative purposes. For all samples, five images were
taken at different locations for each specific wavenumber of
interest. All spectra were analyzed in Origin with smoothing and
peak assignment. Height and IR profiles were analyzed using
Gwyddion software to acquire profiles horizontally on the image
plane at the exact same line value in comparative images.

■ RESULTS AND DISCUSSION
LB Monolayers. As is known, neither graphene oxide nor

MXene is sufficiently amphiphilic to ensure the stability of the
film on the water surface.41 Attempts at fabricating reproducible
Langmuir monolayers with only graphene oxide or MXene were
not successful.42 Therefore, the experimental procedure has
been altered with either the addition of an amphiphilic molecule
as a surfactant or by modification of the subphase to alter the
charge distribution on the 2D flakes to allow them to form a
stable monolayer at the air−water interface.43
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Lowering the pH of the bath resulted in a decrease in the
surface charge of the flakes, which improved their stability at the
air−water interface. This occurs both with the MXene and the
graphene oxide flakes due to the presence of surface−OH
groups.44 We found that the addition of hydrochloric acid

(HCl), resulting in a pH of 2−4, drastically improved the film
uniformity and stability for multiple hours. Overall, stable and

reproducible pressure isotherms were collected under lowered

pH subphase conditions suggested above.

Figure 2. Formation of Langmuir monolayers at the air−water interface and surface morphologies of the deposited monolayers at different surface
pressures. The graphene oxide pressure−area isotherm at a pH = 4 and corresponding AFM images (a−d);MXene pressure−area isotherm at a pH = 2
and corresponding AFM images (e−h). LB monolayers deposited at a pressure of (b) 19 mN/m, (c) 13 mN/m, (d) 9 mN/m, (f) 30 mN/m, (g) 20
mN/m, and (h) 10 mN/m, respectively. The lateral scale of all AFM images is 2.0 μm. The z-scale for AFM images is 70 nm (a, b), 30 nm (c), 50 nm
(f), and 25 nm (g, h).

Figure 3. Optical images of LB films, graphene oxide without and with surface modification with corresponding surface pressures of 13, 15, and 15
mN/m, respectively (top), and MXene without and with surface modification with corresponding surface pressures of 20, 12, and 10 mN/m,
respectively (bottom). The lateral scale bar for all images is 200 μm.
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Compression isotherms showed a gradual increase in surface
pressure, followed by a more rapid slope change as the available
surface area decreased (Figure 2). Large hysteresis was observed
during the first compression, and the second cycle showed a
reproducible shape with minimum hysteresis, a usual behavior
for stiff 2D monolayers.45 AFM images were collected for
monolayers deposited at 9, 13, and 19mN/m for graphene oxide
samples and at 30, 20, and 10 mN/m for MXene samples,
representing different monolayer states from dispersed to
densely packed (Figures 2 and S1).
AFM images of graphene oxide flakes at different surface

pressures show differences in flake morphology and dispersity.
At the lowest surface pressure, large areas of the silicon substrate
are visible among dispersed flakes (Figure 2d,h). The surface
density of packing of the graphene oxide flakes increases until
they are no longer distinguishable and fully overlapping at high
surface pressure (Figure 2c−e).37 At the highest pressure,
significant agglomeration is evident, and characteristic flake
defects show up due to crumpling and folding (Figure 2b,f). The
intermediary pressure for both samples results in high packing
density without excessive overlapping and distortion of the
flakes and thus can be used for further mapping with high
resolution (Figure 2c,g).
Optical microscopy confirms the appearance of surface

coverage at the optical scale as observed at a submicron scale
with AFM (Figure 3). We observed that graphene oxide
monolayers show diverse surface coverage with varying

uniformity and larger aggregation after modification with
EDA. Monolayers are preferential in areas with larger flakes,
and agglomerates tend to form with increasing flake defects and
decreasing sizes. On the other hand, MXene monolayers show a
highly dispersed optical appearance (Figure 3). Finally, modified
MXene monolayers exhibit lower surface coverage on a large
scale but with occasional larger local agglomerations.
Flake Modification and Effect on Monolayer For-

mation. XPS survey spectra of modified 2D materials confirm
an expected change in their surface chemical composition
(Figure 4). For the modified graphene oxide, one can see that
the C−O bonds decrease in comparison to the C−C bonds,
indicating binding with the organic molecules and a loss of
available initial hydroxyl surface groups. Similarly, for the
modified MXene sample, one can see a gain of C−C bonding
that confirms the covalent binding of the organic molecules.
There is also an indication of gained C−N bonds due to the

presence of dopamine and APTES. Overall, smaller flakes were
observed after modification due to the additional centrifugation
and sonication steps. Moreover, AFM images show an increase
in the average flake thickness after chemical modification
(Figures 4 and S1).
Flake thickness can be seen to double in the case of modified

MXene and quadruple in that of graphene oxide, both of which
gain over 4 nm of thickness (Table S2). In one specific case,
MXene flakes were functionalized with dopamine at 1:2, 1:1, and
2:1 mg/mL ratios to monitor flake thickness variation (Figure

Figure 4. XPS of functionalized graphene oxide samples (a−d) and MXene samples (d−h). Corresponding topographical AFM scans for different
monolayers (h−k). Z-scale bar for AFM images is 50 nm (i−k) and 100 nm (l). Lateral scale bars for all are 3.0 μm.Corresponding surface pressures are
indicated in Figure 3.
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S2). When individual portions of modified flakes are examined,
dopamine concentration appears to be full coverage throughout,
independent of concentration as indicated by the definitive
height difference on the entire surface of the flake compared to
an unmodified flake. The flake height becomes more
homogeneous with increasing the ratio of dopamine hence
why the sample at a 1:1 ratio was chosen to provide full coverage
(Figure S2). Additionally, the presence of surface modification
can be seen with the change in surface texturing of the modified
flake (Figure S2).
Variable thicknesses at different concentrations are evident for

dopamine functionalization with flakes modified at various pH
conditions. At higher dopamine concentrations, the flake
thickness increased from an average height of 6.3 ± 2.5 nm to
10.5 ± 1.5 nm and 30.2 ± 2.1 nm, respectively (Figure S2).
Surface morphology changes are also apparent, with higher
concentrations inducing a larger agglomeration of dopamine-
functionalized flakes. The intermediate concentration provides
complete coverage of each flake as can be seen in the height
profile analysis of the modified flakes (Figure S2).
Nanoscale Chemical Composition Mapping with

Nano-IR Mode. As we know, the Nano-IR mode has a spatial
resolution of 10 nm over the fingerprint region of the IR
spectrum and has proven to be instrumental for mapping the
chemical composition of thin polymer films and mono-
layers.18,46 It is important to compare Nano-IR with bulk
FTIR measurements to confirm Nano-IR signature and
selection of proper bands (see example for dopamine (Figures
S3 and S4)).47 Next, to distinguish IR peaks of interest in Nano-
IR spectra, substrate contributions were first considered. Drop-
cast samples are compared to LB monolayers to ensure the
minimization of substrate influence and indicate the reliable
detection of characteristic IR peaks independent of the substrate
(Figure S5).
For instance, graphene oxide modified with EDA shows a

sharp IR peak at 1014 cm−1, due to the C−N stretching (Figure

S5b). This peak is also present in the silicon wafer corresponding
to the Si−O bonds. The peaks at 1066 and 1114 cm−1 in the
FTIR data are seen in all three samples, with the EDA
modification causing a peak shift to a higher wavenumber
(Figure S5a−c). In the Nano-IR data, these peaks are no longer
present. Instead, a minor peak shift in the EDA-modified sample
to 1120 cm−1 is visible. At 1400 cm−1, the unmodified graphene
oxide peak in the FTIR measurement is present, which
corresponds again to a peak shifting with Nano-IR.
The functionalization of graphene oxide with ethylenedi-

amine includes covalent bonding between the nitrogen atoms
and the carbon of graphene oxide (Figure 1).12 This includes a
gain of C−N bonds and a loss of N−H bonds. Both the peak at
1014 cm−1 that appears after modification and that at 1114 cm−1

are attributed to the additional C−N stretching (Figure S5). The
peak at 1096 cm−1 is due to C−O stretching of the graphene
oxide lattice. The loss of the peak at 1580 cm−1 can be attributed
to the loss of N−H groups. The peak at 1634 cm−1 on the
conventional FTIR spectrum is due to the C�C stretching in
the graphene oxide in both unmodified and modified samples
and slightly shifted to 1600 cm−1 on the Nano-IR spectrum.48

After the analysis of Nano-IR spectra collected and
identification of characteristic IR bands in comparison with
common FTIR signature, mapped images at characteristic C�
C stretching at 1600 cm−1 were taken of modified graphene
oxide (Figure 5). From the mapping of EDA-modified flakes, we
can conclude the presence of amine bonding is apparent
throughout the surface of the modified flakes, confirming full
surface modification. Areas of higher intensity congregate on the
edges of the flakes, demonstrating higher concentrations of EDA
and preferred bonding at the edges of the flakes.
The functionalization of graphene oxide with dopamine

includes covalent bonding as well as interactions between both
molecules’ −OH groups, creating a loss of O−H bonds and a
gain of C−O bonds as indicated by the appearance of
characteristic peaks.17 Indeed, similarly to EDA-modified flakes,

Figure 5. Topography (left) and nano-IR mapping (right) of modified graphene oxide at 1600 cm−1 with corresponding profiles of modified flakes.
Graphene oxide was modified with EDA (top) and dopamine (bottom). Lateral image sizes are 1 μm × 1 μm.
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peaks at 1096 and 1634 cm−1 are present for dopamine-modified
graphene oxide flakes. In addition, peaks at 1500−1522 cm−1 are
due to the C�C stretching from the benzene ring of the
dopamine. The peak at 1096 cm−1 from the graphene oxide is
shifted lower with the addition of dopamine. The peak at 1634
cm−1 from the graphene oxide flakes is now at 1600 cm−1, which
can be seen in the bulk dopamine and is another contribution
from the C�C stretching of the amine ring bound to the
surface.14

Overall, chemical surface mapping of a modified flake shows
the presence of dopamine coverage across the whole flake
surface. Moreover, mapping reveals the preferential bonding to
the flake edges, likely due to a larger increase of defects on the
edge of the structure, similar to those observed for EDA-
modified flakes (Figure 5). There are a few local areas of
increased presence of the EDA throughout the flake’s surface as
well, most often forming in the vicinity of surface corrugations
and overlapping regions of neighboring flakes.
In contrast to graphene oxide materials, pristine MXene flakes

do not show a strong IR response. As is known, the
functionalization method includes covalent bonds between
bothmolecules’−OHgroups, creating a loss of O−Hbonds and
a gain of Ti−Obonds.49,50 And this additional bonding does not
show IR activities within the fingerprint range of Nano-IR
measurement. The peak at 1014 cm−1 is only present on the
dopamine-modified thin sample, which could correspond to the
substrate contribution (Figure S8a,c). However, since it is not
present on the thin unmodified MXene, it can be attributed to
C−N stretching.
A minor peak at 1507 cm−1 only prominently appears in the

dopamine-modified MXene, can be attributed to C−N
stretching, and corresponds to a strong peak on the bulk
dopamine IR spectrum. A peak at 1600 cm−1 can be related to
C�C stretching in the peak due to the amine contribution.49 In
the FTIR spectrum, this peak at 1634 cm−1 is not present in the
unmodified sample (Figure S8c). The unmodified MXene
shows a peak at 1733 cm−1 corresponding to the C�O
stretching. These two peaks in the Nano-IR spectra are easier to
discriminate between in the thin samples. A summary of all peak
assignments is presented in Table 1.

The peak at 1600 cm−1 can be attributed to the dopamine
bonding to the MXene surfaces (Figure 6, compare to pristine
MXene in Figure S9). The IR mapping at this wavenumber
shows that there is a higher density of dopamine at the center of
the flake, in contrast to modified graphene oxide flakes with
preferential edge bonding. In addition, the IR mapping at 1422
cm−1 shows the same surface patterning in the same locations on

the flake’s surface. These peaks indicate dopamine bonding and
verify that the chemical composition indicates the covalent
bonding of dopamine. It is worth noting that for dopamine
modification at a pH of 10.5, preferential binding to the
microscopic defects and near the flake edges is observed, which
partially compromises full flake surface coverage (Figure S9).
Unlike basic conditions, binding at a neutral pH of 6.5,
dopamine does not preferentially concentrate near edges
(Figure 6).
The overlay of IR amplitude and height profiles shows

decoupling of the height and IR signal over the surface of the
flake (Figure 6). There are distinguishable differences between
the height and IR signal, as can be seen in their profile, where
surface topography is relatively smooth as compared to IR
amplitude, indicating dominating changes in variation in
concentration of dopamine molecules and not surface features
(Figure 6). On the other hand, some edge effects can be seen
around the flake edge elevations. Indeed, it is evident at the 800
nm location of the 1600 cm−1 scan, whereby the IR signal
decreases dramatically due to a lower contact area between the
probe and sample as the edge of the second layer of a flake
(Figure 6).
Next, MXene flakes modified with APTES show a peak of

prominence at 1634 cm−1 (Figure 7). Appearance of 1634 cm−1

indicates the C�N bonding because of the addition of the
chemically bonded organic layer. Finally, the presence of Si−
CH2 deformation is indicated by the appearance of 1410 cm−1

(Figure S8b). For this functionalization scheme, the related
bonding mechanism includes an increase in the formation of
Ti−O−Si bonds and a loss of O−H bonds.50

The nano-IR mapping at 1634 cm−1 (C�N bonding) shows
IR intensity variation across the surface of themodified flake that
is different from the uniform distribution on pristine MXene
flakes (Figures 7 and S7d). The Nano-IR mapping shows
comprehensive flake surface coverage of the APTES across the
whole surface, with less presence of APTES at the edges of the
flakes. Additionally, the peak at 1040 cm−1 can be attributed to a
contribution from the silicon substrate itself.
It is worth noting that due to the nature of the

functionalization routine, all flakes are modified in mixed
suspensions before film formation at the air−water interface.
Therefore, it is expected that multilayers of flakes will show a
significant increase in the IR response due to increased
concentrations of bonded molecules, in contrast to the
individual modified monolayers because of penetration of IR
radiation and loading depth. Comparative height and IR profiles
show a proportional increase of IR response with total thickness
increase, confirming functionalization of individual flakes within
stacked aggregates (Figure 7d).
Overall, in comparison to dopamine-modified MXene, the

APTES-modified MXene flakes show more uniform surface
coverage after functionalization. There is a lower APTES
concentration near the edge of the flake on both modified
MXene flakes compared to the modified graphene oxide, with
relatively uniform coverage. Varied signal intensity with changes
in surface concentration is evident from intense 1014 cm−1

peaks, confirming the presence of APTES aggregates. However,
overall flake surface coverage is uniform and complete for all
surface areas of individual flakes, with higher APTES coverage
observed at overlapped flake areas (Figure 6).
Nanomechanical Surface Mapping. Next, after nano-IR

chemical mapping, combined topographical and nanomechan-
ical properties, such as concurrent topography, elastic modulus,

Table 1. Peak Assignments for Different Peaks in FTIR and
Nano-IR Spectra.14,47,48,50

peak (cm−1) assignment

1014 C−N
1040 Ti−O−Si, Si−O
1096 C−O
1114 C−N
1410 Si−CH2

1500−1522 C�C
1580 N−H
1600 C�C
1634 C�N
1733 C�O
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and adhesion, were collected for individual flakes with different
modifications. Adhesion from QNM measurements reflects the
pull-off forces for silicon tips, and modulus reflects the loading
force resistance measured during the elastic regime of
compressive deformation. Pull-off forces are controlled by a
combination of physical, mechanical, and chemical forces.
Therefore, changes measured are expected due to flake chemical
modification as well as the structural realities of individual flakes.
Since a single layer of flakes is between 2 and 5 nm, the silicon
substrate’s effect on apparent elastic modulus can be significant
and cannot be easily deconvoluted.51 Indeed, from measure-
ments of pristine MXene flakes, the apparent elastic modulus
was estimated to be around 330 GPa, whereas graphene oxide
flakes show an apparent elastic modulus reported at 200 GPa
that far exceeds the limits of measurement with silicon tips and
thus will not be discussed further.2,52

A shadow effect is present in the modulus of thicker samples,
such as graphene oxide modified with dopamine (Figure 8c).
Edge effects are negligible in the MXene images due to the
thinness of the flakes, and no sharp change in modulus is evident
(Figure 9). However, in contrast to the substrate-affected
artificial elastic modulus, the surface adhesion can be estimated
and compared to the surrounding silicon surface areas (Table 2).
Therefore, we are able to form quantitative comparative
measurements of varied flakes under similar probing conditions.
In order to avoid the edge contributions, all adhesive data were
acquired at central areas on the flakes. Edge effects are inevitable
due to the tip dilation as visible on areas with significant height
variation.53

As was observed, the adhesion does not change (within
statistical deviations) after modification of graphene oxide flakes
with pre-existing rich surface chemistry with a variety of polar
and hydrogen binding surface groups (Table 2). In contrast, the
adhesion increases significantly after modification of MXene
flakes, conforming to a dramatic alternation of surface

composition from relatively surface composition in pristine
flakes (Table 2). Though both types of flakes are amine-
modified, Nano-IR shows a 2-fold increase in the relative
concentration of amine groups due to higher grafting density on
reactive sites (Figure 5). This increase in amine surface
concentration causes dramatic increase in adhesive forces to
Si−OH surface groups of the silicon tip. Via Nano-IR
measurements, we have shown that there is high surface
coverage of organic molecules on the surface of these flakes with
varying degrees of uniformity across the flakes. The increasing
surface coverage results in increased effective surface roughness
(Figure S2). This topographic change also can indicate stronger
adhesion due to the heterogeneous surface, leading to increased
contact area with the AFM probe. It is worth noting that
monolayer films maintain stability over the course of a few
months of storage and the change in surface mechanical
properties was not noticeable in our studies.7

Next, QNM images show “apparent” modulus and adhesion
distribution, which are tightly correlated over the flake surfaces
and changes due to defects, wrinkles, edges, and aggregated
modifications (Figure 8).
Graphene oxide flakes show uniform surface distribution for

single- and double-stacked flakes with some difference observed
for larger stacks. Graphene oxide is relatively stable under
ambient environmental conditions, and there is no evidence of
surface stiffness degradation after chemical modification other
than some variability in appearance due to sonication and
centrifugation. Overall, the apparent modulus is reduced on
staggered flakes, and a higher adhesion is observed along flake
edges with an excessive amount of modifying agents.
On the other hand, MXene shows higher surface hetero-

geneity due to the reduced stability during the chemical
modification process (Figure 9). It is worth noting that minor
MXene oxidation is present in the pristine sample due to

Figure 6.Nano-IRmapping of MXene modified with dopamine at wavenumbers 1600 cm−1 (top) and 1422 cm−1 (bottom). Height and IR amplitude
profile along the flake surface (right). Lateral scale bar is 1 μm for all, height scale bar is 30 nm, and IR intensity scale bar is 0.5 V.
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titanium oxide nanoparticle growth across the flake surface with
apparent reduced elastic moduli (Figure 9a).54

MXenemodified by APTES shows that the surface texture has
changed with the lower modulus and adhesion at molecular
aggregates with significantly lower modulus and adhesion
(Figure 9c). The adhesion also significantly decreases across
the surface areas in close proximity to the edges of the flakes,
indicating some depletion of surface functionalities in these
areas. Finally, we observed a subsequent sharp increase in
apparent adhesion across the edge of the flake, which is likely
due to the tip-edge side interactions.55,56

KPFM Surface Potential Mapping.Next, KPFMmeasure-
ments have been conducted to determine the surface potential
distribution across pristine flakes and modified flakes as contact

potential difference under electrical field applied in a noncontact
mode to identify the role of molecular dielectric layer (Figure
10).57 KPFM has been used to show that the reduction of
graphene oxide due to high laser irradiation that the surface
potential of graphene oxide but KPFM scanning are stable.58

Comparing surface properties over the extent of the scan
using histogram data can show how the surface potential
changes with flake modification. As is known, the electrostatic
force acting on the tip−surface pair can be expressed as

=F C
z

V1
2

2

Figure 7.Comparison ofMXene nano-IR spectra with the key area of interest labeled. All spectra are collected from flakemonolayer films (a). Nano-IR
mapping for MXene modified with APTES at wavenumbers 1014 cm−1 (b) and 1600 cm−1 (c). Lateral scale bars are 1.5 and 2 μm, respectively.
Corresponding comparative height and IR intensity profiles of each image were collected at 1014 cm−1 (d) and 1600 cm−1 (e).
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where C
z
is the distance-dependent capacitance gradient

between the sample and probe, C is the capacitance, C, is
proportional to dielectric permittivity, ε: C ∼ ε, and V is the
contact potential difference.59

Overall, one can see the rise of the surface potential average
with the addition of amine functionalization on both graphene
oxide and MXene flakes (Figures 10d and 11d). It is worth
noting that the broad distribution of surface potential masks
contributions from different surface areas (visible in some
images in Figures 10 and 11) and shows only averaging across
the whole image.
As we observed, dopamine coating results in an increase of the

average surface potential by 44% for modified graphene oxide
and 31% for MXene flakes (Table S3). This can be further
ascribed to the amine surface layer presence due to the increased
total capacitance caused by the increased effective dielectric
constant in the tip-flake gap. with an added dielectric layer in
between. Next, a further increase of the surface potential was
observed for the graphene oxide modified with an EDA surface
layer. Finally, APTES, which presents an alternate example of
functionalization, consequently, increases the modified MXene
surface potential as well, though not to the same extent as does
the dopamine layer. As is known, surface potential is correlated
to work function, thus assuring that the presence of electron-rich
groups such as NH2 tend to raise work function and thus surface
potential observed in KPFM mapping.60

The surface potential remains uniform over each flake and
between each flake, independently of stacking and aggregation.

Surface potential contrast of graphene oxide flakes can be
compared to the silicon substrate (Figure 10a). Modified
graphene oxide flakes show much lower contrast, and, however,
they maintain uniformity independent of flake morphology
(Figure 10b,c). Among all samples, the dopamine-modified
graphene oxide flakes have the lowest surface potential contrast.
Comparing individual locations on the surface potential maps

can show the ways in which surface potential changes for flake-
to-flake disparities. It is known that increasing the layers of
graphene does not necessarily improve their surface potential
due to different dopant conditions.61 Therefore, it is not
unexpected that there is lowered surface potential where there
are areas of stacked flakes (Figure 10). This can also be
extrapolated to similar phenomena occurring with MXene
stacks. Comparatively, the MXene samples show more distinct
contrast with the substrate in surface potential, in addition to
higher values (Figure 11). For a comparison of all data for
pristine and modified flakes, see Table S2.
The higher potential areas do not merely correspond to the

thicker stacked flake areas. Indeed, places where the flakes are
folded in on themselves show lower potential than flattened
flakes. Scaled potential shows a significantly higher contrast of
the MXene flakes overall. Dopamine-modified MXene flakes
show 2-fold higher surface potential due to the presence of
amine groups (Figure 11b). Additionally, MXene flakes have
distinct potential maps that show decreases in potential at folds
and uneven areas. APTES modification resulted in the uniform
surface potential within MXene flakes (Figure 11c).

Figure 8.QNM images of graphene oxide flakes. The columns are the height (left), modulus (center), and adhesion (right). The samples are graphene
oxide with (a) nomodification, (b)modified with EDA, and (c) modified with dopamine. The z-scale bar for height is 50, 70, and 160 nm, respectively,
for all moduli is 50 GPa, and for all adhesion is 12 nN. Lateral scale bar is 1.0 μm (a, c) and 700.0 nm (b).
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Overall, we suggest that the apparent increase in surface
potential can be associated with the additional dielectric layer
that increases effective capacitance. Dielectric constants for all
organic compounds explored in this work are within a range
from 9 to 15 (see Table S2).62,63 Overall, we observed that the
presence of an organic layer with a higher dielectric constant by
50−70% resulted in higher apparent surface potential. More-
over, the organic layers (EDA and APTES) in modified flakes
with the highest surface potential show higher thicknesses (by
30−40%). Thus, the resulting increase in effective dielectric
constant of the tip-flake “capacitor” increases by 40−50% to 1.4
for GO-EDA and 1.5 for MX-APTES flakes as can be estimated
from gap thicknesses (70 nm), layer thicknesses, and dielectric
constants (Tables S2 and S3).

■ CONCLUSIONS
By employing advanced probing techniques, we correlated
topographical features with variations in chemical composition,
surface stiffness, adhesive forces, and surface potential across the
pristine and chemically modified flakes, including their edges
and defects. The formation of stable Langmuir monolayers of
chemically modified flakes, which are prone to agglomeration,
and relieving the difficulty of postmodification thin film
formation allows for the intricate study of the surface properties
of individual flakes and their specific features (inner surface,
edges, and defects) rather than bulk materials. Our results
indicate that graphene oxide flakes achieve uniform coverage
with substantial binding of organic molecules at their edges. In
contrast, MXene modified with APTES shows full coverage
without excess binding at the edges. Interestingly, dopamine-
modified MXene displays nonuniformity, with a decreased
concentration near the edges but no excessive binding occurring
at the edges or microscopic defects. Among the materials
studied, dopamine-modified MXene exhibits the highest surface
potential and the lowest stiffness, while dopamine-modified
graphene oxide flakes show only a slight increase in surface
stiffness.
As observed, functional groups on the surface of graphene

oxide appear to be more evenly distributed over the entirety of
the flake, allowing for more uniform surface modification.

Figure 9. QNM images of MXene. The columns are height (left), modulus (center), and adhesion (right). The samples are MXene with (a) no
modification, (b)modified with dopamine, and (c)modified with APTES. The z-scale bar for height is 25, 40, and 90 nm, respectively, and the scale bar
for modulus is 40 GPa (a) and 80 GPa (b, c) and for adhesion is 12 nN for all panels. Lateral scale bar is 2.0 μm for all.

Table 2. Difference in Adhesion for Flake Surface in
Comparison to the Surrounding Substrate

sample relative change in adhesion (nN)

GO +1.1 ± 1.1
GO dopamine +0.9 ± 0.6
GO-EDA +0.9 ± 0.7
MX +0.4 ± 0.3
MX dopamine +1.8 ± 0.9
MX-APTES +1.2 ± 0.7
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MXene, on the other hand, has an uneven distribution of
adsorbed and grafted molecules and therefore can be inferred
from the presence of the randomly distributed functional groups
on the surface. Comparing both speciesmodified with dopamine
via nanoscale characterization illuminates these heterogeneities
and differences between flakes. These differences suggest an

inherent disparity in the surface reactivity and chemical
accessibility between the respective material surfaces.
Chemical modifications significantly enhance the adhesion of

MXene flakes, but not for initially adhesive graphene oxide. The
surface potential of dopamine-modified MXene demonstrates
greater uniformity compared to that of modified graphene oxide

Figure 10.KPFM surface potential mapping of graphene oxide. The left
column is topography, and the right column is surface potential with a
scaled z-axis for comparison of the six samples. The samples are
graphene oxide with (a) no modification, (b) EDA, and (c) dopamine.
Representative histograms (d) of surface potential. The vertical z-scale
is 50, 110, and 60 nm for topography (a−c), and the z-scale for surface
potential is 200.0 mV (a−c) and 250.0 mV (b). Lateral scale bar is 2.0
μm for all.

Figure 11. Surface potential mapping via KPFM of MXene. The left
column is topography, and the right is surface potential with a scaled z-
axis for comparison of the six samples. The samples areMXene with (a)
no modification, (b) dopamine, and (c) APTES. Representative
histograms (d) of surface potential. The vertical z-scale is 20, 45, and 70
nm for topography (a−c), and the z-scale for surface potential is 200.0,
400.0, and 200.0 mV. Lateral scale bar is 2.0 μm for all.
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and MXene with APTES coverage. Overall, the significant
increase in surface potential observed for different organic layers
can be related to the increased capacitance due to the increased
effective dielectric permittivity within the tip-modified flake
capacitors.
In summary, understanding a combination of these nanoscale

heterogeneous properties as characterized by diverse scanning
probe microscopy modes suggested in this study is essential for
advancing our knowledge of how these 2D materials will
assemble within complex composite interfaces in polymer
nanocomposites and as parts of multicomponent functional
devices.
Graphene oxide has a homogeneous arrangement of surface

functional groups with preferred adsorption along the edge
compared to MXene, which has a heterogeneous surface
arrangement across the whole flakes without noticeable edge-
preference effects. While surface functionalization of 2D
materials is widely explored, nanoscale correlations among
topography, mechanical properties, adhesion, and surface
potential are difficult to correlate. The use of AFM to correlate
interdependent surface properties provides a unique viewpoint
into how chemical modifications manifest themselves spatially at
the nanoscale down to individual flakes with their features, such
as edges, defects, and initial functionality distribution. The
formation of ultrathin and uniform versus thicker and variable
surface layers with different surface chemistries, grafting density,
and dielectric properties on the 2D flakes alters adhesion and
electrical properties within stacked heterostructures with
deliberate interlayer spacing and sensing abilities. Under-
standing these localized disparities is key for future interfacial
engineering of 2D flakes, and these techniques can be applied to
other functionalized molecules and 2D material composites.
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