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Aryl Diazonium-Assisted Amidoximation of MXene for Boosting
Water Stability and Uranyl Sequestration via Electrochemical
Sorption
Pengcheng Zhang,# Lin Wang,# Zhiwei Huang, Jipan Yu, Zijie Li, Hao Deng, Taiqi Yin, Liyong Yuan,
John K. Gibson, Lei Mei, Lirong Zheng, Hongqing Wang, Zhifang Chai, and Weiqun Shi*

ABSTRACT: Despite that two-dimensional transition metal carbides 
and carbonitrides (MXenes) are burgeoning candidates for remediation 
of environmental pollutants, the construction of robust functionalized 
MXene nanosheets with a high affinity for target heavy metal ions and 
radionuclides remains a challenge. Here we report the successful 
placement of amidoxime chelating groups on Ti3C2Tx MXene surface 
by diazonium salt grafting. The introduction of amidoxime functional 
groups significantly enhances the selectivity of Ti3C2Tx nanosheets for 
uranyl ions and also greatly improves their stability in aqueous solution, 
enabling efficient, rapid, and recyclable uranium extraction from 
aqueous solutions containing competitive metal ions. Benefiting from 
the excellent conductivity of MXenes, the amidoxime functionalized 
Ti3C2Tx nanosheets show outstanding electrochemical performance
such that when loaded on carbon cloth the application of an electric field increases the uranium adsorption capacity from 294 to 626 
mg/g, outperforming all organic electrochemical sorption materials reported previously. The present work provides an effective 
strategy to functionalize MXene nanosheets with fundamental implications for the design of MXene-based selective electrosorption 
electrode materials.

■ INTRODUCTION

Two-dimensional transition metal carbides and carbonitrides
(MXenes) have garnered increasing attention in energy
storage, environmental remediation, and interface catalysis
due to properties of the unique layered structures such as
metallic conductivity, high charge-carrier mobility, abundant
active sorption sites, and versatile surface chemistry.1−7 For
environmental remediation, the properties of good hydro-
philicity, controllable surface charge, and high redox activity
render MXenes and their derivatives as promising adsorbents
for pollutants such as dyes, heavy metal ions, radionuclides,
and hazardous anionic species.8 However, the deployment of
MXene-based materials for complex environmental adsorption
applications requires advances in stability control. Although
exfoliation of multilayered MXene to yield super thin
nanoflakes fully utilizes exposed active sites for sorption,
such 2D MXenes are chemically unstable under most
environmental conditions.9,10 In particular, oxidation degrada-
tion of MXene nanosheets may results in undesirable rerelease
of pollutants.
Another challenge in the deployment of inorganic MXene

materials is the limited ion selectivity of the adsorbing surface

hydroxyl groups but selective surface functional groups could
ameliorate this shortcoming. However, in contrast to organic
adsorbents, covalent grafting routes for MXene modification
are rare,11,12 mainly because relatively mild conditions are
required to avoid the corrosion of MXene nanoflakes.
Chemical grafting of aryl diazonium salts is a feasible and
mild approach that conforms to principles of “green chemistry”
and yields strong covalent bonds to the substrate surface.13,14

Furthermore, this strategy can provide robust organic−
inorganic hybrid materials,15,16 which might enhance the
stability of MXene nanosheets in aqueous solution.
As a central constituent of nuclear fuel cycles,17 uranium is

also a contaminant when released into the natural environment
as highly mobile uranyl ions, denoted as U(VI).18 The
development of solid sorbents for U(VI) extraction offers
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opportunities to recycle uranium while reducing environmental
contamination.19 Although we previously demonstrated that
MXenes could be used to remove U(VI) from the environ-
ment, selectivity for uranyl was limited.20,21 Amidoxime has
been demonstrated as a highly efficient uranyl capture
functional group22−29 with the nitrogen and oxygen atoms
coordinating uranyl in a stable chelate structure. In the present
work, we grafted amidoxime groups onto the surface of
Ti3C2Tx using diazonium salt to construct highly stable
amidoxime functionalized MXene nanosheets (F-TC) with
good selectivity for uranyl. Given the excellent conductivity of
MXene,30 electrosorption behavior of F-TC was assessed using
the carbon cloth electrode. Upon application of a suitable
alternating potential, the U(VI) capture capacity of F-TC more
than doubles. To the best of our knowledge, this is the first
demonstration of enhanced adsorption of environmental
contaminants by electrosorption on MXene-based materials.
The interaction mechanism between U(VI) and F-TC was

elucidated by X-ray absorption and photoelectron spectrosco-
py.

EXPERIMENTAL SECTION

Figure 1. (a) Proposed mechanism for functionalization of Ti3C2Tx MXene. (b) XRD patterns of TC, G-TC, and F-TC. TEM images of (c) TC
and (d) F-TC. (e) SEM image (left) of F-TC and corresponding EDS elemental maps of C, N, and Ti.

Synthesis of Multilayer Ti3C2Tx. Ti3AlC2 powders were
purchased from Beijing Jinhezhi Materials Co., Ltd. A total of 3.75
g of Ti3AlC2 was slowly added to 100 mL of solution containing 9 M 
HCl and 6 g of LiF (Sinopharm Chemical Reagent Co., Ltd.). The 
mixture was stirred at 40 °C for 4 days, after which the product was 
centrifuged at 3500 rpm and washed three times each with 1 M HCl, 
1 M LiCl, and deionized water.

Synthesis of Ti3C2Tx Nanosheets (TC). Ti3C2Tx nanosheets 
were obtained by ultrasonication and centrifugation with multilayer
Ti3C2Tx. Ultrasonication was for 1 h, and centrifugation was for 30 
min at 5000 rpm. The resulting supernatant was kept under inert gas.

Synthesis of Diazonium Salt Grafted Ti3C2Tx Nanosheets (G-
TC). 4-Cyanobenzenediazonium was synthesized as reported in the 
literature.31 A solution of 4-aminobenzonitrile (Innochem (Beijing) 
Technology Co., Ltd.) (1.9 g) in acetic acid (7.5 mL) was added to
16 mL of concentrated HCl. Then NaNO2 (1.335 g) in 5 mL of H2O
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was added dropwise to this solution after cooling to 0 °C. After 30
min, this prepared solution was dripped into the precooled TC
aqueous solution (600 mg) (the concentration of TC aqueous
solution is between 13 and 15 mg/mL) and kept stirred at 1500 rpm
for 6 h (ensuring that there is not a lot of bubble agglomeration on
the surface of the solution). After the reaction time, the solution was
sonicated for 15 min and centrifuged at 10 000 rpm for 30 min; then
the upper liquid was poured and washed successively by water,
acetone, and ethanol in order to remove salts (5 min each time,
10 000 rpm).
Preparation of Amidoxime-Functionalized Ti3C2Tx Nano-

sheets (F-TC). The obtained G-TC (90 mg) was treated with
Na2CO3 (255 mg) and NH2OH·HCl (334.5 mg) in a H2O(3.6 mL)/
C2H5OH(30 mL) solution for 6 h at 80 °C in a reactor (Teflon-lined
autoclave) of 50 mL. The product was rinsed with DI water and
ethanol.32

Electrode Preparation. F-TC_CC: The F-TC was uniformly
dispersed in water, and ethanol was added to Vethanol/Vwater = 3:1,
followed by the addition of naphthol (Alfa Aesar) to yield
Vethanol+water/Vnaphthol = 50:1. The solution was then dripped onto
the surface of carbon cloth (HCP331N, Shanghai Hesen Electric Co.,
Ltd.) and dried at room temperature in air.
PAO_CC: PAO was prepared according to literature reports,33

then dripped onto the surface of carbon cloth and dried at room
temperature in air.
The quality control of F-TC and PAO is around 2.3 mg.
Batch Sorption Experiments. UO2(NO3)2·6H2O (Sinopharm

Chemical Reagent Co. Ltd.) was dissolved in deionized water to
prepare a 200 mg/L U(VI) stock solution. A series of U(VI) sorption
experiments using F-TC samples at 25 °C under air conditions were
carried out as a function of pH, contact time, and initial U(VI)
concentration. After F-TC was mixed with deionized water, NaCl, and
the desired amount of U(VI), the pH was adjusted using 0.1 M
NaOH and 0.1 M HCl. The solid extractant was separated after 7 h by
centrifuging at 10 000 rpm for 10 min for characterization. The
supernatants were collected using poly(ether sulfone) syringe filters
(0.22 μm, ANPEL Scientific Instrument Co., Ltd., Shanghai) and
diluted with 5 wt % HNO3 before determination of uranium

concentration. The removal capacity Qe (mg/g) was calculated as Qe
= (C0 − Ce)V/m, where C0 and Ce are initial and final concentrations
of cations, and V and m are the solution volume and the mass of solid
sorbent. With noted exceptions, the conditions were msorbent/Vsolution =
0.2 mg/mL, pH 5.0, air atmosphere.

Electrosorption Experiments. All electrosorption experiments
were carried out under a three-electrode system: Ag/AgCl as a
reference electrode, and platinum wire as a counter electrode.
Electrosorption was performed in an air atmosphere with a stirring
rate of 200 rpm. The volume of the solution was 50 mL. The initial
pH was 5.0. In order to test the concentration of uranyl ions at
different times, the volume of each sample is 200 μL.

■ RESULTS AND DISCUSSION
Ti3C2Tx nanosheets (TC) were prepared by a typical
ultrasound exfoliation of LiF-HCl etched multilayer
Ti3C2Tx.

34 The disappearance of nonbasal directions X-ray
diffraction (XRD) peaks (around 61°) (Figure S1) and
morphology changes after exfoliation (Figure S2a,b) indicate
successful conversion of the multilayer material to a few-layer
MXene material.35 Figure 1a shows the proposed mechanism
for grafting amidoxime onto the surface of MXene. Providing
an electron to the aryl diazonium results in the cleavage of
diazonium with nitrogen release and the production of a free
radical (i), which substitutes onto the MXene surface of
substrate to form a strong TiOC covalent bond (ii).
Finally, F-TC is synthesized by reacting hydroxylamine with
surface cyano groups on diazonium grafted MXene (G-TC)
under mild alkali-assisted hydrothermal conditions (iii). The
XRD patterns in Figure 1b show that the (002) peaks of G-TC
and F-TC around 7° exhibit a small shift to lower angles
compared with TC, indicative of the functionalized groups on
the surface and/or edges of MXene nanoflakes. Examination of
surface morphologies of the TC, G-TC, and F-TC (Figure
1c,d, Figure S2) by transmission and scanning electron

Figure 2. XPS spectra of Ti3C2Tx nanoflakes before and after grafting. High-resolution O 1s region of (a) TC and (b) G-TC and N 1s region of (c)
G-TC and (d) F-TC.
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microscopy (TEM and SEM) reveals that modified MXenes G-
TC and F-TC retain the uniform slice structure of TC, though
the surfaces and edges become less regular upon functionaliza-
tion. Atomic force microscopy (AFM) revealed that the
thickness of MXene flakes increases by about 0.8 nm upon
amidoxime grafting (Figure S3).
Chemical species on MXene surface before and after

modification were assessed by several techniques. Fourier
transform infrared (FTIR) spectroscopy confirmed formation
of a cyano group, followed by conversion to amidoxime on the
TC surface (Figure S4). In particular, the IR band at 2212
cm−1 for G-TC corresponds to the surface cyano CN stretch
mode.36 After 6 h of treatment with hydroxylamine hydro-
chloride, a new IR peak appeared at 1649 cm−1, which is
assigned to the stretch mode of amidoxime CN on F-
TC.37,38 Thermogravimetric analysis (TGA) revealed the
weight percent of functional groups to be about 20.2% for
G-TC and 19.6% for F-TC (Figure S5). Energy dispersive X-
ray spectroscopy (EDS) results in Figure 1e indicate the
homogeneous distribution of amidoxime functional groups on
F-TC. High-resolution X-ray photoelectron spectra (XPS) of
TC, G-TC, and F-TC after modification are shown in Figure 2.
For the O 1s region, peaks at 532.45, 531.39, and 529.72 eV
correspond respectively to C−Ti−(OH)x, C−Ti−Ox, and Ti−
O linkages on the surface of TC.39 Comparison of Figure 2,
panels a and b, reveals a new O 1s peak at 531.2 eV after
diazonium grafting, which is due to the formed Ti−O−C
linkages.40 Fitting of the N 1s peaks around 400 eV for G-TC
reveals CN and NN bonds with features at 399.0 and
400.8 eV, respectively.41,42 Upon hydrothermal treatment, the
N 1s spectrum reveals CN−OH and C−NH2 linkages of F-
TC at 400.5 and 399.45 eV, respectively, confirming synthesis
of amidoxime functionalized MXene.43

Stability of MXene nanosheet materials is critical to their
performance in real-world applications.44 To assess the stability
of Ti3C2Tx nanosheets before and after modification, TC and
F-TC were dispersed in aqueous solution and exposed to the
air for different time periods. After 7 days of treatment, XRD of
TC revealed substantial broadening of the (002) peak, and
partial oxidation of MXene to TiO2 (Figure 3a and Figure
S6).44−46 Negligible changes in the corresponding XRD
patterns for treated F-TC (Figure 3b) demonstrated significant
stabilization toward oxidation and degradation. The corre-
sponding optical photos in Figure 3c,d confirm that the treated
F-TC retained good colloidal dispersion with retention of the
original black color whereas the treated TC was degraded. The
enhanced oxidation resistance of modified MXene was further
confirmed by SEM (Figure 3e,f): oxide nanoparticles are
apparent in TC that correspond to TiO2 as identified in Figure
3a, whereas the slice structures of F-TC were maintained after
exposure to air and water. It has been reported that the edges
of MXene nanosheets are highly reactive and thus preferen-
tially degrade in aqueous solution.47 Moreover, the presence of
surface defects on MXene nanosheets may also lead to the
structural instability. High-resolution TEM images in Figure S7
have clearly shown that the roughness of MXene edges and
surfaces changes after the functionalization. Consequently, we
propose that the active edge and surface sites of TC bond with
diazonium free radicals during grafting with the protection
afforded by the functional groups thereby enhancing the
stability of the organic−inorganic hybrid F-TC MXene, which
facilitates the utility for removal of contaminants from water.
Recyclability, an important criterion for practical applications
of solid adsorbents, has been rarely reported for MXene
nanoflake materials because of their instability. As discussed
below, the relatively high stability of F-TC will allow
recyclability in environmental cleanup applications.

Figure 3. XRD patterns of (a) TC and (b) F-TC before and after immersion in water under air atmosphere for 0 days (TC), 3 days (TC_3), and 7
days (TC_7). Photos of (c) dispersed aqueous solutions after the different immersion durations, and (d) filtered samples of TC and F-TC after
immersion in water. SEM images of (e) TC and (f) F-TC after 14 days of immersion in water. All results are for concentration of 0.1 mg/mL and at
room temperature.
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Competitive adsorption experiments were conducted to
investigate the selectivity of F-TC for uranyl with Eu(III)
selected as a representative trivalent lanthanide since typical
inorganic and organic−inorganic hybrid sorbents typically have
poor selectivity for U(VI) versus Eu(III).48−50 Results in

Figure 4a show that F-TC can separate U(VI) from Eu(III)
efficiently with a separation factor (SU/Eu) of about 13, which is
significantly higher than SU/M of TiO2 and pristine TC. The
lower uranyl selectivity of TC versus F-TC presumably reflects
that terminating hydroxyl groups of TC exhibit poor metal ion

Figure 4. (a) U/Eu separation factor of TiO2, F-TC, and TC from a competitive adsorption solution containing U(VI) and Eu(III). (b−d) U(VI)
adsorption onto F-TC as a function of contact time (b), equilibrium concentration (c), and ionic strength (d). (e) Reusability of FTC for U(VI)
adsorption. (f) The corresponding XRD patterns of F-TC after each reuse cycle. Initial concentrations: (a) [U] = [Eu] = 50 ppm, (b) [U] = 21
ppm, (d) [U] = 16 ppm, (e) [U] = 20 ppm.

Figure 5. (a) Schematic for preparation of composite F-TC_CC electrode. SEM images of (b) pristine CC and (c) modified F-TC_CC electrode.
(d) Electrosorption performance of pristine CC and F-TC_CC electrodes for U(VI) removal in potentiostatic mode. (e) Electrosorption
performance in alternating potential (AP) mode. (f) Electrosorption performance of PAO under the same AP conditions as in (e). Initial
concentration of uranium: (d) 20, (e) 50, and (f) 50 ppm.
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discrimination.51 The present results demonstrate that
amidoxime modification of a MXene surface greatly enhances
selective adsorption of uranyl ions. The corresponding
distribution coefficient (Kd) for U(VI) was calculated as
>104 from Eu/U competitive adsorption experiments, such
that F-TC should effectively extract U(VI) from wastewater
containing competing ions.52−54 The selectivity of F-TC is
similar for both air or nitrogen atmospheres (Figure 4a) in
accordance with the demonstrated resistance to degradation by
oxidation.
The kinetic data for U(VI) sorption on F-TC in Figure 4b

show that more than 95% of uranyl is removed after 5 min at
pH 5.0. Such fast kinetics reflect the excellent hydrophilicity
and fully exposed adsorption sites of F-TC. The sorption
isotherm in Figure 4c is well-fitted by the Langmuir model
(Figure S8 and Table S1), indicating heterogeneous monolayer
adsorption of U(VI) on F-TC.55,56 The saturated U(VI)
adsorption capacity, determined as 294 mg/g, is greater than
most inorganic sorbents or modified hybrid materials based on
silicon and carbon (Table S2). Figure 4d demonstrates the
ability of F-TC to capture U(VI) under high salinity up to
∼0.6 M NaCl. Such ionic strength-independent sorption
behavior suggests the stable inner-sphere surface complexation
of U(VI) by amidoxime functionalized MXene.57,58 The
recyclability of F-TC for U(VI) extraction was assessed using
0.1 M Na2CO3 as an eluent with the results shown in Figure
4e,f. It is evident that F-TC can be fully regenerated for at least
five sorption/desorption cycles (Figure 4e) with preservation
of the F-TC nanosheet structure as evidenced by the invariant
(002) XRD peak (Figure 4f). The results summarized in
Figure 4 suggest F-TC as an efficient and robust MXene-based
material for rapid and selective uranium extraction from
aqueous solutions. The more general applicability of
diazonium salt modification for MXene functionalization was
further demonstrated by grafting carboxyl groups onto Ti3C2Tx
nanosheets (Figure S9). Like F-TC, the carboxyl functionalized
TC exhibited excellent sorption capacity, >300 mg/g, for
U(VI) removal.
Given the excellent conductivity of MXene, electrosorption

was evaluated for F-TC loaded onto carbon cloth electrode (F-
TC_CC) for comparison with sorption by unloaded carbon
cloth electrode (CC) (Figure 5a−c). Applying a constant
negative bias voltage (−0.7 V) to the F-TC modified electrode
generates an electric field to promote migration and enrich-

ment of uranyl ions at the cathode, which results in higher
U(VI) removal capacity for electrosorption versus physico-
chemical adsorption (Figure 5d). However, potentiostatic
electrosorption usually introduces a capacitive deionization
(CDI) contribution,59−61 which is disadvantageous for
selective ion extraction even though the total ion adsorption
increases. In accord with a CDI contribution, the results for the
unloaded carbon cloth (CC) in Figure 5d indicate consid-
erable electrosorption enhancement. To overcome the CDI
effect, a periodic alternating potential (AP) method was
adopted, in which the bias voltage for selective capture of
U(VI) was applied in the first half of the AP period (−0.7 V, 1
s), whereas in the second half removal of thebias voltage
released adsorbed ions which were not sequestered by
functional groups (Figure S10).33 The AP method prevents
competing ions from blocking active chelation sites and
eliminates nonspecific adsorption of uranium on unmodified
substrate with a result that the U(VI) extraction capacity on F-
TC modified electrode reached up to 626 mg/g. This U(VI)
removal capacity is apparently larger than the electrosorption
performance of traditional materials such as graphene and
activated carbon (Table S2). The AP results furthermore show
that CDI adsorption of U(VI) is minimal on carbon cloth
(Figure 5e). The results summarized in Figure 5 demonstrate
selective electrosorption for uranium extraction using an AP
approach.
The organic polyamidoxime (PAO) terminated with the

same functional groups as F-TC was synthesized for the
assessment of its electrosorption performance. Since the charge
transfer in PAO is poor, carbon black was used to enhance
conductivity. Physicochemical adsorption of U(VI) on PAO is
low (<50 mg/g; Figure 5f), possibly due to low surface
exposure of chelating sites. Upon application of the same AP as
used for F-TC_CC (Figure 5e), the extracted mass of U(VI)
per unit PAO is significantly enhanced but is still only ∼60% of
the value achieved with F-TC after 12 h electrosorption
(Figure 5f). Treatment of uranium-contaminated simulated
groundwater (Table S3) by F-TC and PAO was performed to
assess electrosorption in complex aqueous environments. Here,
a more negative potential and a much higher-frequency AP
period were adopted to maximize uranium removal while
avoiding water splitting.33 As shown in Figure S11, uranium
extraction by F-TC reaches ∼230 mg/g, which is about 40%
higher than that of PAO.

Figure 6. (a) U L3 edge k
3-weighted EXAFS spectra (solid lines) and the best theoretical fits (dotted lines) of U-loaded F-TC sample at pH 5.0.

(b) Corresponding nonphase shift corrected Fourier transforms. The proposed coordination is shown in (b).
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The coordination environment of extracted uranium on F-
TC was investigated by XPS and synchrotron radiation
extended X-ray absorption fine structure (EXAFS) spectros-
copy. The characteristic U 4f signal is apparent in XPS survey
scans for F-TC after uranyl adsorption (Figure S12). The high-
resolution XPS spectrum in Figure S13 shows that the N 1s
binding energy peak increases by 0.5 eV upon uranium
sequestration, suggesting that the amidoxime N atom directly
participates in U(VI) coordination. Figure 6 shows the
measured and fitted U L3 edge k3-weighted EXAFS spectrum
and its Fourier transform with the resulting fitting parameters
such as coordination number and bond distance summarized
in Table S4. In addition to the typical axial distance for uranyl
Oyl atoms (UOyl ≈ 1.80 Å) and equatorial distance for
coordinated water Ow atoms (UOw ≈ 2.36 Å), about two
atoms at 2.55 Å in the first coordination shell of U are ascribed
to the O atom of oximido and the amino N atom of the
amidoxime group (UO1/N1, inset of Figure 6b); another
two atoms at 3.41 Å are assigned as the adjacent N and C
atoms (UN2/C). These UO1/N1 and UN2/C distances
are consistent with those reported by Tian et al. for a uranium
compound with a small tridentate-binding molecule.62 The
EXAFS fitting results suggest that the uranyl coordinates with
F-TC amidoxime groups to form 1:1 bidentate chelating
complexes (inset of Figure 6b). Although this bidentate
chelating configuration has not yet been reported in a crystal
structure, recent experimental studies and modeling of
cooperative chelating by Abney et al. support this coordina-
tion.63

■ CONCLUSION
In summary, we reported for the first time the introduction of
amidoxime functional groups onto the surface of MXene using
diazonium. The soft chemical grafting method provides a Ti
OC covalent bond between benzonitrile and MXene
substrate, which allows for subsequent in situ conversion to
terminating amidoxime groups. The successful modification by
amidoxime increases the oxidation resistance of MXene in
aqueous solution, and significantly improves the selective
chelation of uranyl for environmental remediation. The use of
a periodic alternating potential on a F-TC modified electrode
further enhances the extraction capacity while maintaining
selectivity for uranyl. F-TC exhibits superior electrosorption
performance compared with previously reported amidoxime
functionalized organic materials. The results demonstrate
amidoxime functionalized MXene as a new platform for
rapid, efficient, and selective extraction of uranium from
complex aqueous solutions.
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