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Abstract

In this work, we study the electrochemical performance of Nb.CTx and NbsC3Tx MXenes in
aqueous media and their application as a sensing platform for small biomolecules. Both Nb>CTx
and Nb4C3Tx are electrochemically stable up to an anodic potential of 0.5 V. It was found that
Nb4C5Txis more electrochemically active than Nb,CTx. Based on this, Nb4C3Tx was evaluated for
the electrochemical detection of aqueous media solutions containing ascorbic acid, uric acid and
dopamine. This work opens the door for the wider application of Nb-based MXenes in aqueous
electrochemical sensing applications.

Keywords: Niobium, MXene, electrochemical stability, oxygen reduction reaction, sensors, small

biomolecule detection.

1. Introduction

Two-dimensional (2D) nanomaterials have emerged as one of the most attractive sensing materials
in the past decade due to their unique morphology, wide range of tunable compositions and
physicochemical properties [1-3]. Recently, 2D MXenes have gained great attention due to their
large group of carbides, nitrides, and carbonitrides (+30 members) and their unique properties [4-
7]. The properties of MXene, such as excellent electrical conductivity and hydrophilicity [8], make
them promising candidates for numerous applications such as energy storage [9-12],
environmental remediation [13-18], biomedical applications [19-23], and electrochemical sensing
[24-30]. TisC,Tx and its related composites have been the most extensively investigated type of
MXene in different electrochemical sensing applications [27, 31]. Ti3CoTx MXene was only stable

in the cathodic potential window, however in the anodic potential it forms an irreversible anodic



oxidation at ~430 mV [27]. Different nanocomposites of TizC>Tx with metal nanoparticles (NPs)
have been developed to overcome the instability issues in the anodic potential window [24, 32]. In
such case, Ti3C,Tx acts simultaneously as a substrate and a reducing agent (i.e. to reduce the metal
salt to NPs). This partial oxidation has caused a significant reduction of the Ti3C2Tx nanocomposite

electrochemical activity as compared to bare TizCoTx [24, 32].

Nb2CTx and Nb4C3Tx are members of the MXenes family, prepared by etching of the A-element
from the layered ternary carbides of Nb2AIC and NbsAlC3; MAX phases, respectively [33, 34].
Recently, Nb MXenes and their composites have been successfully used in many energy
applications [6, 35-38], as well as some environmental and biomedical applications including dye
adsorption [39], hematopoietic recovery [33], cancer therapy [5, 19, 40], and photocatalytic
hydrogen evolution [41]. The good electrochemical performance of NbsC3Tx MXene can be
attributed to its high electronic conductivity which makes electron transport more efficient [35].
Meanwhile, the interlayer spacing of Nb4C3;Tx-based electrodes enhanced by insertion and de-
insertion of cations which leads to improved electrochemical performance. The intercalation
capacity of cations and atoms was found to be higher in Nb4C3Tx in comparison to Nb,CTx [34].
The Nb>CTx-PVP electrode showed large negative current density at the potential of -0.7 V in the
presence of both O» and H>O», indicating the catalytic activity of oxygen reduction reactions
(ORR) and the elimination ability of H>O> of Nb,CTx-PVP [33]. In our previous work, NbsC3Tx-
modified glassy carbon electrode was used for the electrochemical detection of Pb** ions owing to

their large interlayer spacing and high electrochemical activity [42].

In this work, we investigate the electrochemical stability in the anodic potential and
electrochemical behavior towards ORR of Nb-MXenes (Nb2CTx and Nb4C3Tx) and the sensing

capability of NbsCsTx-modified glassy carbon electrode (GCE) towards the detection of small



biomolecules such as ascorbic acid (AA), uric acid (UA), and dopamine (DA). To the best of our
knowledge, this is the first report discussing the electrochemical sensing capability of NbsC3Tx for

the detection of small biomolecules.

2. Experimental

2.1. Materials

Ascorbic acid (AA) (=99%), dopamine hydrochloride (DA), uric acid (UA) (=99%), NaOH,
phosphate buffer (PB) solution, Kj3[Fe(CN)s] (99%), and K4[Fe(CN)s]-3H20 (=99%) were
purchased from Sigma Aldrich, USA. Powders of niobium (99.98%, -325 mesh), aluminum

(99.9%, -325 mesh), and carbon (99%, 7—11 micron) were purchased from Alfa Aesar, USA.

2.2. Synthesis and characterization of Nb2CTy and Nb4CsT,

The synthesis and etching of MAX materials (Nb2AIC and Nb4AIC3) were synthesized according
to earlier reports [34, 36, 42]. The multilayered Nb,CTx and NbsC3Tx (ML-Nb2CTx and ML-
NbsC3Tx) MXenes were prepared by selective etching of Al layer using hydrofluoric acid (HF)
from their MAX phases Nb2AIC and NbsAlCs, respectively, as described previously [38, 42]. The
delamination of ML-Nb>CTx and ML-Nb4C3Tx were carried out in degassed DI water using probe
sonication (Cole Parmer, Ultrasonic Processor, 60% amplitude, 750 W) at 20 °C, under a flow of
Ar for 1 h, followed by freeze-drying. The resulting solution was centrifuged at 5000 rpm for 10
minutes and decanted followed by freeze drying to get delaminated NboCTx or Nb4C3Tx nanosheets
(DL-Nb2CTx or DL-Nb4CsTx). The morphology of prepared DL-Nb2CTx and DL-NbsCsTx
MXenes was studied using FEI Quanta 650 FEG scanning electron microscopy (SEM). Bruker D8
Advance (Bruker AXS, Germany) X-ray diffractometer with Cu-Ka radiation (A = 1.54056 A) was

used to obtain wide angle X-ray diffractograms (XRD).



2.3. Electrochemical analysis

A homogenous aqueous suspension of Nb2CTx or NbsC3Tx (0.2 mg/mL) was made by sonication
for 1 min. Then, 6 uL of this suspension was deposited onto the polished GCE surface and followed
by drying at room temperature under Ar overnight. The modified GCE was transferred to an
electrochemical work station (CHI760E potentiostat (CHI, Texas, USA)) with a conventional three
electrode system. The modified GCE was used as the working electrode, Pt wire as the counter
electrode and Ag/AgCl electrode as the reference electrode respectively. The electrochemical
stability analysis was carried out by cyclic voltammetry (CV) in a 0.1 M PB solution (pH 7) at a
potential range between -0.3 and 1 V. Cyclic voltammograms of ORR run were performed in 0.1
M NaOH under O; as well as N> atmosphere. To evaluate the sensing capability of NbsC3Tx-
modified GCE, CV experiments were carried out in a 0.1 M PB solution (pH 7) containing the
desired concentration of biomolecules (DA, AA and UA) at potential ranges between -0.3 and 0.5
V. All CV analysis was performed at a scan rate of 100 mVs'. Differential pulse voltammetry
(DPV) analysis was carried out in 0.1 M PB solution (pH 7) in the potential range from -0.2 to 0.5

V with an amplitude of 0.05 V with an increment of 8 mV.

3. Results and Discussion
3.1. Material characterization

Delaminated Nb-MXene nanosheets were prepared according to our previous work [42]. Although
the full characterization of the material was discussed elsewhere, here we have used the SEM
images to confirm the wrinkled nanosheets morphology of both DL-Nb4C3Tx and DL-Nb2CTx (Fig.
I(a and b)). Energy-dispersive spectroscopy (EDS) analysis showed the presence of fluorine,
oxygen, carbon and niobium elements in both MXenes (Table S1) [42]. The XRD pattern of DL-
Nb2CTx and DL-Nb4CsTx and their corresponding MAX phases are given in Fig 1(c). After
etching, the (002) diffraction peak of Nb2AlC was broadened and shifted significantly toward a
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lower 26 angle from 12.8° to 7.87° and the c-lattice parameter (c-LP) of DL-Nb.CTx was
calculated from this peak as 22.44 A [6]. Similarly, the (002) diffraction peak of NbsAlC3; was
shifted to 5.94° from 7.33° and the ¢-LP of DL-Nb4C3Tx was calculated as 29.7 A [6, 43]. This
down shifting of (002) peak and the diminishing of the MAX peaks confirms the successful
preparation and delamination of the DL-MXenes [6, 35, 39]. Previous studies have confirmed our
observation that DL-Nb4C3Tx usually has larger d-spacing than DL-Nb,CTx by ~3 A which could
be explained as the interplanar distance increases with atomic layer (n) in the MXenes [35, 44].
Evidently, Nb4sC3Tx/GCE demonstrated higher electron transfer kinetics than Nb.CTx/GCE [42].
The higher conductivity of NbsC3Tx than NboCTx can be explained by the higher ‘n’ value of
Nb4CsTx (n=3) than Nb2CTx (n=1), since Nb4C3Tx has more MAX character due to the additional
NbC layers [45]. In addition, larger interlayer spacing of NbsC3Tx allows faster adsorption and
intercalation of ions, which enhances ion diffusion and charge transport of the electrolyte towards

enhancement in the electrochemical activity [43].
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Fig. 1. SEM image of (a) DL-Nb>CTx and (b) DL-Nb4C3Tx. (c) XRD pattern of Nb2AIC,
Nb4AIC3, DL-Nb2CTx and DL-NbsC3Tx.

3.2. Electrochemical characterization of Nb2CTy and Nb4CsT

Here, we have used cyclic voltammetry (CV) to investigate in more detail the electrochemical
behavior of the Nb MXenes in the anodic potential window. As shown in Fig. 2(a), the CV obtained
in 0.1 M PB solution from 0 to 1.0 V showed an anodic oxidation for both NboCTx/GCE and
Nb4C3Tx/GCE with an onset potential of around +0.5 V. However, the peak current is higher for
Nb4C3Tx/GCE. The higher oxidation current for NbsCsTx can be attributed to its higher electron
transfer kinetics than NboCTx [42, 46]. The difference between the first scan and fifth scan for
Nb4C5Tx/GCE is around 2.4 pA at a potential of 1 V as seen in the inset of Fig. 2(a). This shows

that the partial oxidation of Nb4C3Tx occurs during the anodic scan above +0.5 V. Similarly,



Nb>CTx/GCE also showed the same oxidation behavior but with less peak intensity than NbsC3Tx.
The difference between the first scan and fifth scan for NboCTx/GCE is around 2 pA at a potential
of 1 V (Fig. S1). This oxidation behavior of both Nb MXenes is entirely different from TizCoTx,
where irreversible oxidation of Ti3C,Tx occurred upon exposure to an anodic potential around 0.43
V [27]. Since the oxidation onset potential for both Nb MXenes starts at +0.5 V, another cyclic
voltammogram was run below the onset potential +0.5 V to evaluate the stability below the onset
potential. Fig 2(b) shows the cyclic voltammograms of Nb MXenes/GCE in 0.1 M PB buffer (pH
7) in the potential window from -0.3 V to 0.5 V. The peak current difference between the first and
second scan is only around 0.1 pA and the difference reaches only up to 0.15 pA for the fifth scan.
Similar electrochemical behavior is observed for Nb2CTx with a peak current difference of 0.2 pA
between the first and fifth scans (Fig. S1). This negligible current difference after multiple scans

shows that both Nb MXenes are electrochemically stable up to a potential of 0.5 V.
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Fig. 2. (a) Cyclic voltammograms of Nb2CTx/GCE and Nb4C3Tx/GCE in 0.1 M PB buffer (pH 7)
in the potential window from -0.3 V to 1.0 V. Inset is the magnified version for NbsC3Tx/GCE
showing the difference between the first and fifth scan. (b) Cyclic voltammograms of
Nb2CTx/GCE and Nb4C3Tx/GCE in 0.1 M PB buffer (pH 7) in the potential window from -0.3 V
to 0.5 V. Inset is the magnified version for NbsC3Tx/GCE showing the difference between the first
and fifth scan.



The oxygen reduction reaction (ORR) is an essential reaction in biological processes and in
energy-converting systems. Developing high performance alternative electrocatalytic systems for
ORR remains a significant challenge. Different studies showed that TizCoTx MXenes can be a
good substrate for accommodation of various types of nanomaterials for effective ORR reactions
considering their excellent conductivity and hydrophilic surfaces for easy modification with
prominent stability [47-49]. Here, the electrocatalytic ORR activities of Nb MXenes/GCE were
evaluated in N2/O; saturated alkaline media of NaOH (0.1 M) and compared with Ti3C,Tx. For
bare GCE, featureless voltammetric currents were observed in the potential range of -1.0 V to 0 V
in both Oz or N> saturated solutions indicating that there are no active redox species in the
electrolyte (Fig. S2). As shown in Fig. 3, a definite reduction peak occurs at around -0.45 V for
both Nb MXenes/GCE in the O; saturated solution, while there is no specific peak in the Nz
saturated solution, indicating that O; is reduced on both electrodes. In addition, the change in
current density for NbsC3Tx/GCE 1is significantly higher than NboCTx/GCE that in GCE, indicating
high oxygen reduction activity for Nb4C3Tx [50]. The oxygen reduction current of NbsC3Tx/GCE
was calculated to be 120 pA.cm 2 and the corresponding current for Nb,CTx/GCE was 90 pA.cm 2,
both values are significantly higher than bare GCE (42 pA.cm?) at -0.45V. The previous studies
found that the oxygen reduction current of Ti3C2Tx (63 pA.cm ™2 at —0.55 V) and oxidized TizC2Tx
(80 pA.cm 2 at —0.55 V) are low even at a lower reduction potential compared to both Nb MXenes
[27]. From these results, it is found that pristine Nb4C3Tx and Nb2CTx were not highly efficient for
catalyzing the ORR similar to pristine TizCoTx. However, it is expected that NbsC3Tx-based
heterostructures could be a more efficient ORR catalyst than Ti3C,Tx considering their higher
electrochemical activity and larger interlayer spacing which may enhance the interfacial
interactions and charge separation towards ORR.

9
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Fig. 3. Cyclic voltammograms of ORR run on Nb>CTx/GCE and Nb4C3Tx/GCE in 0.1 M NaOH
under air and N, atmosphere at a scan rate 100 mVs .

3.3. Electrochemical response of Nb4+C3T/GCE to small biomolecules

The electrocatalytic responses of the NbsC3Tx/GCE have been tested for sensing of small
biomolecules such as AA, DA and UA. DA and UA are biomolecules widely distributed in the
human body with important roles in many physiological processes, and AA is an essential nutrient
for the human body, usually coexisting with DA and UA in extracellular fluid [51]. Nb4C3Tx has
the highest electrochemical activity up to 0.5 V, which is suitable with the electrochemical peak
of these biomolecules. The CV responses for NbsC3Tx/GCE in the presence of different
biomolecules (10 uM of DA, AA and UA) in 0.1 M PB solution is shown in Fig. 4(a). An enhanced
response is observed for NbsC3Tx/GCE compared to bare GCE, confirming the electrochemical
activity of Nb4C3Tx. In addition, oxidation peaks are visible for biomolecules at different potentials

(~0.15 V for DA, ~0.27 V for AA and ~0.35 V for UA). To find the accurate oxidation potential
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for different biomolecules, DPV was run and the results confirmed the oxidation potential for DA,
AA and UA at 0.14 V,0.26 V and 0.35 V respectively (Fig. 4(b)). From the CV and DPV analysis,

it is confirmed that the sensitive detection of DA, AA and UA is possible with Nb4C3Tx-modified

GCE.
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Fig. 4. (a) CV responses for Nb4C3Tx/GCE in the presence of 10 pM AA, UA and DA in 0.1 M
PB solution (pH 7). (b) Differential pulse voltammetry shows the respective peak positions for
AA, UA and DA.

The quantitative detection of DA was further performed by DPV and amperometry analysis
using Nb4C3Tx/GCE. As shown in Fig. 5(a), the DPV peak current increases with increasing DA
concentrations from 0 to 10 uM. Two different linear ranges are observed in the calibration plot;
one from 50 nM to 1 uM and another from 1 uM to 10 uM (Fig. 5(b)). The limit of detection was
calculated using the 36 method [52] from the linear range 50 nM to 1 uM as 29 nM. In addition,
amperometric measurements at +0.14 V were performed after the sequential addition of DA into
0.1 M PB (pH 7) at time intervals of 40 s. As shown in Fig. 5(c), the first measurable response was

observed after the addition of 50 nM DA and then the current response increased with an increase
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in the DA concentrations. From the amperometric responses, the plot of Al as a function of the
concentration of DA was made and the limit of detection was calculated from this plot as 23 nM
using the 36 method (Fig. 5(d)) [52]. The limit of detection of the NbsC3Tx-based DA sensor is
comparable with TizC,Tx-based electrochemical sensors for DA detection [53-55]. Field effect
transistors based on ultrathin conductive Ti3C,Tx-MXene micropatterns were already employed
for the detection of DA with a detection limit of 100 nM [55]. Ti3C2Tx-based nanocomposite
(TisC.Tx/DNA/Pd/Pt) showed the detection limit of 30 nM [53], while the Nafion stabilized
Ti3C,Tx-based DA sensor showed a lower detection limit of 3 nM [54]. In our case, a detection
limit of 23 nM was achieved by using only bare Nb4C3Tx, which can be further enhanced by surface

modification and nano-composition.
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Fig. 5. (a) The DPV of the Nb4C3Tx/GCE in 0.1 M PB solution with different concentrations of
DA. (b) The plot between the DPV peak current vs log DA concentrations. (¢c) Amperometric (I—
t) curve of the Nb4C3Tx/GCE with successive additions of DA from 10 nM to 1 uM in 0.1 M PB
(pH 7), at +1.4 V. (d) The calibration plot of Al vs concentration of DA from the /- curve. Error
bars show the standard deviation for three repetitive measurements.

The selectivity analysis of the Nb4sC3Tx/GCE shows only ~2% change in the peak current of DA
in the presence of interfering agents like AA and UA (Fig. 6). However, there is a small shift in
the peak position of DA in the presence of AA and UA and it is clearly distinguishable from the
individual peaks of AA and UA. In addition, the DPV current response of DA changes to only 5%
in the presence of interfering agents with 100 times concentration of DA (Fig. 6). The repeatability
analysis of the sensor with four identical Nb4sC3Tx/GCE electrodes in the presence of 1 uM DA
show good repeatability between multiple electrodes with an RSD value of 1.27 (Fig. S3). The
stability analysis of the Nb4C3Tx/GCE shows 97.1% of the initial current value with RSD of 2.38
after keeping the electrode at 4°C for one week. Hence, it is confirmed that the developed sensor
is highly stable, repeatable, and sensitive, and it can be used for sensitive DA detection in the

presence of interfering agents.
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Fig. 6. (a) DPV response of the Nb4C3Tx/GCE in the presence of 1 uM DA, and mixture of DA,
AA and UA. (b) The DPV response of Nb4sC3Tx/GCE with 1 uM DA in comparison with 1 uM
DA along with different concentrations of 1-100 uM of AA and UA.

4. Conclusions

The electrochemical behavior of Nb,CTx and Nb4sC3Tx was investigated in detail to explore their
potential in electrochemical sensing applications. It was found that both Nb2CTx and Nb4C3Tx can
be used in the anodic potential window up to 0.5 V. The pristine Nb4C3Tx and Nb2CTx might not
be the best candidate for catalyzing the ORR; however, heterostructures of Nb4C3Tx and Nb2CTx
can improve their catalytic activity for ORR. The detailed electrochemical analysis showed that
Nb4C3Tx can be used as an immobilization platform for sensitive detection of DA with a wide
linear range and detection limit of 23 nM. This work demonstrates the high potential of NbsC3Tx

towards the development of different electrochemical sensors.
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Highlights

e The electrochemical performance of NboCTx and NbsC3Tx MXenes in aqueous media
was evaluated.

e Both Nb>CTx and NbsCsTx are electrochemically stable up to an anodic potential of 0.5
V.

e It was found that Nb4sC3Tx is more electrochemically active than Nb,CTx.

e Nb4C3Tx can be used as an immobilization platform for the sensitive detection of

dopamine with a detection limit of 23 nM.
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