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We demonstrate the first use of pure films of two-dimensional
(2D) transition metal carbides and nitrides (Ti;C,T, MXene) as
an electrode material for electrogenerated
chemiluminescence (ECL). The Ti3C,T, MXene electrodes
exhibited excellent electrochemical stability in the cathodic
scan range and produced bright reductive-oxidation ECL using
peroxydisulfate as a co-reactant with the
tris(2,2’-bipyridine)ruthenium(ll) ([Ru(bpy):]?*) luminophore.
Electrogenerated chemiluminescence (ECL) is a sensitive
analytical technique where highly exergonic electron transfer
reactions occur between electrochemically generated radical
species at the surface of an electrode resulting in the emission
of light.! Various ECL generation mechanisms harness the
diverse properties of different electrode materials,
luminophores, co-reactants, solvents and electrolytes.> 2 Early
ECL experiments exploited the annihilation of oxidised and
reduced species to form excited state products.? Although this
strategy produced bright luminescence, it is limited to organic
solvents with wide potential windows to access both the
oxidation and reduction of the luminophore. This drawback was
overcome by the addition of a co-reactant —a species that forms
a strongly oxidising/reducing species upon reduction/oxidation
— to the system.?

The vast majority of research has focused on the
investigation of the tris(2,2'-bipyridine)ruthenium(ll)
([Ru(bpy)s]?*) luminophore and oxidative-reduction co-reactant
tri-n-propylamine (TPA).> Oxidative-reduction co-reactants
have typically been favoured over reductive-oxidation co-
reactants because a single oxidative potential (~1.1 V vs normal
hydrogen electrode, NHE) can be applied to initiate light
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emission below the potential of water oxidation (1.23 V vs NHE)
minimising deleterious side reactions and enhancing the
sensitivity of the analysis.>

Different electrode materials offer distinct advantages for
ECL based sensing applications.?2 For example, nanostructured
carbon electrode materials, such as carbon nanotubes and
graphene, often exhibit superior sensitivity in analytical ECL
sensing applications when compared to traditional materials.®
Boron-doped-diamond (BDD) can exhibit a larger accessible
potential window in water (-1.25 to +2.3 V vs NHE),” when
compared to conventional electrode materials such as glassy
carbon (-0.3 to +1.8 V vs NHE),” due to a higher hydrogen
evolution potential, thus providing opportunities to explore
different
Einaga et al.® used BDD films to demonstrate the reductive-

luminophore/co-reactant combinations. Recently
oxidation co-reactant ECL of the [Ru(bpy)s;]**-peroxydisulfate
system in aqueous solution.
(2D)
nitrides, known as MXenes, are a new class of materials that

Two-dimensional transition metal carbides and

show promising properties for electrochemical sensing.®
MXenes have predominantly been incorporated in composite
films with Nafion® or used to modify the properties of existing
electrode materials (e.g. carbon or gold).? 1° The high electrical
conductivity of the MXenes reduces the charge transfer
resistance of the composite or electrode, thereby reducing
noise and dramatically enhancing sensitivity.1°

Recently, researchers have combined the superior
of MXenes with ECL detection

strategies.> 113 For example, Liu and Xu et al.l! combined

conductive properties

TisC,T, MXene, [Ru(bpy)s]?* and Nafion in a composite film for
the detection of single-nucleotide mismatch in human urine
using ECL. Although electrochemical sensing methods using
TisC,T, MXene modified electrodes enhance the sensing
properties of the conventional electrode material, they do not
fully exploit the unique properties of pure TisC,T, MXenes such
as their high surface area, superior conductivity (~10000
S cm™)14 and cathodic stability.

Herein, we establish the first use of pure Ti;C,T, MXene films
as electrodes for ECL generation and explore their potential use
for [Ru(bpy)s]?*-peroxydisulfate cathodic ECL.
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We synthesised TisC,T, MXene by etching TizAlC, MAX phase
(1 g) with LiF (1.6 g) and HClI solution (9 M, 20 mL), as described
in detail in our previous works.'>¥7 The complete etching of the
aluminium layer from the MAX phase is shown by the
disappearance of (014) peak on XRD spectrum of TizC,T, MXene
(Figure 1a). Meanwhile, the (002) peak shifted from ~9.8° of 2
theta to ~7.0°, corresponding to an increase in layer spacing
between Ti;C, T, MXene flakes due to water and lithium
intercalation.'®2° The advantage of the in situ HF method is that
TizC, T, MXene flakes self-exfoliate into single-layer flakes during
the repeated shaking and centrifugation steps. The obtained
single-layer TizC,T, MXene flakes showed an average layer
thickness of 1.8 nm and mean lateral size of ~0.9 um (Figure 1b-
d).2! Without using sonication during the exfoliation of TisC,T,
MXene, the high resolution XPS spectrum shows a negligible
signal from TiO, on the Ti3C,T, MXene electrode (Figure S1),
suggesting our fabricated Ti;C,T, MXene film electrodes are
composed of pristine TisC,T, MXene flakes with minimal
degradation of the electrode surface.

To prepare TizC,T, MXene electrodes, we first removed the
carbon working electrodes from commercial electrodes using a
sharp blade. The Ti;C,T, MXene dispersion was blade-coated on
the same position using removable tape as a mask (Figure le).
SEM shows that the fabricated Ti;C,T, MXene electrodes have a
thickness of ~450 nm with well-aligned TizC,T, MXene flakes
(Figure 1f). The TisC,T, MXene electrodes exhibited excellent
conductivity of 8100 S cm compared to traditional electrode
materials such as glassy carbon (< 200 S cm).22 Qur electrodes,
similar to commercially available SPEs, are designed to be
implemented as single-use, disposable SPEs. The blade-coating
fabrication technique is simple, low-tech and cost-effective,
making TisC,T, MXene film electrodes ideal candidates for

Journal Name

single-use, point-of-care sensing applications where disposable
electrodes are preferable.

We evaluated the electrochemical properties of the TisC,T,
MXene electrode films using [Ru(NHz)s]3*, a thoroughly studied,
outer sphere, single electron transfer reaction.?3 [Ru(NH3)e]3*
exhibited a reduction potential at -232 mV vs Ag/AgCl (Figure
2a, S2). The peak-to-peak separation (AE,) of the forward and
reverse sweep was large (330 mV) compared to the ideal value
(AE, = 59 mV), indicating that electron transfer of [Ru(NH;)¢]3*
is not electrochemically reversible at the Ti;C,T, MXene
electrode surface. A large AE,is common for SPEs; Kadara et al.
previously evaluated several varieties of commercially available
SPEs and reported AE, values ranging from 98 to 535 mV.24 A
large AE, may arise from numerous factors such as oxidation of
the electrode surface by environmental oxygen, the thickness
of Ti;C,T, MXene film electrodes, wettability of the electrode
surface and the electrode drying/curing processes.?* 2> Qur
electrodes exhibited reversible electrochemistry in the cathodic
scan range and there was no notable change in the resulting
current over multiple scans (Figure S3). However, scanning
anodically caused irreversible oxidation of the Ti3C,T, MXene
electrode surface (Figure S4) as observed by Lorencova et al.*°
Degassing electrolyte solutions prior to analysis reduced this
passivation (Figure S4).

Initially, we investigated the most commonly used aqueous
co-reactant ECL system, TPA with [Ru(bpy)s]?**. However, we
observed no ECL from the TizC,T, MXene film working electrode
presumably due to oxidation of the MXene film in the anodic
scan range.?® When we scanned the electrodes at cathodic
potentials in solutions of TPA with [Ru(bpy)s]?* we observed an
intense ECL signal using the PMT (Figure S5). Dark-field
photography confirmed this ECL emanated from [Ru(bpy)s;]**
reacting with TPA co-reactant, oxidised at the carbon black
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Figure 1. (a) XRD patterns of TizAIC, MAX phase powder and drop-casted TisC,T, MXene film from as synthesised MXene suspension. (b) AFM image of TisC,T, MXene flakes on

silicon wafer. (c) The profile of layer thickness along the red line in (b). (d) The lateral size distribution of TizC,T, MXene flakes measured from AFM images. (e) The commercial
screen-printed electrodes (left) and Ti;C,T, MXene electrode (right) fabricated by changing the working electrode (WE) from carbon to TisC,T, MXene while keeping the same
counter electrode (CE, carbon) and reference electrode (RE, Ag/AgCl). (f) The SEM image of the cross-section of blade coated TisC,T, MXene electrode.
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counter electrode (Figure S5).26282 As the TisC,T, MXene
electrodes were electrochemically stable in the cathodic scan
range, we evaluated their potential for analytical ECL
applications using a model reductive-oxidation co-reactant,
peroxydisulfate. Peroxydisulfate is a versatile co-reactant that
has been combined with numerous luminophores to produce
sensitive analytical ECL detection systems.® 2237 We combined
peroxydisulfate with [Ru(bpy)s]?* (outlined in equation 1 to 9) to
investigate the potential of TizC,T, MXene film electrodes as a
novel material for future analytical ECL sensing applications.? 38

S,0g% + e — S,04°3 (1)
[Ru(bpy)s]** + e — [Ru(bpy)s]* (2)
[Ru(bpy)s]* + S;05% — [Ru(bpy)s]** + S,05°* (3)
5,053 = S04 + SO,™ (4)
[Ru(bpy)s]* + SO4* — [Ru(bpy)3]**" + SO, (5)
[Ru(bpy)s]?* + SO4*"— [Ru(bpy)s]** + SO4* (6)
[Ru(bpy)s]** + [Ru(bpy)s]* — [Ru(bpy)s]***+ [Ru(bpy)s]**  (7)
[Ru(bpy)s]?>*"— [Ru(bpy)s]** + hv (8)
[Ru(bpy)s]?*" + $,05% — [Ru(bpy)s]3* + SO4% + SO, (9)

The Ti3C,T, MXene electrodes displayed bright orange ECL
from [Ru(bpy)s]?* at potentials past the reduction of both
peroxydisulfate and [Ru(bpy)s]?* (Figure S6e and S6f).38 The ECL
from [Ru(bpy)s]?* increased when the applied potential was
scanned from -1.6 V to -2.5 V (Figure 2b). The ECL intensity was
higher at low pH, especially at increasingly negative potentials
(-2.25 V); this is consistent with previous observations and
results from decreased quenching of sulfate radical anions by
hydroxyl ions in accordance with equation 10.3° At potentials
more negative than -2.25 V, the electrode films became
unstable, resulting in a decrease in both the ECL and current
(Figure S6). The [Ru(bpy)s]?*-peroxydisulfate ECL from the novel
TisC, T, MXene electrodes, was 7-fold higher than the ECL
observed at a carbon SPE (relative integrated area of cyclic
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Figure 2. (a) CV of 25 mM [Ru(NH3)e]3* in PBS, pH 7.4, 0.1 V s%. (b) ECL intensity of 5 uM
[Ru(bpy)s]?* and 25 mM S,04% in PBS using 5 mm diameter Ti;C,T, MXene film and carbon
SPEs, scan rate 0.25 V s,
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voltammogram (CV) from Figure 2b, pH 7.4). Furthermore, the
signal at the TisC, T, MXene electrodes exhibited superior
stability over successive scans (Figure S6D and Table S1) and the
signal to blank ratio for the TisC,T, MXene electrodes was
double that observed from the carbon SPEs.
SO4° + OH™ — SO4% + OH® (10)

Previous literature indicates that ECL from [Ru(bpy)s]?* is
oxidatively  quenched at high concentrations  of
peroxydisulfate.3® 40 We therefore investigated the
dependence of ECL intensity on peroxydisulfate concentration
(Figure 3a). We observed a maximum ECL intensity at
peroxydisulfate concentrations of 25 mM; above this
concentration, the ECL of [Ru(bpy)s:]** was quenched in
accordance with equation 9. A small ECL signal was observed
from PBS blank solutions, most likely resulting from the
emission of excited oxygen species (10,, (0,), and 3(0,),),
formed as a result of reduction of peroxydisulfate (Figure S6b).%
41,42

The optimised TisC,T, MXene ECL conditions exhibited a
wide linear range from 100 nM to 10 puM [Ru(bpy)s]**
(R2=0.9914) and an excellent detection limit of 100 nM
(signal/blank = 3). Bard et al.#? detected ECL from [Ru(bpy);]**
in 1:1 water:acetonitrile solutions at 10 nM at carbon and
platinum disk electrodes. When degassed, ECL from 100 fM
[Ru(bpy)s]?* could be observed.?? Previous work by Einaga et
al.® using BDD electrodes in aqueous solutions showed ECL at
[Ru(bpy)s]?*-peroxydisulfate ratios as low as 1/1000
(10 uM/10 mM). In this work, we detected ECL at a [Ru(bpy)s]**-
peroxydisulfate ratio of 1/250000 (100 nM/25 mM). This
dramatically improves upon the previously documented
accessible ranges of [Ru(bpy)s]?* detection with peroxydisulfate
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Figure 3. (a) Dependence of ECL intensity on peroxydisulfate concentration, 1 uM
[Ru(bpy);]** in PBS pH 7.4, integrated area of ECL from 10 s chronoamperometric (CA)
pulse to -2.25 V. (b) Dependence of ECL intensity on [Ru(bpy)s]?* concentration,
25 mM S,04%, PBS pH 7.4, 5 s integrated area of ECL from 5 s CA pulse to -2.25 V. Error
bars represent the standard deviation of three replicate determinations.
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co-reactant in aqueous solutions and demonstrates the
potential of Ti3C,T, MXene electrodes for use in analytical
applications employing cathodic ECL (Figure 3b).

In conclusion, this work enhances the analytical sensitivity
and versatility of the [Ru(bpy)s]?*-peroxydisulfate ECL system by
exploiting the high conductivity and cathodic ECL of TisC,T,
MXenes. The fabricated TizC,T, MXene electrodes demonstrate
superior cathodic ECL intensity when compared to both BDD?
and graphitic carbon SPEs and provide an alternative electrode
material for the development of highly sensitive analytical
detection strategies employing reductive-oxidation co-reactant
ECL systems. This work lays the foundation for future analytical
applications of TizC,T, MXene electrodes using cathodic ECL.
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