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1. Introduction

Molybdenum polyoxometallates (Mo POMs) are well known for their redox proper-
ties and are often chosen as candidates for heterogeneous catalysts [1, 2]. Due to
their high catalytic activity, Mo POMs have been employed as catalysts in the oxi-
dative desulphurization of fuels [3, 4], in the synthesis of oxazolines and thiazo-
lines [5], and as electrocatalysts for various chemical species such as nitrates and
hydrogen gas [6-8]. In most of these applications, POMs are loaded onto porous
materials such as zeolites since on their own, they are prone to aggregation
which reduces the accessible surface area [9]. There is therefore need to immobil-
ize Mo POMs on a porous matrix in order to fully exploit their catalytic properties.
Metal organic frameworks (MOFs) are attractive candidates for Mo POM immobiliza-
tion due to their larger surface areas, tunable properties and higher stabil-
ities [10-12].

HKUST-1 (Cusz(BTC),(H,0),) is an example of a MOF with most of these desirable
properties. It has a Brunauer-Emmett Teller (BET) specific surface area of 1055m?/g
and a pore size of 9A x9A [13-15]; because of the latter, it has been employed
as a matrix for other materials. For example, HKUST-1 has been used as a matrix
to synthesize CuO and CuO-CeO, nanoparticle catalysts for CO oxidation [16]. It
has also been used for encapsulation of Fes0; nanocomposites for oxidation of
benzylic C-H bonds [17] and for storage of gases (H,, N,) [18]. In addition to their
matrix applications, when combined with other metals MOFs create synergistic
effects on the properties of the resulting product, making them highly sought after
candidates especially as catalysts [7]. Carbon functionalized MOF Nafion composites
have been used for dopamine sensing [19]. Polyoxometallates (POMs) have been
used as electrocatalysts due to the high oxidation states of the metals [20]. The
combination of Cu and Mo centers in an electrocatalyst for reduction of nitrate has
been successful for a small polyoxomolybdate (Mo,) [7]. Based on their previous
successes, HKUST-1 was selected for this work to exploit its stability as a matrix
and Mo POMs were selected for their catalytic potential creating Mo POM-HKUST-1
hybrid materials.

L-cysteine is an amino acid that is important for various metabolic processes such
as protein synthesis [21], detoxification, and antioxidant activity [22]. The sulfhydryl
group in L-cysteine also plays a vital role in enzyme catalytic activity [23]. In tissue pro-
teins and blood, L-cysteine mainly exists as the oxidized form, L-cystine. Inside cells,
however, L-cystine is the prevalent form due to the reducing environment [24]. A bal-
ance has to be maintained between the intracellular and extracellular environment.
Imbalance of extracellular L-cysteine/L-cystine is associated with oxidative stress and
other pathological disorders. These can be avoided by monitoring L-cysteine levels
resulting in improvement in human health. Monitoring can be achieved via biological
sensors [25]. Numerous attempts have been made to detect L-cysteine using various
techniques; very few, however, use MOFs in electrochemistry [26-28]. This work was
an attempt at using the larger polyoxomolybdates (Mog) incorporated into HKUST-1
MOF to give Mog-CuBTC POM-MOF hybrids to be employed as biosensors for
L-cysteine.
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2. Experimental
2.1. Materials

Buffer tablets of pH 4 were purchased from Saarchem. Cu(NOs), - 3H,0, benzene tri-
carboxylic acid (HsBTC), ammonium heptamolybdate tetrahydrate (AHM), L-cysteine,
glutamic acid, glutamine, lysine, tyrosine, phenylalanine, leucine, alinine, glycine, alu-
mina (10pum), ethanol, and dimethylformamide (DMF) were purchased from Sigma
Aldrich. Millipore water dispensed from Milli-Q Water Systems (Millipore Corp. Bedford,
MA, USA) was used for all aqueous preparations. All chemicals were used as supplied.

2.2. Equipment

IR spectra were recorded from 4000 to 400cm ' on a Perkin-Elmer Spectrum 400 FTIR/FT-
FIR Spectrometer. Elemental analysis was carried out using an Elementar Vario Micro cube
with a thermal conductivity detector (TCD), employing temperatures of 1150°C in the com-
bustion tube and 850°C in the reduction tube. Helium (1200-1350 mbar) and oxygen (17
mbar) were used as the gases. SEM images were collected using a TESCAN Vega TS 5136
electron microscope. X-ray powder diffraction (PXRD) spectrum was performed on a Bruker
D8 Discover diffractometer, equipped with a LynxEye detector, under Cu-Ka radiation
(I=1.5405A). Data were collected from 20=10° to 60° scanning at 0.010° min~' and
192s per step. All TGA studies were conducted using a Perkin-Elmer TGA 4000. Between
2.5 and 5.0 mg of sample was placed in a ceramic crucible and loaded in the TGA furnace.
The sample was heated under nitrogen to 30°C, held for 1 minute and then heated from
30 to 800°C at a rate of 10°C/min. DSC was performed on a Perkin-Elmer DSC 6000.
Between 2.5 and 5mg of sample was loaded into alumina pans and heated with a ramp
rate of 10°C/min from 30 to 445 °C under nitrogen. All electrochemical experiments (cyclic
voltammetry and chronoamperometry) were performed using CV BAS 50.

2.3. Synthesis

2.3.1. Synthesis of HKUST-1

HKUST-1 was synthesized under solvothermal conditions, as detailed below by the lit-
erature procedure [18]. Copper nitrate trihydrate (0.6g, 2.48 mmols) was dissolved in
10 mL of distilled water. Benzene tricarboxylic acid (HsBTC) (0.4g, 1.9 mmols) was dis-
solved in 10mL of a 1:1 mixture of ethanol and distilled water in a separate beaker.
The two solutions were combined and placed in an ultrasonicater until a gelatinous
blue substance was formed. The gel was placed in a glass vial, sealed and placed in
an autoclave. The autoclave was heated to 120°C, maintained at this temperature for
24 h, and then cooled to room temperature, at which point turquoise blue HKUST-1
crystals had formed. The crystals were filtered off, washed with 20mL of a 1:1 etha-
nol:water solution and dried in an oven for 12h at 60°C. Cu3(BTC) - 3H,0 (451.64Q):
calculated C 33.745, H 0.021, Cu 29.758; found C 33.250, H 0.018, Cu 30.080.

2.3.1.1. Post-synthetic modification (PSM) of HKUST-1 to form Mo1. The HKUST-1 sam-
ples were then modified via impregnation. Impregnation was achieved by sonicating
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Table 1. Electrochemical parameters for the bare and modified electrodes.

Background
corrected
E/V oxidation
AEp for (L-cysteine) currents/pA Current
Fe(CN)s> /4~ oxidation Surface in pH density/
GCE modifier in 0.1 M KCI  pH 4 buffer  roughness  Eff. Area T'(mol cm™?) 4 buffer pA cm 2N
Bare GCE 0.078 - - - - - -
HK-GCE 0.226 0.283 7.5075 0.533 551E—11 39.75 74.58
Mo1-GCE 0.110 0.205 16.8168 1.194 1.40E — 11 31.40 26.30
Mo2-GCE 0.132 0.328 8.5886 0.609 2.45E—11 58.60 96.20

HKUST-1 (0.2 g) with ammonium heptamolybdate (0.6 g, 0.485 mmols) in 20 mL etha-
nol for 2 h, followed by filtering and drying of the precipitate in an oven at 60°C for
12h.  The resulting blue-green  crystals are referred to as Mol.
{Cus(BTC),(H;0)3} - 31A4[(NH4)eM0;0,4 - 1/4H,0]1 (476293 g): calculated C 4.535, H
2.090, N 6.172, Cu 4.00, Mo 49.356; found C 4.250, H 1.891, N 5.920, Cu 3.875,
Mo 49.720.

2.3.2. One-step solvothermal synthesis of Mo2

Copper nitrate trihydrate (0.6g, 2.48 mmols) and H3BTC (0.4g, 1.9 mmols) were dis-
solved in 10 mL of a 1:1 mixture of ethanol and millipore water. Ammonium heptamo-
lybdate tetrahydrate (0.6g, 0.485 mmols) was placed in 10 mL millipore water and
heated with stirring until it dissolved. The two solutions were combined and sonicated
until a gelatinous blue substance was formed. The gel was placed in glass vial, sealed
and placed in an autoclave at 180°C for 24 h. The resulting gray crystals were slowly
cooled to room temperature, filtered off, and washed with 20 mL of a 1:1 mixture of
ethanol and water. The product, referred to as Mo2, was dried overnight in an oven at
60°C. Cus1,(BTC) - (NH4)sMo,055 - 5H,0 (1874.159): calculated C 5763, H 1.974, N
4482, Cu 18.650, Mo 35.837; found C 5.550, H 1.801, N 4.299, Cu 18.880, Mo 36.001.

2.4. Electrode modifications

A glassy carbon electrode (GCE) was used as the working electrode, a silver/silver
chloride wire was used as a pseudo-reference electrode and a platinum wire was used
as the counter electrode. The GCE was polished on a Buehler-felt pad using alumina
(<10 um). Between each polishing step, impurities were removed by sonicating for
5min in millipore water. The electrode was rinsed in millipore water, dried and modi-
fied using the dip dry method. For each of the modifiers, an optimum concentration
of 2 mg/mL modifier in DMF was sonicated for 30 min. The electrode was then dipped
in the suspension and dried in an oven at 70°C. The electrodes are designated as HK-
GCE, Mo1-GCE, and Mo2-GCE after modification with HKUST-1, Mo1, and Mo2 suspen-
sions, respectively. A complete list of the electrodes is shown in Table 1.
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Figure 1. PXRD spectra of HKUST-1, Mo1, Mo2, and AHM.

3. Results and discussion
3.1. Characterization by PXRD

The MOF HKUST-1 has been synthesized before and characterization was performed to
confirm that synthesis was successful [13-15]. A lower temperature of 120°C (versus
180°C [29]) was used to avoid the formation of cuprous oxides in the potential voids
[13, 14, 30]. The crystals had the characteristic turquoise blue color and the HKUST-1
PXRD pattern (Figure 1) matches those reported (Figure 1 - calculated HKUST-1 by
Chui [29]) with peaks at 20=11°, 13°, 17°, and 29° [13, 31, 32]. A more concise com-
parison between the as-synthesized and the calculated HKUST-1 is provided in Figure
S1. Slight differences in crystallinity were also noted, such as the presence of broad
peaks in the synthesized HKUST-1. These have been attributed to defects or disloca-
tions occurring within the bulk crystals [33] during crystal growth. Based on the match
in PXRD patterns, synthesis of HKUST-1 was assumed to have been successful.

Upon modification to Mo1 via PSM, there is a reduction in crystallinity, shown by
the amorphous character of the region from 26 =10 — 30°. Similar changes in diffrac-
tion peaks in this region have been observed for other HKUST-1-Mo POM-MOFs [34].
This indicates an expansion in the framework possibly due to molybdenum POMs
encapsulated in the voids [34], showing that impregnation was successful and also
resulted in partial distortion of the HKUST-1 crystals [35]. Despite partial distortion,
Mo1 is still iso-structural to HKUST-1 as shown by the existence of matching peaks,
such as those at 26 =27°, 29°, and 36°.

Mo2 displays a shift to smaller 2 theta values (30-24°), confirming incorporation of
the POMs. The pattern, however, is characterized by intense sharp peaks at 22°, 23°,
24°, and 33° (all absent in HKUST-1), suggesting that a new product results which has
its own unique crystal structure, different from HKUST-1.

To aid in confirmation of successful guest inclusion of the Mo POMs, a comparison
of the product PXRD with that of the guest is often conducted [36]. For this work,
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Figure 2. FTIR spectra of Mo-HKUST-1 MOFs.

since ammonium heptamolybdate tetrahydrate (AHM) is the guest species, the calcu-
lated PXRD for pure AHM was used for comparison [37]. From Figure 1, both Mo2 and
Mo1 display characteristic peaks at 22°, 23°, 24°, 28°, 31°, and 32° which are also
observed with pure AHM [38]. This suggests the POM structure is maintained in both
Mo1 and Mo2.

3.2. Characterization by FTIR

FTIR was used to further investigate the effects of modification on HKUST-1. MOFs of
polybenzoic acids tend to display peaks in the carbonyl region. The as-synthesized
HKUST-1 displays bands between 1700 and 1400cm™"' (Figure 2), which is in agree-
ment with the published literature on HKUST-1 [13-18]. Its significant bands were at
1611, 1585, 1484, 1438, and 1400cm™" for the asymmetric and symmetric regions. It
also displays a broad band at 3072cm ™" which could be due to absorbed water.
When working with pure AHM, the fundamental Mo-O symmetric stretches nor-
mally occur between 1000 and 400 cm ™' [39-41]. The bands at 990-957 cm ™' are nor-
mally ascribed as v,sMo = O stretching vibrations, those around 880 and 818cm ™' are
the stretching vibrations of Mo-O-Mo entity and the complex band centered at
620 cm ™" involves the stretch of oxygen linked to three metal ions [39, 42-45]. Similar
behavior is observed in the FTIR spectra of both Mol and Mo2. Mo1 shows strong
bands at 970, 913, and 836cm ™' while Mo2 shows bands at 913 and 819cm™’, con-
firming the presence of the fundamental Mo POM stretches in both compounds. The
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Figure 3. SEM images of Mo1 (A), Mo2 (B), and HKUST-1 (C).

slight differences in their values and shifts to lower wavenumbers suggest that the
POMs are in different chemical environments and that there may be reduced Mo cen-
ters bound to ligands [46].

The spectra for the Mo doped-HKUST-1 POM-MOFs are very similar between 1700
and 1400cm™". Both Mo1 and Mo2 show broad bands (3157, 2996, and 3076 cm™")
which suggests the presence of water. When working with pure ammonium heptamo-
lybdate POMs, bands for weakly bonded and structurally intercalated ammonium ions
were observed between 3291 and 3176 cm™' and their corresponding bonding vibra-
tions in the region 1458 to 1401 cm™' [45]. In Mo1 and Mo2 bands were observed at
3179cm~" and 3205cm™ ", respectively, ascribed to ammonium ions. Mo1 shows shifts
to higher wavenumbers for the asymmetric stretch (from 1611 to 1615cm™ ') and
lower wavenumbers for the symmetric stretch (1438 to 1403cm™ '), suggesting a
change in coordination occurred. Most of the bands in this region have reduced inten-
sity or are masked by the prominent ammonium bending vibrations (1585, 1507, and
1484cm™"), suggesting a change in structure. The shift also suggests a reduction in
bond strength between copper and BTC due to interactions with the molybdenum
POMs. Despite differences in intensity, characteristic bands for HKUST-1 are also seen
in Mo1, and this has been taken by previous researchers as an indication that the
POMs are encapsulated in the host material [47].

Mo2 displays similar shifts as Mo1 for both the asymmetric and symmetric carbonyl
stretches but at lower wavenumbers (from 1611 to 1608 cm™", from 1400 — 1383 cm ™,
1098 — 1032cm '), suggesting stronger coordination in the solvothermal product. The
band at 1098 cm ™' is present in HKUST-1 and Mo1 (as a shoulder) but absent in Mo2,
suggesting that the POMs are incorporated differently in the HKUST-1.

3.3. SEM

The different morphologies from the electrode modification using different MOFs/
POM-MOFs were examined by scanning electron microscopy (Figure 3 and
Supplementary Information, Figure S2). Electrode surface morphology is essential as
modification is expected to enhance electrocatalytic surface area and hence maximize
analyte-catalyst interaction. HKUST-1 shows octahedral crystals which are well defined,
have a smooth surface and particle size of 6-15um (Figure 3(C)) [13, 25, 35, 48].
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Figure 4. Cyclic voltammograms of the bare and modified electrodes in (A) 1mM [Fe(CN)s]* "4~

and (B) pH 4 buffer at scan rate 100 mV/s.

Smooth surfaces however lead to reduced interactions and thus compromised cataly-
sis. After post-synthetic modification to Mo1, the octahedral shape of HKUST-1 is still
maintained but with “cauliflower-like” particles adhered to the surface (insert Figure
3(A)). Similar changes in surface decoration have been observed previously [47] and
this behavior was taken to represent successful modification.

Contrary to Mo1, Mo2 shows a total loss of the octahedral shape characteristic of
HKUST-1. Its structure consists of rectangular blocks with very fine particles on its sur-
face (Figure 3(B)). The size increases from about 12 to 100 um for the width of the
blocks. This change in shape and size is consistent with phase changes observed in
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ammonium heptamolybdate exposed to such temperatures [45, 49]. It is also consist-
ent with the collapse of HKUST-1 observed upon repeated voltammetric cyclisation of
HKUST-1 in ethanolic sodium sulfate saturated solution [50]. The SEM micrographs
suggest that PSM by impregnation preserved the HKUST-1 octahedral shape while the
one-pot approach resulted in formation of a totally different crystal structure. This sup-
ports our earlier suggestion that the Mo POMs are incorporated differently; in Mo1 the
Mo POMs are encapsulated in the HKUST-1 pore cavity whereas in Mo2 they are incor-
porated in the framework structure.

3.4. Electrochemical characterization of modified electrodes

Electrochemical characterization was performed to gain insight into the interfacial
electrochemical behavior between the electrode and the electrolyte in an electro-
chemical cell [51]. Each MOF was used to modify a glassy carbon electrode and then
characterized using cyclic voltammetry to evaluate their electrochemical reactivities.
Figure 4(A) shows cyclic voltammograms for the modified and unmodified electrodes
in TmM Fe(CN)63*/4* in (@ very efficient electron exchange redox media [52, 53])
0.1 M KCI from —0.3 to 0.5V. The peak potential separation (AE) for a reversible system
such as Fe(CN)63’/4* is a good measure of the electron transfer ability of the electrode
with lower values depicting a good electron transfer ability [27, 54]. The modified
POM-MOF electrodes are in the following order: HK-GCE (0.226V) > Mo2-GCE
(0.132V) > Mo1-GCE (0.110V) > Bare GCE (0.078V) (Table 1).

Thus, electrode modification reduced the electrodes’ electron transfer ability com-
pared to that of the Bare GCE electrode. However, comparing the different modifiers
revealed that POM-MOF modified electrodes (Mo1-GCE and Mo2-GCE) had a lower AE
compared to the MOF modified electrode (HKUST-1), suggesting that Mo doping
improved electron transfer, indicating catalytic superiority of Mo POMs to HKUST-1 as
alluded to earlier in this work.

The surface roughness factors for the modified electrodes were determined using
[Fe(CN)e]*> "4~ redox system and applying Randles-Sevcik [35] Eq. (1) for reversible sys-
tems:

I, = 2.69 x 10°n*2ACD'/2y"/2 (M

where I, n, A, C, D, and v are the peak current, the number of electrons involved, the
electrode surface area, the concentration of [Fe(CN)s]> /47, the diffusion coefficient of
[Fe(CN)6]3*/4*, and the scan rate, respectively.

From the D value for Ks[Fe(CN)g]=7.6 x 10°¢ cm? s~ [55] and n=1, the surface
roughness factors (ratio of I,, experimental/l,, theoretical; shown in Table 1) were
determined for all the probes and the corresponding effective electrode areas
{roughness factor x theoretical surface area (0.071cm?} were determined and used
for the calculation of surface coverage, Eq. (2) [35],

_Q
" nFA

where T is the film surface coverage, Q is the charge under the oxidation peak in the
supporting electrolyte (Figure 4(B)), n is the number of transferred electrons, F is the

()
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Figure 5. Cyclic voltammograms of the modified electrodes (and bare GCE (insert)) in 10 mM
L-cysteine at 100 mV/s scan rate; pH 4 buffer.

Faraday constant, and A is the effective area of the electrode. The surface coverage
follows the order Mo1-GCE > Mo2-GCE > HK-GCE. Figure 4(B) shows the CVs for the
bare and modified electrodes in pH 4 buffer solutions. The bare GCE displays no peak.
Upon modification, HK-GCE and Mo2-GCE both display well resolved peaks at 195 to
60 mV with the highest signal at 20 pA, belonging to HK-GCE. Mo1-GCE has a less
defined peak in buffer.

3.5. L-Cysteine detection

3.5.1. Cyclic voltammetry

During an electrocatalytic reaction, electron exchange is followed by a current signal
at the potential equivalent to the activation energy. As such the appearance of a cur-
rent peak is evidence of the occurrence of a reaction involving an analyte. Cyclic vol-
tammetry has been used in various studies of this nature. In this work all modified
electrodes and the bare GCE were investigated by cyclic voltammetry in the potential
window —200 to 1000 mV. The bare GCE did not display a peak while all the modified
electrodes exhibited electrocatalytic oxidation of L-cysteine with good signal strengths
(Figure 5 and Table 1). The observed oxidation peak potential window was
0.205 — 0.328V, which is characteristic for L-cysteine oxidation [4]. L-cysteine has also
been detected on a gold film modified carbon electrode at similar pHs (4.86), but at
much higher potentials, attesting to the superiority of the present probes and their
potential in the detection of the biomolecule in acidic media [23].

In terms of oxidation potential, the electrodes followed the order Mo2-GCE
(0.328 V)>HK-GCE (0.283 V)>Mo1-GCE (0.205V). Since the bare GCE did not exhibit a
peak, it can be concluded that modification with HKUST-1, Mo1, and Mo2 resulted in
electrodes with an ability to detect t-cysteine. Mo1-GCE was able to do this at the low-
est potential while Mo2-GCE gave the highest signal (almost twice that of HK-GCE),
Table 1. This behavior can be attributed to the higher surface roughness values and
subsequent effective surface area determined electrochemically for the modi-
fied electrodes.

L-cysteine can be oxidized to cystine via Eq. (3) [23, 40],
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2RSH <= RSSR + 2H" + 2e~ (3)

where RSH=L-cysteine and RSSR = cystine.

Electrocatalytic oxidation can be either due to interaction with the cavity or the
framework [56]. HKUST-1 has coordinatively unsaturated Cu®* sites [18] that are avail-
able for oxidation of (-cysteine. It is proposed that during L-cysteine oxidation, the
mechanism involves reduction of Cu*" to Cu®. This normally occurs at E°=0.34YV,
however according to Giri and Sarkar [57], this value can also be as low as E°=0.25V
in very alkaline solutions, suggesting that pH affects electrode potentials [58]. In this
work, we propose that reduction of Cu®*" to Cu® occurred at E°= 0.283 V.

When Mo is incorporated, there is an increase in available metal centers (due to
the Mog-POM). At this stage, it is proposed that the Mo is reduced from Mo®" to
Mo*" instead of Mo®" (due to the absence of the dark blue color associated with Mo-
blues). POMs have been reported to easily and rapidly undergo one or two electron
reductions reversibly in electrocatalysis [20].

It is important to note that the modification method used has a direct bearing on
the efficiency of the catalyst as can be seen from the different oxidation potentials.
The following is proposed:

1. A one-pot solvothermal approach reduces the number of available active sites,
possibly because there is saturation of the metal coordination sites (Mo®" and
Cu?™) in formation of the framework. This results in electron transfer occurring at
higher potentials (compare HK-GCE (0.283 V) to (Mo2-GCE (0.328 V)).

2. PSM at room temperature results in an increase in catalytic sites (compare HK-GCE
(0.283 V) to (Mo1-GCE (0.205 V)).

The electrode behavior suggests that PSM allows for both cavity (encapsulated
POM) and framework (Cu) mechanisms to be employed [59], hence resulting in the
observed lower potential for Mo1-GCE. Electro-reduction of L-cysteine is usually diffi-
cult, suggesting that the reaction is irreversible. Reversibility can be either chemical or
electrochemical in nature. Chemical irreversibility occurs when products rapidly trans-
form or decompose into another form and prohibit return to original materials [60,
61]. Electrochemical irreversibility is often due to the kinetics of electron transfer being
slow [54]. We propose that irreversibility could have been due to either chemical or
electrochemical means. L-cysteine has been known to rapidly transform to the oxidized
species by undergoing an irreversible chemical reaction, a phenomenon suggested
previously [62]. It could also be due to the high energy requirements for oxidation of
MoO, (Eq. (4)) back to Mo, making the reaction almost irreversible [9]. In such
instances, an overpotential has to be applied to overcome the activation barrier of the
slow electron transfer reaction [63].

MoO3~ 4 2H,0 +2e~ « MoO, +4 OH Eo = —0.818 V (4)

Electrode stability was investigated by running 20 successive cyclic voltammograms
in T0mM L-cysteine (Figures 6(A-C)). The Mo2-GCE and HK-GCE are fairly stable and
continue to detect L-cysteine, with good signal strength after 20 cycles. Mo1-GCE is
not as stable and loses its ability to detect with consistency after about 10 cycles. The
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Figure 6. Cyclic voltammograms (20 successive scans) of Mo1-GCE (A), Mo2-GCE (B), and HK-GCE
(O) in T0mM L-cysteine. Scan rate of 100 mV/s. pH 4 buffer.

reaction for Mo1-GCE appears to shift, from irreversible to reversible. This could be
due to loss of the catalyst (Mo POM) encapsulated in the MOF with cycling [64]. We
tentatively suggest that the peaks (a) and (b) are for Mo1 and L-cysteine, respectively.

3.5.2. Kinetic studies

The effect of scan rates on the modified electrodes was investigated in L-cysteine. The
change in the scan rate is accompanied by a shift in peak potential which is suggest-
ive of an irreversible reaction during oxidation of L-cysteine on the modified electrode
surface (Figure 7(A)). The relationship between oxidation peak potential and log of
scan rate (Figure 7(B)) for an irreversible diffusion-controlled process is given by Eq.
(5) [27],

E, =28 log v + K (5)
where o is the electron transfer coefficient, n, is the number of electrons involved in
the rate determining step, v is the scan rate, K is a constant, R is the universal gas con-
stant, and T is the temperature (298 K).

A plot for peak current increases linearly with the square root of scan rate (+'/?), an
indication of electrochemical processes that are diffusion controlled [27]. This behavior
is observed for Mo2-GCE (Figure S4, Supplementary Information). The plots for HK-GCE
(Figure 7(C)) and Mo1-GCE (Figure S3, Supplementary Information), however, show
slight deviations from linearity, suggesting either electrochemical quasi-reversibility or
that electron transfer is occurring via surface adsorbed species [65].
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Figure 7. Cyclic voltammograms for detection of L-cysteine at different scan rates (A), the corre-
sponding plots of oxidation Ep vs. Log v (B) and of oxidation /, vs. #'? (C) in 10mM L-cysteine of
HK-GCE; pH 4 buffer.

For an electrochemical quasi-reversible process, a shift is observed in peak-to-peak
separation with scan rate, whereas for surface adsorbed species, there is no observable
shift. Analysis of the plots of current versus scan rate all show shifts; this suggests the
deviations from linearity observed for HK-GCE and Mo1-GCE are a result of the process
being electrochemically quasi-reversible. All plots also show an increase in AE with
increase in scan rate because faster scan rates lead to a decrease in the size of the dif-
fusion layer; as a consequence, higher currents are observed [65].

Plots of E, versus log v (Figure 7(B)) were used to determine the Tafel slopes. The
Tafel slopes for HK-GCE, Mo1-GCE, and Mo2-GCE all gave high values (326 mV/decade,
183 mV/decade, and 213 mV/decade, respectively). This indicates adsorption complica-
tions which can be caused by the presence of either the products or intermediates on
the modified electrode surface [39]. Such high Tafel slopes (greater than normal;
30 — 120 mV/decade) have also been linked to chemical reactions coupled to electro-
chemical steps or electrode passivation. High Tafel slopes are also an indication that
Volher's discharge reaction is rate limiting [66]. Materials with very high surface area
to volume ratios, like activated carbon [67], metal nanoparticles [68], and MOFs [69,
70] give high Tafel slopes; hence it is not surprising that the current study deals with
POM-MOFs.
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try for HK-GCE.

3.6. Chronoamperometry

Chronoamperometry was used to determine nanoprobe sensitivity, rate constants and
detection limits. Within the first 0.1s (on average), the catalytic current is dominated
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Table 2. Comparative LODs for electrochemical oxidation of L-cysteine using different cata-
lytic systems.

Electrode pH LOD Range Sensitivity K Reference
Mo1-GCE 4  307x107’M  3-10mM 4.5 uA/mM 22x10° M7 57! This work
Mo2-GCE 4 347x10°M  3-10mM 25 pA/mM 22x10° M5! This work
HK-GCE 4 303x107’M  3-10mM 6.1 tA/mM 22x10* M7 7! This work
Bo-CNT-GCEx 74 260x107M  007-2mM  253nA/mM - [62]
Pt-CNT 74 300x1077M  0.05-0.1mM - - [71]
FeDCM-CPE 8 260x10°M 03-22mM - 83x10° cm® mol ' 5" (721
Cu-CoHCF-CPE 2 500x10°M  0.06-1mM - 46 x10° cm® mol™' s~ (73]
CoTAPC-MWCNT-GCE 4 280x 10’ M  0.04-04mM  7.0mA/mM 22x10° M5! [74]

by electrooxidation of L-cysteine (Figure 8(A) and Supplementary Information, Figures
S5 and S6) before it reaches steady-state. The sensitivity (in pA/mM) of the probes fol-
lowed the order Mo1-GCE (4.4919)<HK-GCE (6.1439)<Mo2-GCE (25.329) (Figure 8(B)
and Supplementary Information, Figures S5 and S6).
According to the literature, the rate constant can be evaluated using Eq. (6),
lae _ y'2(n'erf(y'?) + exp (=)

lour y1/2 ©

where I; and Iy are the currents on the modified GCE in the presence and absence
of L-cysteine, respectively, y=kC,t (C, is the bulk concentration of L-cysteine) and erf is
the error function.

In cases where y>2, the error function is almost equal to 1 and Eq. (6) can be
reduced to Eq. (7),

IC_at _ Y1/2751/2 _ 1'51/2(/((:01') 1/2 7)
lbuf

where k is the catalytic rate constant, C, is the bulk concentration of L-cysteine, and t

is time elapsed in seconds.

Figure 8(D) (and Supplementary Information, Figures S5 and S6) shows the plots of
leat/lous Versus t'2 (Eq. (7)) for L-cysteine oxidation. The plots were used to calculate
the rate constants and these are represented by Egs. 8(a-c) for HK-GCE, Mo1-GCE, and
Mo2-GCE, respectively. The slope is equal to nk where k is the rate constant.

y = 0.0384[ — cysteine] (%) — 0.0948 s' R2 = 0.9671; (8a)
y = 0.0697[ — cysteine] (%) — 0.0563 s~': R2 =0.943 (8b)
y = 0.0182[ — cysteine] (rsn_l:/l) — 0.0539 s'; R2 = 0.9694 (8¢)
The rate constants were 122x10* M™' s' 22x10* M' s' and

58x10® M~ s for HK-GCE, Mo1-GCE, and Mo2-GCE, respectively. This compares
well with those obtained on other modified electrodes [27, 40, 62]. The electrocatalytic
oxidation peak current of L-cysteine showed linear dependence on the L-cysteine con-
centration obtained in the range 3mM — 1.0 x 1072 M.

Following triplicate chronoamperometric measurements, limits of detection (LOD)
values were calculated using the 3¢ notation, and using the calibration curves (Figure
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Figure 9. Effects of essential and nonessential amino acids on detection of L-cysteine on the modified
electrode surface. Control comprises 10 mM L-cysteine while the other test solutions have threefold con-
centration of individual amino acids in addition to the aforementioned L-cysteine concentration.

Table 3. Percentage background corrected current (%l) change of coexisting essential and nones-
sential amino acids on the detection of L-cysteine on modified electrodes.

HK-GCE Mo1-GCE Mo2-GCE
Alinine 24 0.3 17
Glutamine 33 1.0 1.5
Glycine 1.1 1.8 0.3
Glutamic acid 33 0.3 0.9
Tyrosine 33 14 0.5
Phenylalanine 2.1 0.4 0.9
Leucine 0.6 0.0 0.9
Lysine 0.4 1.0 1.7

8(B)). LODs followed the order HK-GCE < Mo1-GCE < Mo2-GCE. All values are within
the range often found in biological fluids (0.5-680 uM, Table 2) such as urine and
plasma [75]. Compared to HK-GCE though, both Mo1-GCE and Mo2-GCE LODs were
slightly higher, suggesting that molybdenum decreased the sensitivity of the electro-
des for L-cysteine detection.

3.7. Sensor selectivity

The selectivity of HK-GCE, Mo1-GCE, and Mo2-GCE towards the detection of L-cysteine
was against a number of essential and nonessential physiological amino acids (Figure
9). A threefold interferent concentration was used as a test solution and the back-
ground corrected currents are shown in Figure 9. The obtained signal in the absence
of interferent is given as the control. The signal obtained after the interferents were
individually added were used to determine the percentage background corrected cur-
rent change as captured in Table 3. The results show a slight signal enhancement in
the presence of threefold interferent concentrations. This is plausible since L-cysteine
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is better detected through the thio functionality absent in other amino acids [76]. The
changes in intensity are, however, very low and hence there is negligible interference.

4, Conclusion

Glassy carbon electrodes modified with HKUST-1, Mo1, and Mo2 were employed for
detection of L-cysteine. Mo1-GCE gave the best catalytic activity with a rate constant
of 22x10* M™" s7' and relatively low detection limits of 3.07 x 10~ M. The low
detection limits and wide range of linearity points to these probes as a promising plat-
form for L-cysteine sensing. The probes also showed high selectivity toward L-cysteine
detection in the presence of other amino acids, hence very suitable candidates for L-
cysteine detection in physiological samples.
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