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The present work provides a soft chemical route for simultaneous nitrogen doping and (CHgN3*+, NH3*)-
functionalization of pre-deposited Co304 thin film. The Co30,4 thin film was prepared by metal-organic
decomposition (MOD) on fluorine-doped tin oxide (FTO) substrate and hydrothermally treated in the
presence of amino acid, L-Arginine. The L-Arginine-treated Co;0,4 thin film (L-Arginine/Co;04/FTO) was
used for the electrochemical detection of nitrite under neutral pH condition. Various physical (i.e. XRD,
XPS, SEM, and Raman spectroscopy) and electrochemical characterization (i.e. CV, CA, EIS, and Tafel slope)
was conducted to elucidate the role and effect of L-Arginine on Co304 film and determine the sensor per-
formance characteristics. L-Arginine/Co304/FTO electrode exhibited a low limit of detection of 1.95 nM,
an ultrafast response time of <2 s, and a wide linear range of up to 16 mM in neutral pH. The sensor was
nitrite selective in the presence of common interferants and showed chemical stability and reproducibil-
ity. The practical application of the proposed sensor was demonstrated using real samples for nitrite

detection.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrite is predominantly used as corrosion inhibitor [1], bleach-
ing agent [2], and food additive [3]. Recently, researchers have re-
ported the environmental risks [4] and health implications [5] of
human exposure to elevated concentrations of nitrite. The World
Health Organization (WHO) has set the maximum limit of ni-
trite in drinking water at 65 pM [6]. Quantitative analysis of ni-
trite is therefore necessary for quality control using an adequate
detection method. Various techniques for the determination of
nitrite, including chromatography [7], catalytic-spectrophotometry
[8], chemiluminescence [9], and so forth have been implemented.
These methods require expensive instrumentation and skilled per-
sonnel to operate. Electrochemical techniques are cost-effective,
simple, effective and favour highly sensitive and selective detection
of nitrite [10].

Owing to their small size (1 - 100 nm), conductivity, and chem-
ical reactivity, nanomaterials have been widely used in catalysis
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[11] and sensors [12]. Over the past two decades, scientists have
developed a panel of electrochemical nitrite sensors using car-
bon [13], enzymes [14], metals [15], metal oxides [16], and poly-
mers [17] as modifiers. Among the metal oxide modifiers, cobalt
oxide (Co304) is of interest in this study because of its mixed
valance state, availability, chemical stability, high electrocatalytic
activity, selectivity, and extensive application in different areas of
research and industry, such as catalysis [18], lithium batteries [19],
and sensors [20]. Spinel Co304, written as Co?t[Co3*],042", con-
tains Co?t and Co®* ions located each in the tetrahedral and
octahedral sites, respectively [21]. Tuning the ratio of Co3t/Co%+
provides the means to tailor reactive properties of cobalt oxide
[22]. Also, the synthetic approach of cobalt oxide materials has
profound influence on their performance [23]. Electrodeposition
[24], atomic layer deposition [25], and plasma sputtering [26] are
among the numerous preparation methods for the direct growth of
Co30,4 nanomaterials on conductive substrates. However, the non-
uniformity of the plated material in electrodeposition, and high
vacuum requirement in atomic layer deposition and plasma sput-
tering have prompted the chemical solution deposition of Co304
[27] on substrates for catalytic oxidation processes. Based on dif-
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ferent film morphology requirements, three variants of chemical
solution deposition technique, i.e., sol-gel method, chelate pro-
cess, and metal-organic decomposition (MOD) can be distinguished
[28]. Of these three methods, MOD is the simplest as no pre-
cise control over hydrolysis and condensation is needed during
growth of nanoparticles. The technique has been widely used for
the synthesis of ferroelectric materials [29]. To improve their elec-
tronic conductivity and extend their application for sensors, MOD-
grown thin films of doped Co304 have been synthesized recently
for the detection of biomarkers, such as glucose [30]. However,
the doping method used in these studies was limited to the in-
corporation of cationic impurities into the cobalt oxide precur-
sor solution, and the possibility of altering the surface properties
of MOD-synthesized Co30,4 thin films was not explored. Recently,
Plasma-assisted nitrogen doping of MOD-synthesized CuO/Cu,0
thin film has been achieved and the beneficial role of nitrogen
doping in glucose sensing was highlighted [31]. However, plasma-
assisted surface treatment requires high vacuum equipment, which
increases capital cost.

Several efforts have been made to functionalize metal oxide sur-
faces by organic ligands to improve their electrochemical perfor-
mance for sensing applications [32]. Yet, most of those organic lig-
ands used for surface functionalization are toxic and possess only
one type of functional groups. Amino acids are eco-friendly, benign
and have both amino and carboxyl groups in their molecular struc-
ture. These desirable characteristics, among others, have promoted
research activities in amino acid-functionalized metal oxides [33].
L-Arginine is an attractive surface modifier as it is green, non-
toxic, water soluble, and its side chain (guanidinium, pK, = 12.5)
has a delocalized positive charge which remains protonated over
a wide pH range [34]. The delocalized positive charge on the
guanidino group of L-arginine enables the formation of multi-
ple hydrogen bonds and has favoured the use of guanidinium-
bearing molecules as anion receptors [35]. The nitrogen content
in L-Arginine molecule is 32.1 % (w/w), which makes L-Arginine a
nitrogen-rich source for chemical doping [36]. Recently, Li and co-
authors [37] confirmed the electron doping of a MoS, monolayer
(n-type semiconductor) using Arginine. In other words, the amino
acid induced n-type functionalization of the MoS, monolayer. The
modified MoS, monolayer showed good performance as field ef-
fect transistor (FET). Bora and co-authors [38] have converted an
undoped hematite film into faceted superstructures with excellent
photocurrents after hydrothermal treatment of the film in aque-
ous solution of FeCl3+6H,0 and L-Arginine. However, Bora and co-
authors, like others [39], only highlighted the role of L-Arginine as
a size and morphology director of nanostructures during the hy-
drothermal reaction. Moreover, the possibility of L-Arginine disso-
ciation during hydrothermal treatment and its effect on the chem-
ical and physical properties of the material were not analysed in
depth.

In this study, we have successfully (CHgN3*, NH3*)-
functionalized and nitrogen-doped a pristine MOD-derived Co304
thin film in one-pot hydrothermal treatment with L-Arginine.
We have provided spectral evidence that simple hydrothermal
treatment can lead to oxygen vacancy and nitrogen atoms (dis-
sociated from L-arginine) can compete for substitution in Co304
crystal lattice. This technique can serve as a new platform for
element doping and surface functionalization of metal oxides post
deposition for various sensing applications. To the best of our
knowledge, this is the first study to show that: a) hydrothermal
treatment of Co304 thin film in the presence of L-Arginine can
alter the physico-electrochemical properties of the film by si-
multaneous surface functionalization and nitrogen doping and b)
the functionalized and nitrogen-doped Co304 thin film exhibits
enhanced electrochemical behaviour towards nitrite detection in
neutral pH.
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2. Experimental
2.1. Materials

All reagents were purchased from Sigma-Aldrich South Africa
and used without further purification. All chemicals were reagent
grade. A phosphate buffer (PBS) with a concentration of 0.1 M and
a pH of 7.4 was used as electrolyte and wash buffer. Deionized wa-
ter (DI) was used throughout the experiment.

2.2. Co304 Electrode fabrication

Co304 thin film was prepared by using methods reported in
literature [33, 34, 40]. In a typical synthesis, cobalt oleate was
prepared by ion exchange reaction between cobalt (II) chloride
hexahydrate and sodium oleate as previously reported [42]. An
amount of 0.126 g of cobalt oleate was dispersed into 0.7 mL of
toluene. The mixture was sonicated for 45 min in a 45 kHz ultra-
sonic bath for homogeneity. Three pre-cleaned and cut-to-size FTO
slides (geometric area = 1 cm?) were spin-coated each at 4000
rpm for 1 min with 50 pL of the homogeneous cobalt oleate so-
lution prior to calcination at 350 °C for 10 min. The spin coating
and calcination of the slides were repeated alternately until four
layers of deposition were reached. XRD data confirms the presence
of Co304 crystal structure (Fig S1 electronic supplementary docu-
ment) without any other phase presents of the as prepared Co304
thin film as reported by our earlier work [41].

2.3. Hydrothermal treatment of Co304

One of the three Co304 modified FTO slides, labelled
Co304/FTO, was stored in pristine condition, and the other
two were hydrothermally treated each with a different reacting
medium at 90 °C for 24 h in a Teflon-lined stainless-steel auto-
clave. HT-Co304/FTO and L-Arginine/Co304/FTO were formed after
treatment with 60 mL water and 60 mL of 0.15 M L-Arginine so-
lution (pH = 11), respectively. Various concentrations of L-Arginine
were used, however, 0.15 M L-Arginine resulted in the best per-
forming electrode in terms anodic peak current (Data not shown).
The hydrothermally treated electrodes were washed repeatedly
with PBS and dried at room temperature overnight. The resulting
slides, i.e., Co304/FTO, HT-Co304/FTO, and L-Arginine/Co304/FTO
were physically and electrochemically characterized thereafter. The
complete fabrication process is summarized in Scheme 1.

2.4. Electrochemical evaluation

All electrochemical measurements were carried out using Au-
tolab PGSTAT302N potentiostat. The conventional three-electrode
setup was adopted in which Ag/AgCl (3 M KCl) acted as the refer-
ence electrode, Pt as counter electrode, and the as prepared elec-
trodes as working electrode. Cyclic voltammetry (CV) experiments
were performed in 0.1 M PBS solution (pH = 7.4) in the presence
of 2 mM NO,~ at a scan rate of 10 mV/s. The electrochemical
impedance study was conducted at room temperature, at the ac
voltage amplitude of 10 mV, and within the frequency range of
0.01-10° Hz in 0.1 M KCl + 5 mM K3[Fe(CN)g] solution. The Ran-
dles equivalent circuits were obtained using EIS Spectrum Analyser
in Newton algorithm mode.

2.5. Physical characterization

SEM micrographs of the surface texture of Co304/FTO, HT-
Co304/FTO, and L-Arginine/Co304/FTO were obtained by using
Tescan MIRA3 RISE SEM, a high-resolution Field Emission SEM
combining low kV imaging Nova NanoSEM. Raman spectra for
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Fig. 1. SEM images of (a) Co304/FTO, (b) HT-Co304/FTO, (c) L-Arginine/Co304/FTO thin films, and (d) Magnified view of (c).

Co304/FTO, HT-Co304/FTO, and L-Arginine/Co304/FTO were ob-
tained by using the Witec Confocal Raman Microscope (alpha300).
The XPS measurements were carried out on Co304/FTO, HT-
Co304/FTO, and L-Arginine/Co304/FTO with spatial resolution of
< 3 pm using KRATOS AXIS X-ray photoelectron spectrometer at
UNISA (Florida Science Campus), South Africa.

3. Results and discussion
3.1. Physical characterization

The as prepared electrodes, i.e., Co304/FTO, HT-Co304/FTO,
and L-Arginine/Co304/FTO were characterized using SEM, Raman
spectroscopy, and XPS. It can be seen from SEM images that
there is no change in the rough and compact surface of pristine
Co304/FTO (Fig. 1a) after hydrothermal treatment (HT-Co304/FTO
thin film in Fig. 1b). However, the hydrothermal treatment of pris-
tine Co304/FTO thin film in the presence of L-Arginine (Fig. 1c
& d) caused a drastic modification of its surface texture. The
difference in surface structure between HT-Co304/FTO and L-
Arginine/Co304/FTO arises through chelation of cobalt oxide sur-
face by the amino acid in basic environment (pH = 11), causing
the dissolution of some cobalt from the electrode surface into ad-
sorbate solution. This is consistent with the depleted cobalt con-
tent in L-Arginine/Co304/FTO, as per XPS analysis in Table S1 (elec-
tronic supplementary document). The porous nature of the surface
of L-Arginine/Co304/FTO can potentially allow easy access to active
sites and improve mass transport kinetics.

Fig. 2a shows five Raman-active modes of Co304/FTO thin
film at 192(Fyg), 470(Eg), 514(Fyg), 605 (Fag), and 674(A;g) cm~!,
which compare well with those of pure Co304 [43]. Hence,
the Raman-active modes as detected confirm the presence of
spinel Co304 structure. The Raman-active bands for HT-Co304/FTO
and L-Arginine/Co304/FTO thin films are narrower and appear at
higher wavenumbers than those for Co304/FTO, highlighting a de-
crease in oxygen vacancies [44]. However, the Aqg line for L-
Arginine/Co304/FTO is significantly blue shifted. Previous studies
reported the unusual upshift of A;; mode as a sensitive indication
of heteroatomic doping [45]. In this case, the formation of a Co-
N bond is plausible after hydrothermal treatment of Co304/FTO in
L-Arginine environment since the amino acid is a potential nitro-
gen source. The additional upshifts of Fg + Eg + Fpg 4+ Fpy modes
for L-Arginine/Co304/FTO compared with those for HT-Co304/FTO
may be the result of nitrogen incorporation into Co304 lattice. Be-
cause N (ionic radius of N3~ = 1.46 A) is bigger than O (ionic
radius of 02~ = 1.36 A), substitutional N doping can cause com-
pressive forces to the lattice near N3~ (i.e., Co-0), thereby reduc-
ing the mean bond length of Co-O bond and increasing its vi-
bration frequency. Thus, the more significant shift of A;; mode
for L-Arginine/Co304/FTO suggests that N substituted O in octa-
hedral coordination, since the site in the vicinity of N3~ experi-
ences stronger squeezing forces than that further away. No other
phases were detected in the Raman spectra for Co304/FTO, HT-
Co304/FTO, and L-Arginine/Co304/FTO, as shown in Fig. 2a. The en-
hancement in Raman emission for HT-Co304/FTO could be the re-
sult of hole doping after exposure of Co304/FTO to hole-donors,
such as hydroxyl groups (-OH) in the hydrothermal medium [46].
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Fig. 2. Raman spectra for Co304/FTO, HT- Co304/FTO, and L-Arginine/ Co304/FTO thin films within wavenumber ranges of (a) 100 - 1000 cm~! and (b) 1000 - 3750 cm~'.

The increased hole content in HT-Co304/FTO can promote high
field emission properties. The hole doping effect is, however, less
acute in the Raman spectrum for L-Arginine/Co304/FTO certainly
because of the amino groups introduced by the amino acid, which
can act as electron-donors.

In Fig. 2b, the Raman peaks for Co304/FTO, HT-Co304/FTO, and
L-Arginine/Co304/FTO at 1090, 1119/1126, 1220, 1345/1582 cm™!
are ascribed to C-O(H), asymmetric aliphatic C=0, C-0-C, and C-
C bond, respectively [83], accounting for adventitious carbon dur-
ing the preparation procedure and carbon from the oleate precur-
sor. The broad bands (one small and the other strong) at 1753
cm~! and 2845 cm~! are attributed, respectively, to the Raman
stretching of carboxylic C=0 and alcoholic or carboxylic -OH in-
volved in hydrogen bonding interactions [47, 48]. The weak broad
band at 3575 cm~! can be assigned to the hydrogen bonded hy-
droxyl group of water molecule [49]. The peak around 1190 cm™!
is attributed to stretching vibration of CO group of the amino acid
molecule [50]. It is worth mentioning that this peak (1190 cm~1)
is less intense and occurs at lower frequencies (by 2-3 cm™!)
than that in the cited literature. This could mean coordination
of L-Arginine to Co304 surface. The Raman signals at 1167 cm™!
and 1264 cm~! are also signatures, respectively, of NH;* rocking
[51] and C8-twist [52] in the amino acid.

All the XPS spectra (C 1s, O 1s, Co 2p, and N 1s) were refer-
enced at 284.8 eV for adventitious carbon and deconvoluted using
OriginPro software. C 1s and O 1s can be viewed in Figures S2 and
S3 (electronic supplementary document), respectively.

It is important to stress out that we only considered Co 2ps,
(Fig. 3a - d) for spectral deconvolution as usually reported for
Co0304 [53]. Co 2p3;, XPS main peak for Co304/FTO can be seen
at 779.1 eV, with a spin orbit splitting (Co 2p;;, -Co 2p3,) of 15.1
eV as confirmation of mixed Co (II and III) in Co304 [23]. The XPS
peak at 779.1 eV is assigned to low coordinated octahedral Co3+
whereas the peak at 780.1 eV is ascribed to low coordinated tetra-
hedral Co?*. These two peaks appear at lower binding energies (by
0.4 eV) than expected [54] due to higher electron density resulting
from oxygen vacancies . The peak area ratio of octahedral Co3* to
tetrahedral Co2* (Co3t/Co?*) for Co304/FTO was calculated to be
2.27, which is in good agreement with recently published results
[55]. The XPS signals at 780.8/782.4 and 781.8 eV are attributed,
respectively, to Co?t [56] and Co3*t [57] at the surface or subsur-
face. The two satellite peaks at 784 eV and 788.3 eV are associ-
ated with paramagnetic Co** [58]. Notable XPS spectral changes

can be observed for HT-Co304/FTO in Fig. 3(d) with respect to the
spectrum for Co304/FTO. In particular, the blueshift (by 0.2 eV) of
Co 2p3,; main peak (779.3 eV), consequently the lower spin-orbit
spacing (14.9 eV) for HT-Co304/FTO suggests an increase in Co3+
content due to oxygen filling. To confirm this, we further calcu-
lated the Co3+/Co2* ratio (2.70) and found it to be higher than that
for Co304/FTO. When oxygen fills the vacancy (forward direction of
Equation 1), it introduces partially filled 2p orbitals that drive out
the two electrons trapped in cationic sites (this is reflected by the
upshift of Co 2p XPS main peak and increase in Co3* concentra-
tion) then becomes completely filled (02-).

Co%** — Vg — Co?*+150; < CoF — 0%~ — Co** (1)

The higher Co3+/Co?* ratio can also be linked to an increased
amount of hole in HT-Co;04/FTO since Co** has one electron less
than Co2* in its electronic configuration. The hole doping has an
enhancing effect on the photoemission of Co 2p XPS spectrum for
HT-Co30,4/FTO. These observations affirm the oxidation of Co?* to
Co3+ took place after oxygen filling of Co30,4/FTO during treatment
with water. Based on Sensor and Electrochemical Characterizations
(following section), the performance of Co304/FTO for nitrite de-
tection at neutral pH seems to decrease with an increase in Co3+
concentration, suggesting Co%* as the active site for nitrite elec-
trooxidation in neutral PBS solution.

In contrast, decomposition of Co2ps, XPS spectrum for L-
Arginine/Co304/FTO reveals the presence of a metallic phase
of cobalt (Co®) at 778.8 eV as proof of Co-N bond formation
[59] which corroborates the Raman and Ol1s XPS. The Co-N
bond formation has been reported to promote metallic conduc-
tivities [60] and may be responsible for the superior electro-
chemical activity of L-Arginine/Co304/FTO towards nitrite oxida-
tion compared with Co304/FTO and HT- Co304/FTO. The ratio of
[(Co%+Co®+)/Co%t] was found to be 2.14 which is close to that
of Co3+/Co%*+ 2.27 for Co304/FTO suggesting partial substitution of
oxygen in octahedral coordination by nitrogen. Co 2p3, XPS main
band (779.5 eV) for L-Arginine/Co304/FTO, with a spin-orbit split-
ting of 14.6 eV, experiences a much larger blueshift than that for
HT-Co304/FTO. Also, a higher A/B ratio can be observed in Fig. 3a
for L-Arginine/Co304/FTO compared with that for HT-Co304/FTO
and Co304/FTO. These spectral behaviours assuredly stem from the
presence of doping N atoms in L-Arginine treated Co3Q,4 lattice.
Explicitly, similarly to oxygen filling, nitrogen filling of oxygen va-
cancies can unleash two electrons from the 3d states of two Co(Il)
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Fig. 3. a) Co 2p XPS spectral peaks for Co304/FTO, HT- Co304/FTO, and L-Arginine/ Co304/FTO thin films. Lorentzian and Gaussian Co 2p XPS peaks for b) Co304/FTO, c)

L-Arginine/ Co304/FTO and d) HT- Co304/FTO.

cations, forming N2-. However, as opposed to 02~, N2~ has one
unfilled 2p orbital and can cause additional electron transfer from
the 3d orbitals of most likely Co(Il) (it is easier to eject an electron
from Co(II) than Co(Ill)) to produce N3- species, as illustrated by
Equation 2-3.

Co** — Vg — Co?t+154N; — Co*t — N2~ — Cot (2)

Co3t — N2~ — Co3*t+ — Co?t — — Co3+ — N3~ — Co3t+ — Co3t—
(3)

While substitutional nitrogen doping of Co30,4 will cause a red-
shift of Co 2p3, XPS peak center [61], nitrogen filling the oxygen
vacancies will induce its blueshift [62]. Therefore, the observed gi-
ant upshift of the Co 2p3;, XPS main line for L-Arginine/Co304/FTO
was proposed to be the result of the synergistic effect of nitrogen
and oxygen filling.

To further understand the role of L-Arginine, the N1s XPS spec-
trum for L-Arginine/Co304/FTO was evaluated to confirm the pres-
ence of L-Arginine on Co304 surface (Fig. 4a and c). The decon-
voluted spectrum showed peaks at 398.6, 399.2, 399.7, 400.4, and
401.5 eV, as seen in Fig. 4c. The peak at 398.6 eV was ascribed
to Co-N bond [63] while the peaks at 399.2 and 401.5 eV were
assigned to coordinated (or basic) «-amine group [64] and pro-

tonated (or acidic) «-amine group [65], respectively. The high ra-
tio of basic w-amine to acidic «-amine (N/N* = 4.1) confirmed
the coordination of L-Arginine «-amine group to Co304. Coupling
Co 2p and N1s XPS results with Raman spectroscopic study for
L-Arginine/Co304/FTO, coordination of the amino acid to Co304
through carboxylate and «-amine groups was established. We as-
signed the photoemission at 400.4 eV (which would appear at
400.6 eV if C 1s were referenced at 285 eV) to the guanidinium
group of L-Arginine with delocalized positive charge on the three
nitrogen atoms [66], but the area ratio of unprotonated «-amine
group to guanidinium group was calculated to be 1:2, significantly
lower than the stoichiometric value of 1:3. This led to the con-
clusion that some molecules of L-Arginine were decomposed via
their side chains, of which the decomposition product was the ni-
trogen dopant. The protonated guanidinium on the surface of L-
Arginine/Co304/FTO can increase its affinity for negatively charged
species. The binding energy peak at 399.7 eV was attributed to
chemically adsorbed dinitrogen (N,) [67], which can also be ob-
served at 399.8 eV in Fig. 4b. The presence of highly oxygenated
nitrogen species was also noticed near 409 eV in the N1s XPS spec-
trum for L-Arginine/Co304/FTO in Fig. 4a. Hence, it can be postu-
lated that the decomposition pathway of L-Arginine is similar to
the hydrolysis of methylguanidine, reported in [68]. Hence, the ni-
trogen doping mechanism was proposed in Scheme 2.
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Fig. 4. a) N1s XPS spectral emissions for Co304/FTO, HT- Co304/FTO, and L-Arginine/ Co3;04/FTO thin films. Gaussian N1s XPS peaks; b) HT- Co304/FTO, and (c) L-Arginine/

C0304/FTO.

A summary of the binding energy peak positions for the Co 2p
XPS analysis of each electrode and their respective peak assign-
ments is presented in Table S2 (electronic supplementary docu-
ment). The spectral weight ratio results of Ols and Co 2p3, XPS
for the three electrodes are presented in Table S3 (electronic sup-
plementary document).

3.2. Electrochemical behaviour of the as prepared electrodes

3.2.1. Cyclic voltammetry studies of the as prepared electrodes

Cyclic voltammograms (CV) in Fig. 5a show the electrochem-
ical response of the various electrodes to 2 mM NO,~. The L-
Arginine/Co304/FTO electrode exhibited the best electrochemical
activity, i.e., the highest anodic peak current response centered
at 0.989 V compared to other electrodes studied. The enhanced
CV response of L-Arginine/Co304/FTO towards nitrite oxidation is
favoured by its metallic conductivity resulting from nitrogen dop-
ing after hydrothermal treatment of Co304/FTO with L-Arginine as
was shown from XPS analysis. Also, the surface modification with
cationic functional groups can possibly induce preconcentration ef-
fect on nitrite followed by a sharp increase of anodic peak current
density [69]. These highlight the role of L-Arginine as a nitrogen
doping source and surface functionalizing agent.

A reversible redox reaction near the nitrite oxidation peak po-
tential was observed on the L-Arginine/Co304/FTO electrode in the

absence of nitrite (Fig. 5b). The reversible peak can be attributed to
the Co(II)/Co(Ill) redox couple, according to the following equation
[70]:

Co304+H;0 + OH™ — 3CoO0H + e (4)

No current response (Fig. 5a) was observed for bare FTO and
L-Arginine/FTO in nitrite suggesting the absence of a redox-active
species, i.e., Co304.

The various scan rate study was conducted to determine the na-
ture of the electrode process at L-Arginine/Co304/FTO in the pres-
ence of nitrite. As presented in Fig. 6a, the anodic and cathodic
peak currents increased with increasing sweep rate in the range of
10-200 mVs~!. Particularly, the oxidation peak current varied lin-
early with the square root of scan rate (Fig. 6b) as is the case with
a diffusion-controlled process [71]. Some nitrite adsorption on L-
Arginine/Co304/FTO surface was confirmed by Fig. 6¢c showing the
nearly linear relationship between anodic peak current density and
scan rate.

It can be seen from Fig. 6d that the peak potentials increase
with scan rate (logv), which suggests that nitrite electrooxidation
at L-Arginine/Co304/FTO is chemically irreversible [72]. The anodic
transfer coefficient («;) can be derived from the equation given by
[72]:

2.303RT

Epa =1+ W log (v) (5)
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Fig. 5. a) CV for the electrooxidation of 2 mM nitrite in 0.1 M PBS (pH = 7.4) at 10 mVs~! and b) CV of L-Arginine/Co304/FTO in the presence and absence of 2 mM nitrite.

Where Ep, is the anodic peak potential (V), I is the Ep,-intercept
(V), R is the ideal gas constant (8.314 J/mol.K), T is room temper-
ature (298 K), v is the scan rate (mVs~!), and n, is the number
of electrons involved in the rate-determining step, F is the Fara-
day constant (96500). After mathematical treatment of Equation 5,
a value of 0.31 was found for (o3)n,. The value of a; = 0.31 (<
0.5) suggests that the activation barrier is on the reactant (reduced
species) side. Alternatively, in the absence of a plot of Ep, against
log(v), a3 can be easily estimated from a cyclic voltammogram us-
ing Matsuda’s equation [73]. Hence, in case of Co304/FTO (0.883)
and HT-Co304/FTO (0.619), a; was determined by Matsuda:

10,0477
~ (@a)n,

(6)

Ep — p/2

Where E, and E,, are the oxidation peak and half-peak
potentials (V), respectively, obtained from Fig. 5a. o, for L-
Arginine/Co304/FTO, HT-Co304/FTO, and Co304/FTO was used for
the calculation of the heterogeneous electron transfer rate constant
(k9). The k° values for L-Arginine/Co;04/FTO, HT-Co3;04/FTO, and
Co304/FTO were calculated using Equation (7) as given below [74]:

RT
(0ta)naF

1=E + (7)

x {04784— (E) log [WD]}
2 (k0)’RT

Where, E is the formal electrode potential (V), estimated
here from the cyclic voltammograms in Fig. 5a using the proce-
dure described in [75], and D is the diffusion coefficient of ni-
trite (1.7 x 107> cm?2/s) [13]. A faster electron transfer process, cor-
responding to a 50 % increase, occurs at L-Arginine/Co304/FTO
electrode (k° = 0.00172 cm/s) compared to pristine Co304/FTO
(k% = 0.00116 cm/s) and HT-Co304/FTO electrode (k® = 0.00113
cm/s). This highlights the superior electrochemical activity of
the L-Arginine/Co304/FTO electrode compared to other electrodes
studied.

The nitrite sensing capability of L-Arginine/Co304/FTO was
determined in the concentration range from 2 to 19 mM
NO,~ and is shown in Fig. 7a. The oxidation peak current re-
sponse of L-Arginine/Co304/FTO was linearly (R2 = 0.99) pro-
portional to the nitrite concentration in PBS solution within
the investigated range Fig. 7b. Furthermore, progressive posi-
tive shifts of the anodic peak potential with increasing ana-



A. Ndala, B. Itota, J. Chamier et al.

(a) 0.003

28
J=-23]
za0]
0.002 4331
5-32-
{=-33]
34

¥ =0.524% - 2.4;;..-""

RE=039
.--"}

F
"
.»'/

Electrochimica Acta 388 (2021) 138556

(b) 0.00125

0.00100 4

-2

Y =212E-3'X+1.34E-4

0.0014=55]1
2118151205406

LogiLogV &)
0.000 - ——

jiA em2
g

-0.001 4

0.2 00 02 04 06 08 10 12

C E AgCl
(€)oot vs (Ag/AgCIyV
- n
Y=3.78E-3X +3.82E4
0.0010 1 R?=0.98 .
o
£ 0.0008 -
=T,
e
= 0.0006 4
0.0004 4
n
0.;}0 0.:]5 0.’10 0.I15 O.IZ‘D
wy g

A cm

0.00075 4

Ip

0.00050 4

0.00025 —

0.1 0.2
(d) 142

1.10 4

L
0.3 0.5

12
P2y g)

Y =0.4E-2°X + 117

1.08 4 R?=10.99

1.06 -
=
B 1.04
1.02 -

1.00 -

22 20 18 16 1.4 1.2 1.0 08 06
Log(¥)iLog(V s}

Fig. 6. a) Cyclic voltammograms of L-Arginine/Co;04/FTO in 2 mM nitrite and 0.1 M PBS (pH = 7.4) at various scan rates (10, 25, 50, 75, 100, 150, and 200 mVs~').
Inset graph shows a logarithmic plot of anodic peak current vs scan rate; b) anodic peak current density vs square root of scan rate; c) anodic peak current density

vs scan rate, and (d) anodic peak potential vs logarithm of scan rate.

() 0.0t T—rrmmmss RO
e | A rginine/C .o, 0FTO in 17 mM MO,
= LArginine/Co,0,FTO in 14 mM NO,
L-Arginine/Coy0,/FTC in 12 mM NO,
e LA rginine/C.o, 0, FTO in B mM MOy
LArginine/Co,0,FTO in & mM NO,
0.002 o~ LArginine/Co,0,FTO in 3 mM NO;
L-Arginine/Co,0,FTC in 4 mM N0y
o ——L-Arginine/Coy0,/FTO in 2 mM NOy
= LArginine/Co,0,FT0 in 2 mM NO.-

0.003 4

jiA em™2

0.0

0.000 =

0.0 03 06

E vs (Ag/AgCINV

-0.3

b
\ )n.ou4-
Y =1.73E4*X - 5.29E-5
0.003 - RZ=0.99
o
5
= 0,002 4
o
0.001 -
0.000 . : r
0 5 10 15 20

C/imM

Fig. 7. a) Cyclic voltammograms for L-Arginine/Co;04/FTO in the presence of 2 - 19 mM nitrite in 0.1 M PBS (pH = 7.4) at 10 mVs~!. (b) Plot of oxidation peak current

density vs nitrite concentration.

lyte concentration were detected. This phenomenon occurs due
to analyte adsorption on the electrode surface as mentioned
earlier. Each binding event, due the interaction between ni-
trite and L-Arginine/Co304/FTO, establishes a new activation
overpotential [76].

3.2.2. Electrochemical impedance spectroscopy study of the as
prepared electrodes

Electrochemical impedance spectroscopy (EIS) was used to
further evaluate the electron transport kinetics of the L-
Arginine/Co304/FTO, HT-Co304/FTO and Co304/FTO electrodes. Cor-
responding Nyquist spectra are presented in Fig. 8a. The Nyquist
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plot is fitted with Randles equivalent circuits as shown in Fig. 8c,
where Rg is the solution resistance, Rcy is the charge transfer re-
sistance, Cp, is the double layer capacitance, CPE is the constant
phase arising from surface inhomogeneity [77], Ry is the Warburg
diffusion resistance, Zyy is the semi-infinite Warburg impedance,
and Zyy_g is the finite-length Warburg impedance, represented here
by the parallel arrangement of CPE and Ry [78]. The CPE expo-
nent (n) for HT-Co304/FTO, Co304/FTO, and L-Arginine/Co304/FTO
was found to be 0.79, 0.62, and 0.59, respectively (Table S4
in supporting documentation). This decreasing trend can be re-
lated to an increase in electrode roughness. This was also ob-
served from SEM images. It can be seen from Fig. 8b that the L-
Arginine/Co304/FTO (Rcr = 32.4 2) has a smaller charge transfer
resistance than compared to Co304/FTO (Rcr = 47.7 Q) and HT-
Co304/FTO (Rcr = 59.2 Q) electrodes. The smaller charge transfer
resistance for L-Arginine/Co304/FTO compared with Co304/FTO and
HT-Co304/FTO is certainly promoted by positively charged func-
tional groups creating more ionic pathways. Moreover, the semi-
circles in Fig. 8b show a decreasing trend in the double layer ca-
pacitances (values retrieved from EIS data) of the three electrodes,
from L-Arginine/Co304/FTO (Cp = 0.156 pF) through Co304/FTO

(CpL= 0.105 pF) to HT-Co304/FTO (Cp.= 0.091 pF). Normalizing
the double layer capacitance by specific capacitance of a smooth
planar electrode (assumed Cs = 40 pF/cm?) gives the electro-
chemical active surface area (ECSA) [79]. The ECSA were found
to be 0.0039, 0.00263 and 0.00228 cm? for L-Arginine/Co;04/FTO,
Co304/FTO and HT-Co304/FTO, respectively. The higher ECSA for L-
Arginine/Co304/FTO resulted in enhanced electrocatalytic activity
compared with the other electrodes studied. Tafel plot was further
utilized to support the EIS results, as seen in Figure S4 (electronic
supplementary document). It was found that the Tafel slope (i.e.,
overpotential) for L-Arginine/Co304/FTO (110 mV) is smaller than
those for Co304/FTO (116 mV) and HT-Co304/FTO (235 mV) due to
reduced charge transfer resistance. Table S4 presents measured and
calculated electrochemical parameters for the prepared electrodes.

3.2.3. Nitrite sensing mechanism

Based on physical and electrochemical characterizations, it is
evident that the low oxidation states of cobalt (Co® and Co?")
behave as redox-active sites for the electrooxidation of nitrite in
neutral environment. The occurrence of nitrite oxidation at Co(II)
rather than Co(Ill) in aqueous media can be due to a stabilization
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Fig. 9. a) Chronoamperometry data for L-Arginine/Co304/FTO in 0.1 M PBS (pH = 7.4), (b) Dose response curve of the as prepared electrode, and (c) Interference study of
L-Arginine/Co304/FTO for nitrite in 0.1 M PBS and in the presence of Na;COs3, (NH4),S04, Na;NO3, glucose, KCl, NaCl, urea, oxone, and MgSOy.

effect of nitrite on Co(lll). Nitrite (N-bonded) as a strong field lig-
and [80] can stabilize Co(Ill) (low spin), decreasing by that means
the reducing tendency and oxidizing power of Co(Ill), and result-
ing into the preferential interaction of nitrite with Co(Il) [81]. The
following reaction mechanism is proposed for the interaction of ni-
trite at L-Arginine/Co304/FTO:

a) The metallic phase of cobalt (Co®) has additive effect on the
amount of divalent cobalt (Co?*) in solution (Equation 8);

b) The reaction proceeds via the formation of an adduct between
cobalt oxide and nitrite through the divalent cobalt (Co2t)
(Equation 9);

c) A slow, one-electron transfer process involving the simulta-
neous oxidation of Co?t and NO,™ to Co3t and NO,, occurs
(Equation 10). This is evidenced by the CV experiment in Fig. 8b
for L-Arginine/Co304/FTO;

d) Finally, NO, undergoes disproportionation Equation 11-(12
Co3* is reduced to Co?* (Equation 13).

(Co®Co? ") (L — Arginine/Co304/FTO)+H,0

) and

— Co?*(L — Arginine/Co30,4/FTO)+2e~ (8)
Co** (L — Arginine/C0304/FT0)+NO,~
< C0*"(NO, ™) (L — Arginine/Co304/FTO) (9)

[Co®* (NO, ™) (L — Arginine/Co304/FTO) |

10

< Co* (L — Arginine/Co304/FT0)+NO, (10)
2N0O3;+H,0 < 2HT+NO3 +NO,~ (11)
N02_+H20 — 2H++NO3_+26_ (12)

Co** (L — Arginine/Co30,4/FTO)
— Co** (L — Arginine/Co304/FTO)+e"~ (13)

3.3. Chronoamperometric study of the as prepared electrode

Chronoamperometry measurements (Fig. 9a) were conducted in
the presence of successive injection of nitrite under mild stirred
condition and at a fixed potential of 0.96 V vs Ag/AgCl. The sen-
sor exhibited a sensitivity of 158 pA/mM cm~2 and linear range
of up to 16 mM (Fig. 9b). An ultra-fast steady state response time
of < 2 s was also observed. The limit of detection (LOD) was cal-
culated using the formula 30/S [82], with o, being the standard
deviation of the response (estimated by the standard deviation of
y-intercepts) [83] and S, is the sensitivity. The calculated LOD (1.95
nM) is significantly lower than the maximum allowable nitrite con-
centration in drinking water (65 pM) in accordance with WHO.
This qualifies the fabricated sensor for practical applications, in-
cluding nitrite detection in drinking water. The obtained sensor
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Table 1
Comparison of performance characteristics of the developed electrochemical nitrite sensors with the reported sensors in literature.
Modified Electrode Technique Electrolyte  pH E/mV C/luM S/uA mM-! LOD/uM  Reference
3(FeTAMPyP + CoTSPc)/GCE ~ Amperometry  PBS 7 850 vs SCE 0.2 - 8.6 0.37 0.04 [85]
bC0304/RGO/GCE Amperometry  KOH 14 - 1-380 2065 0.14 [86]
€CoTBMPc-Au cv PBS 7.4 750 vs Ag/AgCl 100 - 1000 7.3 x 1073 - [87]
4CoTDMPc-Au cv PBS 7.4 770 vs Ag/AgCl 100 - 1000 7.1 x 1073 - [87]
€Co0x/CNT/GCE Amperometry  PBS 6.76 750 vs SCE 0.5 - 249 5.619 x 1072 0.3 [88]
fpolyNiCo/GCE Amperometry PBS 7 - 2.49 - 1700 0.027 0.45 [74]
cv PBS 7 850 vs Ag/AgCl 100 - 5000 0.042 10
£C0304-DCS/GCE Amperometry  PBS 7 900 vs SCE 6.6 - 300 0.318 0.22 [71]
300 - 13480 0.6
hPt/CoO/GCE Amperometry  PBS 6 900 vs SCE 0.2 - 3670 0.9014 0.067 [89]
3670 - 23700  0.4085
INC/GCE Amperometry  PBS 7 900 vs SCE 5 - 4000 1.21 x 104 0.002 [90]
J(CoTsPc/PDDA-Gr) »/GCE Amperometry  PBS 5 800 vs SCE 2-36 5.3 x 1073 0.084 [91]
KEPPGE-SWCNT-Co cv PBS 7.4 900 vs Ag/AgCl 0 - 189 0.2496 5.61 [92]
LCoPc/MWCNTs/GCE DPV PBS 7.4 972 vs Ag/AgCl 10 - 1050000 4 x 10-° 2.11 [93]
M CoPcF-MWCNTSs/GCE Amperometry PBS 7 800 vs SCE 0.096 - 340 0.0299 0.062 [94]
"Co304-rGO/CNTs/GCE Amperometry  PBS 7 800 vs Ag/AgCl 0.1 - 8000 0.08 0.016 [82]
Co@Pt/Gr Amperometry  PBS 6 850 vs Ag/AgCl 1 - 2000 4,596 x 102 0.145 [95]
2000 - 15000  9.771 x 1072
PCoNS/GO/PPy/GCE cv PBS 8 800 vs SCE 1-3167 0.5192 0.0147 [96]
4CoTM-QOPc/CNP/GCE cv PBS 7 790 vs Ag/AgCl  0.2-200 2.3 0.06 [97]
DPV PBS 7 740 vs Ag/AgCl  0.2-225 1.03 0.06
Amperometry  PBS 7 740 vs Ag/AgCl  0.1-350 1.24 0.033
'CuO-NS/GCE DPV PBS 7 850 vs SCE 100-1400 6.17 x 1073 13.6 [98]
$(HOOC-MWCNT)/GCE DPV PBS 7 720 vs SCE 100-700 0.2099 0.565 [99]
tL-Arginine/Co304/FTO Amperometry  PBS 7.4 960 vs Ag/AgCl 10 - 16000 158 0.00195 This work

@ (FeTAMPyP + CoTSPc)/GCE: glassy carbon electrode modified with alternated layers of iron(Ill) tetra-(N-methyl-4-pyridyl)-porphyrin and cobalt(II)
tetrasulfonated phthalocyanine. Co304/RGO/GCE: cobalt oxide nanospindles-decorated reduced graphene oxide composite on GCE. ‘CoTBMPc-Au &
dCoTDMPc-Au: Co(ll) tetrakis (benzylmercapto) and tetrakis (dodecylmercapto) phthalocyanines electrodeposited onto a gold electrode. ©CoO,/CNT/GCE:
cobalt oxide nanoparticles on multi-walled carbon nanotubes deposited on a conventional GCE.

f polyNiCo/GCE: Ni(Il) and Co(ll)- bisterpyridine ligand based heterometallo SMP. 8Co30,4-DCS/GCE: glassy carbon electrode modified with cobalt ox-
ide disordered circular sheet. "Pt/CoO/GCE: platinum nanoclusters doped CoO nanohybrid on GCE. INC/GCE: urchin-like nickel-cobalt carbonate hollow
spheres on GCE. J(CoTsPc/PDDA-Gr),/GCE: graphene/cobalt phthalocyanine composite film on activated GCE. XEPPGE-SWCNT-Co: edge plane pyrolytic
graphite electrode (with cobalt nanoparticles integrated with single-walled carbon nanotubes. “CoPc/MWCNTs/GCE: GCE modififed with cobalt (II) phthalo-
cyanine immobilized on multiwalled carbon nanotubes. ™CoPcF-MWCNTSs/GCE: cobalt phthalocyanine functionalized multiwalled carbon nanotubes on
GCE. "Co304-rGO/CNTs/GCE: cobalt oxide decorated reduced graphene oxide and carbon nanotubes on GCE. °: cobalt @ platinum nanoparticles-decorated
graphene. PCoNS/GO/PPy/GCE: cobalt nanostructures, graphene oxide-doped polypyrrole modified GCE. 9CoTM-QOPc/CNP/GCE: cobalt (II) tetra methyl-
quinoline oxy bridged phthalocyanine carbon nano particles modified glassy carbon electrode. "CuO-NS/GCE: Copper oxide nanosheet modified GCE.
S(HOOC-MWCNT)/GCE: Acid-functionalized multi-walled carbon nanotubes modified GCE. 'L-Arginine/Co304/FTO: L-Arginine modified cobalt oxide thin
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film on FTO.

performance characteristics were compared with literature, as re-
ported in Table 1. Most of the sensor data presented in the litera-
ture uses a glassy carbon as substrate. This approach is not com-
mercially viable. Moreover, the as prepared sensor reported in this
study showed a combination of ultra-low limit of detection, ultra-
fast response time, high sensitivity & selectivity and wide linear
range. Such electrochemical nitrite sensor performance character-
istics combination is rare in the reported literature. This makes the
developed sensor a potential candidate for commercial application.

The selectivity of L-Arginine/Co304/FTO towards nitrite oxida-
tion was evaluated in the presence of interfering species that
may coalesce with nitrite during its detection. A five times higher
concentration than that of nitrite was used in 0.1 M PBS so-
lution for each of the following interfering substances: Na,COs,
(NH4)2S04, NaNOs, glucose, KCl, NaCl, urea, oxone, and MgSO,.
As prepared L-Arginine/Co304/FTO sensor was only responsive to
nitrite injection and the presence of interferants did not reduce
the sensor response, as seen in Fig. 9c. It is more likely that
the interfering cations (Na*, NH4*, K*, and Mg?*t) will experi-
ence charge repulsion due to positively charged functional groups
immobilized on L-Arginine/Co304/FTO. Also, the enrichment of
neutral organic compounds like glucose and urea on the sur-
face of L-Arginine/Co304/FTO can be prevented because of the
competition with anionic species. The excellent selectivity of L-
Arginine/Co304/FTO towards nitrite compared with the other an-
ions investigated agrees largely with the Hofmeister series [84],
except for nitrate which deviated from Hofmeister pattern. An-

1

other possible explanation for the good selectivity could be the
interfering anions (CO32~, SO42~, HSO5~, HSO4~, NO5~, and CI-)
as weak-field ligands interact weakly with the divalent cobalt on
L-Arginine/Co304/FTO in aqueous solution. Nitrite (N-bonded), on
the contrary, is a stronger field ligand and gives rise to bigger co-
ordination forces.

3.3.1. Electrochemical stability and reproducibility study of the as
prepared electrode

Cyclic voltammetry (CV) and chronoamperometry were used to
study the stability and reproducibility of the L-Arginine/Co304/FTO
sensor. The electrochemical stability test is shown in Fig. 10a. The
absence of any additional peaks after 25t cycle highlights the elec-
trochemical stability of the as prepared sensor. For reproducibil-
ity, five independent electrodes were tested using CV and individ-
ual current responses were compared as depicted in the histogram
presented in Fig. 10b. A relative standard deviation (% RSD) of 1.52
% was obtained. This highlights the excellent reproducibility of L-
Arginine/Co304/FTO electrode. In addition, long-term chronoam-
perometric study (Fig. 10c) revealed that oxidation current re-
sponse decreased only by 12 % over a period of 19 min.

3.3.2. Detection of nitrite in real sample

The real sample test was carried following the protocol
described in [100]. The recovery study in tap water sample
was conducted to investigate the practical application of L-
Arginine/Co304/FTO electrode for nitrite detection. For this reason,
tap water samples were diluted with 0.1 M PBS solution (pH = 7.4)
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Fig. 10. a) Stability study of L-Arginine/Co30,4/FTO in the presence of 2 mM nitrite in 0.1 M PBS at 10 mVs~! for 25 scans; b) Reproducibility test of five different L-
Arginine/Co304/FTO electrodes in the presence of 2 mM nitrite in 0.1 M PBS at 10 mVs~' and c) Long-term chronoamperometry of L-Arginine/Co304/FTO in the presence of
500 pM nitrite in in 0.1 M PBS over 19 min.
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Scheme 1. Schematic illustration for the fabrication of L-Arginine modified Co;04 thin film for nitrite detection.
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Table 2
Recovery study of nitrite ions in tap water.

Sample Spiked (mM)  Found (mM)  Recovery (%)
Tap water 0.60 0.61 101,7

1.40 1.41 100.7

1.50 1.54 102.7

1.70 1.66 97.6

2.50 2.42 96.8

and tested for nitrite ions. The test results are summarized in
Table 2. It can be seen from Table 2 that the sensor shows good re-
covery rates ranging from 96.8 % to 101.7 %, with an average value
of 99.9 %.

4. Conclusions

In summary, we have successfully (CHgN3™, NHsz™)-
functionalized and nitrogen doped Co304 by hydrothermal
treatment of Co304 in the presence of L-Arginine. Spectral evi-
dence is presented on how hydrothermal treatment can reduce
oxygen vacancy and how nitrogen atoms can compete for sub-
stitution into Co304 crystal lattice. This technique can serve as
a new platform for post deposition element doping and surface
functionalization of metal oxides for various sensing applications.
The L-Arginine treated electrode exhibited enhanced electrochem-
ical nitrite detection compared to pristine Co304 electrode. The
enhanced electrochemical performance originated from: 1) the
faster electron transport kinetics, which is a result of nitrogen
doping and surface functional groups (i.e., CHgN3* and NH3*), 2)
the availability of higher ECSA (increased amount of Co® and Co%+
as active sites due to N doping), and 3) the easy access to active
sites and better mass transport kinetics promoted by the porous
surface of L-Arginine/Co304/FTO.
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