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Abstract

Palladium-copper nanoparticles were placed on activated carbon to give a nanocomposite for electrochemical sensing of ribo-
flavin (vitamin B,). The activated carbon was produced by pyrolysis of natural waste of pistachio nutshells after KOH activation
and under a nitrogen atmosphere. The carbons possess a large surface area and micro/meso-porosity. The nanocomposite was
characterized by a variety of techniques to confirm structures and morphology. A screen-printed electrode modified with the
composite was examined by EIS, CV, DPV, and amperometry. The effects of pH value, scan rate, and stability of the modified
electrode were studied. Under optimized conditions, vitamin B, displays a well-expressed oxidation peak at —0.15 V (vs. Ag/
AgCl) in solutions with a pH value of 7.0. The voltammetric signal increases linearly in the 0.02 to 9 pM concentrations range
and a lower detection limit of 7.6 pM. The sensor was successfully applied to the determination of vitamin B, even in the
presence of other common vitamins and in (spiked) raw milk samples.

Keywords Electrochemical detection - Riboflavin - Cyclic voltammetry - Chronoamperometry - Differential pulse voltammetry

Introduction

A variety of agricultural waste was used to prepare activated
carbon (ACs) materials with large surface area, highly porous
structure, and many surface functional groups which exhibited
attraction for a wide range of applications in electrochemical
sensors, energy storage, catalysis, CO, capture etc. [1-3].
Many researchers have been devoted to preparing ACs from
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agricultural by-products and utilized in multiple disciplines of
science like physics, chemistry, and materials science [4, 5]. For
instance, sugarcane bagasse [6], fruit shells [7], nutshells [8] etc.
have been used as the precursors of ACs. In this work, pistachio
nutshell, abundantly available from the pistachio nut processing
industries, was utilized as a feedstock for the preparation of ACs,
which have been widely used in numerous electrochemical ap-
plications [9]. Owing to the unique properties, such as ultra-high
surface area, modulated pore size, low toxicity, excellent chem-
ical stability, electrical/thermal conductivity, low cost, and avail-
ability of oxygen surface functional groups, nutshells are suit-
able for preparing AC. They are composed of cellulose, hemi-
cellulose, and other aromatic compounds [10]. Generally,
ACs are formed by treating the carbon source with potas-
sium hydroxide (KOH) to afford well-defined pore struc-
tures, high specific surface area and topologies [11]. Such
ACs with high surface area from an agricultural by-
product would be very useful for fabrication of electrode
in a suitable voltammetric sensing applications [12].
Carbon supported transition or noble metals, metal oxides
and hydroxides, metal alloys, and bimetals, were explored as
electrochemical sensors with outstanding performances for
high sensitivity, low detection limit, and good stability [13].
Among various transition metals, palladium (Pd) and copper
(Cu) nanoparticles were found to be superior in electrocatalyt-
ic activity for oxygen reduction reaction [14]. Such Pd-based
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bimetallic NP systems with changeable structures and mor-
phologies were known to enhance electrocatalytic activity to-
wards the oxidation HCOOH and CH;OH [15], as well as
sensing of H,O, [16]. Yang and his co-workers have demon-
strated a three-dimensional nanoporous PdCu alloy-modified
GCE in application for the sensing of H,O, and glucose (Glu)
[17]. Due to the beneficial synergistic effect between Pd and
Cu alloy structure, it exhibited better catalytic activity and
durability compared with commercial Pt/C catalysts for
CH;30H oxidation and the ORR. Pd-Cu alloy has greatly en-
hanced electrocatalytic activity towards HCOOH oxidation.
Regarding the electrochemical behaviour of Pd-Cu alloys,
the sublayer Cu may provide an electronic modification for
the topmost Pd by a surface strain or alloying effects, which
produces unique surface sites for HCOOH electro-oxidation
[14]. Remarkably, it is well known that the change of d-band
center of metal catalysts significantly influences their cat-
alytic reaction kinetics by altering the adsorption energies
of reaction intermediates. By density functional theory cal-
culation, it has been reported that the insertion of Cu atoms
into Pd matrix caused a reduction of the lattice constant
and a decrease of the d-band centers [15]. Thus, the lower
value of d band center for Pd-Cu alloy may result in its
higher electrocatalytic activity. Moreover, the nanoporous
Pd-Cu alloy structure provides good transport channels for
electrons and H,O, and Glu molecules to facilitate the
reaction kinetics on the Pd-Cu surface [16, 17].

The porous nanostructured composites have attracted in-
creasing attentions in electrochemical sensing of vitamins
[18]. Almost all vitamins are organic compounds and need
obtained from dietary sources (fruits, vegetable, milk), since
they are not produced by the human body. They are essential
for the normal functioning of organic metabolism in humans
and living animals. Inadequacy of vitamins can lead to differ-
ent diseases [19]. Vitamins differ in terms of their structure,
chemical and biological properties and solubility. The main
classification for vitamins is based on solubility, as some are
soluble in fat (A, D, E and K) while others are soluble in water
(B and C) [20]. Vitamin B, or riboflavin (RF; 7, 8-dimethyl-
10-ribitylisoalloxazine) is a water-soluble vitamin of the B
complex, in which the isoalloxazine ring group present in
the chemical structure is responsible for the fluorescence and
redox properties. And the flavin redox process is thermody-
namically reversible, regardless of the number of electrons
transferred [21].

A variety of techniques have been utilized in detection such
as high performance liquid chromatography (HPLC) [22],
spectrophotometry [23], fluorescence detections [24], and mi-
crobiological techniques [25]. However, these methods have
certain disadvantages such as (i) requiring a time consuming
process, (ii) high-cost, and (iii) complicated operating proce-
dures. For the fast and sensitive drug monitoring, electro-
chemical determination with various modified electrodes were
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usually applied for its simplicity, sensitivity, reproducibility
and cost efficiency [26].

In this study, the highly porous carbons from pistachio
nutshell were synthesized by chemical activation with Pd—
Cu alloy NPs deposited on the derived carbon (hereafter de-
noted as Pd-Cu@NSC) used for the electrochemical sensing
of RF in 0.05 M PB solution (pH 7.0). The structural, mor-
phological, and electrochemical properties of the Pd-
Cu@NSC nanocomposite modified electrode were success-
fully characterized. The composite had a unique porous car-
bon structure, offering more catalytic active sites to allow
access of reactants to the catalyst surfaces. The experiment
described in this article introduces a green chemical approach
for the synthesis of a Pd-Cu@NSC nanocomposite in appli-
cation for electrochemical sensing of RF. However, the RF
detection has some limitation such as selectivity in the pres-
ence of interferents and oxygen free working environment. As
such, the Pd-Cu@NSC/SPCE exhibited desirable catalytic ac-
tivity, stability and tolerance towards RF electro-oxidation,
indicating the great potential for future applications.

Experimental
Materials

Palladium(II) acetylacetonate (Pd(acac),, 99%), copper(Il)
acetylacetonate (Cu(acac),, metals basis, > 99.9%), riboflavin
(C17H20N4Og, 98%), potassium hydroxide, (KOH, 98%), and
potassium ferricyanide (K3[Fe(CN)g], 98%) were obtained
from Sigma-Aldrich (http://www.sigmaaldrich.com/taiwan.
html) and used without further purification. Screen printed
carbon electrode (SPCE) was purchased from Zensor R&D
Co., Ltd. (http://www.zensor.com.tw/about/about.htm). The
supporting electrolyte used for all the experiments was
remained at pH 7.0 phosphate buffer (PB, 0.1 M) solutions
prepared by mixing the stock standard solution of Na,HPO,
and NaH,PO, of which the pH was adjusted with 0.1 M
H;PO,4 and NaOH. Pistachio nutshells were purchased from
the local market and used for carbon preparation (Scheme 1).
All other reagents were of analytical grade and used as re-
ceived and the solutions were prepared by Milli-Q water.

Preparation of the electrode modified with Pd-Cu
alloy nanoparticles deposited on nutshell carbon
(Pd-Cu@NSC electrode)

At first, Pd-Cu@NSC was prepared as described in ESM.
Typically, 1.0 mg of Pd-Cu@NSC composite was dispersed
in 1:1 (v/v) of ethanol and water mixture and allowed to son-
ication for 60 min. The well-dispersed 5.0 uL of Pd-Cu@NSC
composite suspension was dropped and casted on the surface
of SPCE and dried at room temperature for 3 h. The NSC7q/


http://www.sigmaaldrich.com/taiwan.html
http://www.sigmaaldrich.com/taiwan.html
http://www.zensor.com.tw/about/about.htm

Microchim Acta (2019) 186: 299

Page30of 12 299

Scheme 1 Schematic diagram of
the fabricationof the Pd—Cu alloy
nanoparticles deposited on
nutshell carbon (Pd-Cu@NSC)s

SPCE, NSCyg(/SPCE, and NSCy,o/SPCE were prepared ac-
cording to the same conditions for the electrochemical studies.

Choice of materials

Thus far, several efforts have been put forward to fabricate
electrode using different carbon nanomaterials (carbon nano-
tubes, activated carbon, carbon blacks, ordered mesoporous
carbons, carbon fibers, carbon aerogels, and graphene). These
nanomaterials have been utilized for electroanalytical applica-
tions owing to their high electrical conductivity and large sur-
face area. However, they have shown insufficient active sites
and time consuming process such that the electrocatalytic ap-
plications are limited. Henceforth, biomass is a well-known
raw material for the production of carbon materials used in
fabrication of electrodes. Since these materials are available
in huge quantities and rich in carbon content, such materials
can be used to synthesize enriched carbon materials in an en-
vironmental friendly way. In the present work, we have fabri-
cated Pd-Cu@NSC composite to be used for riboflavin sens-
ing. It is well-known that the transition metals, specifically Pd,
Cu, Ni and Co-doped carbon materials, have good catalytic
activity towards various electrocatalysis/sensing applications.
However, Pd-Cu has lots of advantages over mono metals such
as high stability in neutral pH, lower capacitance current and

Dry Nutsh

\ Nuts

Nutshell

powder
CH,OH
HO-C-H
CH,
N R0
CH,OH Ha(ji:[ /N\r NSC
HO-C-H H.C NZ NH
I : H &
CH (4
Vitamin B2 Q
j:(!/ 0 (Reduced form) Q
Vitamin B i ; /
(Oxidized form)

high chemical resistance due to its large surface area and syn-
ergetic effect of bimetallic systems. Especially, Pd-Cu@NSC
composite may further increase the electrochemically active
surface area (or site) of the electrocatalyst. Moreover, this in-
spires the researcher toward potential utilization of biomass in a
more efficient way.

Results and discussion
Characterization of Pd-Cu@NSC nanocomposite

The XRD patterns of the NSCs and Pd-Cu@NSC composite
materials are shown in Fig. 1a. All the samples have two broad
diffraction peaks at around 20 =24.3" and 43.2° in the XRD
patterns, which are consistent with the graphitic carbon. The
broad diffraction pattern at 26 of about 24.3” may be attributed
to the (002) reflection of the graphitic-type lattice. The weak
diffraction pattern at around 43.2° corresponds to a superpo-
sition of the (100) and (101) reflections of the graphitic-type
lattice, showing only the main characteristic peaks of Pd with
a face-centered cubic (fcc) structure. The XRD diffraction
pattern of Pd-Cu@NSC composite exhibited the characteristic
fec crystalline structure of Pd-based materials, of which the
peaks located at 20 =41.31, 46.63, and 68.66 correspond to

@ Springer



299 Page 4 of 12

Microchim Acta (2019) 186: 299

Fig. 1 (a) XRD patterns, (b)
Raman spectra, (¢) N, isotherms,
and (d) FT-IR spectra of as-
prepared samples
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planes (111), (200), and (220), respectively [27]. The Bragg
reflections at 43.31, 50.72, and 74.43" can be indexed as the
(111), (200) and (220) planes of Cu observed in Pd-Cu@NSC.
This indicates that the metallic Pd and Cu have been success-
fully attached to the surface of the NSC supports.

The Raman spectra of the NSCs and Pd-Cu@NSC com-
posite are displayed in Fig. 1b. Two strong peaks at 1347 cm
(D band) and 1586 cm ' (G band) are observed for all carbon
materials. The D band refers to the disordered and imperfect
structures in the carbonaceous materials, while the G band is
related to the vibration of sp>-hybridized carbon in the graph-
ite crystallites. The intensity ratio of the D band to G band (/p/
1) represents the graphitic degree of the carbons. From the
spectra in Fig. 1b, the Ip/Ig ratio of NSC-g9, NSCgoo, NSCoqo,
and Pd-Cu@NSC was estimated to be 1.03, 1.01, 0.98, and
0.95, respectively (Table S1). The relatively lower D/G inten-
sity ratio of NSCy( indicates a higher degree of graphitization
and a decrease in the disordered structure [28]. Notably, com-
pared to the G band at 1586 cm ™" for NSCoqo, the G band of
Pd-Cu@NSC (1580 cm ') showed a downshift due to the
incorporation of heteroatoms or metals. In other words, it
may be attributed to the supporting alloy Pd-Cu nanoparticle,
which decreases the defect sites and the disorder extent in
carbon structure [29]. These results are in good agreement
with XRD analysis.

Further information on the specific surface area and pore
structure of pistachio shell (PS), NSC59, NSCggg, NSCoggo and
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Wavenumber (cm-)

Pd-Cu@NSC (Fig. 2¢) is obtained from N, sorption isotherm
measurements. PS shows a type-II sorption isotherm indicat-
ing the non-porous characteristics, while the isotherm profiles
of NSCs (NSC7q, and NSCyg) obtained by KOH activation
completely overlap in the adsorption and desorption of N,
exhibiting typical type I isotherms, indicative of microporous
structures. In this work, KOH played a role as an activation
agent for micropore formation during carbonization process-
ing. The porous properties of these materials are summarized
in Table S2, including the specific surface area, total pore
volume, and average pore diameter. Upon increasing the acti-
vation temperatures from 700 to 900, both the surface area and
the pore volume increase dramatically from 782.5 m* g ' and
0.741 cm® g ' for the NSCrqo to 1246.4 m* g ' and
0.82 cm® g ! for NSCoqo, respectively, due to the deepened
degree by KOH activation. The average pore diameter in-
creased slightly from 3.1 to 3.8 nm with an increase of the
activation temperature from 700 to 900 °C, indicating that
larger amount of micro—/mesopores appeared by KOH acti-
vation under N, conditions [30].

The pore size distribution of various samples were derived
from DFT calculations (Fig. S1). Remarkably, both NSCyy,
the Pd-Cu@NSC samples display I/IV-type adsorption/
desorption isothermal curves. The Sggr surface area of Pd-
Cu@NSC (1055.7 ecm? g ') is slightly lower than that of
NSCogo, due to incorporating Pd-Cu NPs onto the NSCyq,
carbon support. Moreover, these mesoporous structure with
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Fig. 2 Schematic illustration of -
the formation mechanism of Pd-
Cu alloy NPs (Top), FE-TEM
images of (a) pristine NSC, (b, ¢)
Pd-Cu@NSC composite, (d, e)
FE-TEM image of an individual
Pd-Cu alloy nanoparticle on NSC,
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(f) HAADF-STEM image of Pd
(green dots) and Cu (red dots) el-
ements in Pd-Cu@NSC, and (g)
the corresponding elemental
mapping images (bottom)
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large micro and mesopores provide a large number of active
sites to facilitate the electron transfer or analyte diffusion/ions
transportation, and therefore can potentially enhance the sens-
ing performance when used as electrode [31].

Figure 1d shows the FT-IR spectra of PS, NSCssg,
NSC~09, NSCgog, NSCygg, and Pd-Cu@NSC samples from
400 to 4000 cm™ . It was noticed that some of the peaks
available in pistachio shell (PS) appeared around
3435 cm™ ' which was mainly attributed to chemisorbed wa-
ter molecules and hydroxyl groups of O-H stretching mode.
On the other hand, the peaks appearing at around 2928,
2848 and 1385 cm ' were caused by methylene asymmetric
C-H stretching, methylene symmetric C-H stretching and
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> @ —
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methyl symmetrical C-H bending, respectively [32]. In ad-
dition, the C=C stretching around 1629 cm ™' is assigned to
the characteristic vibrations in aromatic rings, whereas the
sharp peak at 1050 cm ™' in PS is due to C-O stretching.
Compared to raw materials (PS), the number of vibrational
modes are largely diminished due to the reduction of func-
tional groups in the PS, indicating that carbonization, espe-
cially at higher temperatures from 700 to 900 °C, increases
the aromatic carbon content but decreases aliphaticity. A
similar observation was previously reported for the PS at
different carbonization conditions. However, at tempera-
tures higher than 350 °C, the decreased intensity of related
peaks is indicative of the transformation of the native carbon
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structure to polycyclic aromatic structures during carboni-
zation, as displayed in Fig. 1d.

The KOH activated carbons obtained at 700, 800 and
900 °C have been observed by SEM, and the micrographs
were given in Fig. S2. The metal precursors such as
Pd(acac), and Cu(acac), are suitable metal organic com-
pounds for the synthesis of Pd and Cu NPs. In the present
work, we focused on the development of Pd-Cu alloy phases
by microwave (MW)-thermal reduction of Pd and Cu salts. To
obtain Pd—Cu alloy NPs, the decomposition temperature (Z4..)
of Pd(acac), at 160 °C, and Cu(acac), at 286 °C should be
taken into account. At first, the Pd precursor is reduced within
seconds and nucleates to form seeds with low crystallinity,
i.e., a small amount of Pd atoms aggregate to Pd NP seeds at
nucleation stage. Next, the subsequent supply and reduction of
Cu precursor enables the deposition of reduced atoms on the
Pd particle surface [33]. Then, the low supersaturation sup-
presses further homogeneous nucleation. Surface atoms then
diffuse into the particle to form an alloyed nanoparticle with
the assistance of the high temperature (MW)-thermal reducing
method. Now, the growth proceeds to deposit more Pd—Cu
species around the nuclei, forming the Pd—Cu alloy NPs.
The schematic representation of the formation of Pd-Cu alloy
nanostructure process is reported in Fig. 2 (top).

To support the above mechanism, the representative FE-
TEM images of the Pd NPs, Cu NPs, and Cu—Pd alloy NPs
supported NSC are shown in Fig. S3a—f, respectively. All of
the Cu—Pd alloy NPs in the TEM images (Fig. S3d-f) show
that the distribution of the alloy metal nanoparticles is very
homogeneous with an average diameter of ca. 35.6 nm. In
addition, the FE-SEM micrographs of the Pd-Cu NPs grafted
on the surface of porous NSC can be observed (Fig. S4a,b).
Under microwave irradiation, the metal salts are effectively
decomposed and completely reduced to zero state. After the
nucleation, Pd-Cu NPs are uniformly anchored on the NSC
matrix with average diameters of ca. 60—75 nm.

A typical EDS spectrum of Pd-Cu@NSC confirms exis-
tence of the C, O, Cu and Pd elements (Fig. S3d); the sample is
mainly composed of C (73.66 atom%), O (12.78%), Pd
(7.45%), and Cu (6.11%) elements (see inset, Fig. S4c). The
presence of absorption peaks at ca. 2.8 and 0.9 keV due to
surface plasmon resonance confirms the formation of Pd-Cu
alloy structure [33]. For this sample, the atomic ratio of Pd to
Cu in Pd-Cu NPs is ca. 1:1.21 on the porous carbon surfaces.

The FE-TEM of NSC and Pd-Cu@NSC samples are
shown in Fig. 2. The FE-TEM image of pristine NSC exhibits
highly mesoporous structures (Fig. 2a). From the morphology
observation (Fig. 2a), it can be concluded that KOH activation
treatment had a significant impact on the porous structure and
morphology of the resulting NSC. The homogeneous distri-
butions of the fcc morphological Pd-Cu NPs on the NSC
surface indicate that no nanoparticles were segregated (Fig.
2b,c). The diameters of most binary Pd-Cu NPs were in the
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range of 10-30 nm. The carbonaceous materials may be con-
trolled the morphologies of the formation of a binary Pd-Cu
NPs with the fce structure during the reaction, which had a
crucial role during nucleation and stabilization using MW
irradiation. The high-resolution FE-TEM images of the Pd-
Cu@NSC composite in Fig. 2d,e revealed that the alloy Pd-
Cu NPs encapsulated in the NSC substrate typically have an
average size of ~30 nm. The lattice fringes with a spacing of
ca. 0.215-0.218 nm are observed in the magnified FE-TEM
image (Fig. S5a). The SAED pattern displays the continuous
diffraction rings (Fig. S5b), indicating the Pd-Cu@NSC com-
posite are polycrystalline [34].

The HAADF-STEM image (Fig. 2f) and elemental map-
ping of an individual Pd-Cu@NSC revealed that each Pd and
Cu element was uniformly distributed on the NSC support
(Fig. 2g). The mapping images of C (blue dots) from carbon
support, Pd (green dots) and Cu (red dots) elements clearly
indicate an inhomogeneous distribution of binary Pd-Cu alloy
NPs; the large amount of the Pd atoms appeared to reside on
the Cu crystalline particles (Fig. 2f). All these results evi-
denced that bimetallic Pd-Cu alloy NPs were successfully
embedded onto the NSC support.

XPS is a kind of surface sensitive technique to analyze the
chemical composition of Pd-Cu@NSC composite. The survey
scan (Fig. S6a) shows the surface elements are C, O, Pd, and
Cu. The C 1 s spectra of Pd-Cu@NSC sample is deconvoluted
into four components: the peaks at 282.8 eV (Cy), 283.5 eV
(C,), and 284.3 eV(C3), are attributed to C—C, C=C, and C-O
of the graphitic structures, respectively. The last peak at
290.1 eV (C,) is assigned to the =—7r* shake-up satellite bond-
ing, as shown in Fig. S6b [27]. From Fig. Sé6c, it can be seen
that the broader O 1 s peak of the Pd-Cu@NSC sample can be
fitted with three components. The peaks at 531.2 eV (Oy),
531.8 eV (0,), and 532.4 ¢V (0O3) were attributed to the C—
0, C=C, and C-O-C/C-OH groups, respectively. In addition,
the Pd 3d signal of the Pd-Cu@NSC composite (Fig. S6d)
was fitted into two pairs of doublets with a BE of ca. 336.4
(Pd 3d3/2), 338.8 eV (3ds)2), 342.1 (Pd 3d;) and 343.6 eV
(3ds)»), which can be ascribed to Pd® and Pd™ species, with a
ratio (1:0.13) which is much closer to the other report [16].
Moreover, the characteristic peaks from Cu are clearly ob-
served at 935.3 eV and 952.2 eV, indicating the Cu 2p3,, and
Cu 2p,, core-levels (Fig. S6e), similar to the result of Pd-Cu
alloy NPs [16]. The results have provided new insights into
the structure-composition, which is important for the design of
nanoalloy catalysts with tunable catalytic properties.

Electrochemical studies

Electrochemical impedance spectra (EIS) measurements of
[Fe(CN)]* ™ system were performed to investigate the elec-
tron transfer resistance (R,) and conductivity of different elec-
trodes as shown in Fig. 3a. From these plots the charge
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transfer resistance (R.;) of the bare SPCE, NSC, Pd@NSC,
Cu@NSC, and Pd-Cu@NSC composite are calculated to be
996, 98.2, 11.64, 58.52, and 4.88 €2, respectively. All the fitted
R, values are summarized in Fig. 3b for comparison. Notice
that the fabricated electrode based on Pd-Cu@NSC exhibits a
much smaller R, value than those of bare SPCE, NSC-,
Pd@NSC-, Cu@NSC/SPCE, and indicating that Pd-
Cu@NSC/SPCE provides excellent conductivity and electron
transfer resistance to allow for occurrence of a faster charge
transfer process. The Nyquist plots of bare SPCE, NSC5(,
NSCgpo, and NSCyqy measured in 1.0 mM [Fe(CN)G]H ““in
0.1 M KCl electrolyte are given in Fig. S7a and Fig. S7b. The
obtained results show that the NSCyq, with a smaller R value
owns superior electron transfer properties.

The electrocatalytic activity of Pd-Cu@NSC composite
was investigated by performing cyclic voltammetry (CV) to
detect RF. The CV response for bare SPCE, pristine NSC,
Pd@NSC, Cu@NSC, and Pd-Cu@NSC/SPCE in N,—saturat-
ed 0.05 M PB solution (pH 7.0) containing 50 uM RF at

50mVs ' (-0.7 to —0.1 V (vs. Ag/AgCl)) are shown in Fig.
3c. The plot of corresponding peak current vs various modi-
fied electrodes is given in Fig. 3d. In addition, the CV was
performed on the effect of different calcination of Pd-Cu
doped NSC/SPCE towards RF sensing, and the resulting plots
for the redox peak current with different modified Pd-Cu
doped NSCs/SPCE are given in Fig. S7c and Fig. S7d. The
Pd-Cu@NSC/SPCE was demonstrated to have higher redox
peak current. Therefore, NSCqqg supported Pd-Cu modified
electrode was selected for further electrocatalytic sensing of
RF. The relationship between peak current and bare NSCs is
also plotted in Fig. S7c and Fig. S7d. Notice that the NSC
exhibits a weak redox peak due to the restriction of both elec-
trons transfer and mass transport. In contrast, Pd-Cu@NSC
shows a well characteristic redox peak, evidencing that the
doping Pd-Cu metal may facilitate electron transfer on the
surface of the NSC matrix. Further, the redox peak currents
are intensively increased at modified SPCE, because of the
presence of a large number of metal active sites (Pd-Cu) to
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enhance their catalytic behaviour and porous nature of carbon
to improve the electron transfer process. As a result, the syn-
ergetic effects of Pd-Cu alloy NPs and NSC boosted the elec-
trocatalytic activities and rapid electron transfer process to-
wards electro-oxidation of RF.

The effect of pH on Pd-Cu@NSC/SPCE was examined in
the presence of 50 uM RF at a scan rate 50 mV s ' by CV, as
displayed in Fig. 3c. It shows that both oxidation and reduc-
tion peak for RF were well defined at each pH value. When
the pH increased from 5 to 7, the redox peak current of RF
gradually increased. Then, the redox peak current decreased in
RF with further increasing pH from 7 to 9. In addition, the
redox peak potential shifted to more negative direction upon
increasing the pH 5 to 9. Interestingly, the highest redox peak
current response was observed at pH 7.0 (Fig. 3e green line).
In Fig. 3f blue line shows the linear relationship between pH
in the range of 5 to 9 and the formal potential [(Ep, + Epc)/2],
as expressed by 1, =0.04795pH-0.08885 with R?=0.9977.
The obtained slop of 47.9 mV/pH is very close to the theoret-
ical value (59 mV).

Furthermore, the electro-oxidation of RF was found to
involve equal number of protons (2H*) and electrons
(2¢") transfer reaction on the modified electrode surface.
The voltammetric electrocatalysis of RF takes place at
flavin group of RF which is capable of undergoing redox
reactions. The probable reaction mechanism is presented
in Scheme 2.

It is noticed that Cu as an assistant component plays
important roles in enhancing the catalytic activity of Pd.
[14—17] Electronic properties would be changed due to the
d-band center shifts during the formation of Pd-Cu alloy,
and the synergistic effect of the composition further in-
creases the electrochemical sensing towards biomolecules.
Moreover, this bimetallic alloy of Pd with Cu not only
exhibits higher catalytic activity for RF sensing, but also
reduces the cost of the catalyst significantly.

As shown in Fig. 4a, the electrocatalytic response by
CV was acquired in the presence of different concentration
of RF from 25 to 100 uM in 0.05 M PB solution (pH 7.0)
at a scan rate of 50 mV s~ '. The redox peak current of RF
was found to increase linearly with increasing the concen-
trations of RF from 25 to 100 uM. Figure 4b shows the

linear calibration plot of the concentration of RF versus
redox peak current, following the linear regression equa-
tion of /,,=1.0097x-14.531 (R*=0.9996) and Iy =
0.843x +9.848 (R*=0.9982). The results indicate the ex-
cellent electrocatalytic behavior of Pd-Cu@NSC/SPCE to-
wards the detection of RF.

To examine the reaction kinetics, the CV profiles of RF
with Pd-Cu@NSC/SPCE were scanned by changing the
rates from 10 to 100 m Vs ' in a 50 uM RF 0.05 M PB
solution (pH =7), as shown in Fig. 4c. The CV results
show that the redox peak current increased with increas-
ing the scan rate (v) in the range from 10 to 100 mV s .
Figure 4d shows the linear calibration plot between scan
rate and redox peak current of RF, following a linear
regression equation of /,. (nA)=1.0333x-1.1248 (R®=
0.9989) and /,,=0.893v (mV s 1)-0.9735 (R?=0.9969).
Notably, the above result suggests that the reaction kinet-
ics should be controlled by adsorption and reversible pro-
cess. The electrochemical parameters such as electron
transfer co-efficient (k) and charge transfer co-efficient
(), which can be calculated using Laviron’s model
[35]. According to this model the following equation is
expressed: (1-3)

, 2.3RT
E :EO —— |InY 1
= b ((1—a> ) Y
. (23RT
E, = E"- Iy 2
P ( anF ) " ()
logk, = alog(1-a) + (1-a)logalog (%)‘““ﬁnf e

where n is the number of electron transferred, R=8.314 ]
K ! mol ! is the gas constant, 7=25 °C is the temperature,
F is the Faraday’s constant (96,485 C mol ') and others are in
their usual meanings. Generally, « is assumed to be 0.5 in a
fully irreversible electrode process [35], and thus the electron
transfer number is evaluated to be 2. As demonstrated above,
the electro-oxidation of RF at Pd-Cu@NSC/SPCE involves a
two-proton and two-electron process (see Scheme 2).
Furthermore, DPV technique was applied to measure the
analytical performance of the Pd-Cu@NSC/SPCE toward the
determination of RF. Figure 5a shows the DPV analysis of the

Scheme 2 Electro-oxidation
mechanism of RF on Pd-
Cu@NSC/SPCE

HaC N N0 N 0
yZ z
HsC N
Riboflavin Pd-Cu@NSC R|boﬂavm 0
(Oxidized form)  gpcE (Reduced form)

H
WOH

Q)

”I/OH OH

"”OH
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Fig. 4 (a) CV profile of different
concentration of RF (25125 uM)
and (b) corresponding correlation
plot of peak oxidation current vs
concentration of RF over the Pd-
Cu@NSC/SPCE, (c¢) CV profile,
and (d) corresponding correlation
plot of peak oxidation current vs
scan rate in N,-saturated PB
solution (pH = 7.0) containing

50 uM RF recorded at different
scan rates from 10 to 100 mV s ™'
(=0.7 to —0.1 V (vs. Ag/AgCl))
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Fig. 5 DPV curves for the Pd-
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RF concentration range (Fig. 5b) was expressed by /p, (LA) =
39.2165C (uM)-0.7092 with a correlation co-efficient R* =
0.9975, while the second linear range was from 0.004—
0.1 uM, following a linear regression equation: Iy, (LA)=
13.031C [uM]-4.4055 with a correlation coefficient (R?) of
0.9943 (Fig. 5c). Notably, higher sensitivity and very lower
limit of detection (LOD) of 163.4 pA uM ' and 7.64 pM
(30/b) were calculated by using the slope of the first linear
response (low level: 0.004—0.1 uM), where o is the standard
deviation of the blank signal based on measurements on the
blank solution, and b is the slope of the calibration plot.
Mehmeti et al. [18] also reported the RF detection by
using manganese dioxide-modified carbon paste electrode
(MnO,/CPE). They achieved dynamic linear range of 0.02—
9 uM, 15 nM LOD, good reproducibility (£3%) and repeat-
ability (¥2%). Some possible interfering compounds such
as vitamin (VB;), vitamin Bg (VBg), vitamin B, (Vg12),
ascorbic acid (AA) and Glu, were also tested. Moreover,
this method was successfully applied to the determination
of RF in pharmaceutical samples with range of 95-97%
recovery. Parvin team fabricated a sensitive and selective
electrochemical probe of ferromagnetic nanoparticle-
incorporated triazine dendrimer (FMNPs@TD) on a modi-
fied gold (Au) electrode (Au/PPy/FMNPs@TD) [20]. They
also studied an efficient voltammetric sensing of water sol-
uble Vg, with a wide linear range (4.0-500.0 nM), and
LOD (0.62 nM) with a R* of 0.9967. This result suggests
that the modified electrode is quick, relatively economic,

reliable, and suitable for the detection of Vg;,. As can be
seen from Fig. 5d, no significant change was observed dur-
ing detection of RF even in the co-presence of excess
amount of interferents, such as AA, dopamine (DA), folic
acid (FOA), vitamin B; (VB,), vitamin B¢ (VBg), (Glu),
Na*, K*, Ca®*, Cu®*, and Mg?*, thereby making the SPCE
as robust and selective RF detection even for real sample
analysis. Apart from some anions, cations, and organic
compounds that may exist in real food samples were select-
ed. The results are displayed in Fig. S9. The results show
that the adding of some organic substances such as uric
acid, purine, pyrimidine, isoalloxazine, adinine, guanine,
kaempferol, myricetin, apigenin, and quercetin do not in-
terfere the determination of RF. In addition, we have also
performed quantitative analysis of RF using the traditional
HPLC method toward the sensing of RF in various real
samples and the recovery data are summarized in
Table S5. The results reveal that the SPCE can be exploited
for detection of RF. Additionally, the analytical parameters
such as linear range and LOD were comparable to the pre-
viously reported RF sensors as shown in Table S3.

For practical application, the Pd-Cu@NSC/SPCE was
used to detect commercially available riboflavin tablets
and milk powder samples. Riboflavin and B complex tab-
lets were purchased from the local drug store and milk
powder (Nestle Foods, Taiwan) was purchased from the
local supermarket, which were taken for the RF real sam-
ple analysis. The tablets were weighed, and then made

Fig.6 DPV curves obtained from -280 | 165
the Pd-Cu@NSC/SPCE in the —25
presence of varied loading of (a) . :fg 160
RF vitamin tablets (without < -2704 ‘S,\Sltl? : ; t : z Bl
spiked 5, 15, 30 and with spiked = 2
0.1,0.3,0.6,1.0, 1.5, 2.0, 2.5 and € < 4
: [ c -1551
3.0 uM), (b) milk samples = 260 o
(without spiked 30, 60, 90 LM 3 5
with spiked 0.1, 0.3,0.7, 1.2, 1.7, O _150-
2.2 uM) in PB (pH 7.0), (¢c) DPV 250+
recorded of simultaneous electro-
oxidation of RF over RF T T T T T T T -1454— T T T T T T
(3.0 M), DA (10 M), AA 0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
(200 M), and FOA (50 M) E vs. Ag/AgCl (V) E vs. Ag/AgCl (V)
molecules, and (d) A separate -260
DPV recorded of simultaneous (C) RF -2301 (d) RF
electro-oxidation of RF over DA -240+ 225
f:e: -220+ é 220+ DA
§ -2001 DA AA g -215
- S
= =
O -180{ © -210;
160 FOA 205+
T ———T——T—v— -200 T T T T T
-0.6 -0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.7 -06 -05 -04 -03 -0.2 -0.1
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@ Springer

E vs. Ag/AgCl (V)



Microchim Acta (2019) 186: 299

Page 11 0of 12 299

into a fine powder with a mortar. Then, it was mixed with
50 mL of deionized water, sonicated for 30 min, and then
filtered using Whatman 1 (55 mm diameter) filter paper
followed by centrifugation at 6000 rpm. The resulting
supernatant solutions were further used for real sample
analysis. Then, the solution was diluted twice using PBS
(pH 7.0) and the DPV was carried out using the standard
addition method.

For milk samples, typically a weighed amount of milk
powder was dissolved in boiling water and the proteins were
precipitated out by the addition of glacial acetic acid and
digested for 15 min in a water bath. The solution was filtered
using Whatman 1 (55 mm diameter) filter paper followed by
centrifugation at 6000 rpm. The pH of the diluted filtrate was
adjusted with boric and orthophosphoric acid to pH 7. The
sample analysis was carried out by DPV technique using a
recovery test method, as depicted in Fig. 6a, b. From
Table S4, the recovery of RF was in the range of 95.08—
100.8%, indicating that the SPCE can be successfully applied
for the detection of RF in real sample analysis.

The storage stability experiment was conducted by CV
with 25 uM of RF for 20 days under the same experimental
conditions of Pd-Cu@NSC/SPCE. The results show loss only
8.5% of the redox peak current response from the initial peak
current value. In addition, the reproducibility of five different
SPCEs was tested and their current response towards the ox-
idation of 25 uM of RF in PB solution (0.05 M, pH 7.0)
yielded a RSD value 2.8%. The redox peak response current,
revealing a satisfactory stability for the detection of RF, indi-
cates that our device can offer superior reproducibility as a RF
sensor. DPV response of RF was acquired in the presence of
equal concentration of potential interference VB¢, and VB,
and 50 times higher concentration of Glu, Mg**, Ca** and
Cu”* ions. The results show only less than £5% current chang-
es. Figure 6¢ shows the simultaneous determination DPV re-
sponse of RF (3.0 uM), DA (10 uM), AA (200 uM), and FOA
(50 uM) electroactive molecules. Additionally, we checked
the simultaneous determination of potential interfering com-
pound of 3.0 uM of RF with DA in a separate experiment
(Fig. 6d). Clearly, the RF peak appeared at different position
from the interferents.

Conclusions

In summary, a Pd-Cu@NSC/SPCE based electrochemical
sensing of RF was successfully demonstrated for the first time.
The Pd-Cu@NSC/SPCE has excellent electro-oxidation per-
formance towards RF sensing due to large surface area, sur-
face functionality, good conductivity, and fast electron trans-
fers. Hence, this work demonstrated a good linear range in the
concentration (0.004-0.1 uM) yielding a LOD of 7.64 pM,
with a good current sensitivity of 163.4 pA uM ' cm 2. In

addition, the SPCE achieved an excellent reproducibility, sta-
bility, selectivity for detection of RF, and applicable to sensing
in various real samples with satisfactory recoveries, thereby
showing better performance than other electrodes of study.
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