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Abstract The development of a high-performance electrochemical sensing platform
for monitoring nitrofurantoin (NFT) levels in various real samples plays an important
role in the research community worldwide. To accomplish this objective, the crucial
challenge is to construct sensing interfaces with outstanding electrocatalytic
capabilities. In the present work, a highly efficient metal@carbon electrocatalyst with
porous and multi-core-shell nanobox structure comprising polydopamine (PDA)-
derived C coated NiCo@C and FeCo@C nanohybrid (named as
NiCo@C/FeCo@C@C) was fabricated by simply pyrolyzing NiCo@FeCo prussian
blue analogues (PBA)@PDA. The carbonization of PDA into carbon shells protected
the framework from collapsing during high-temperature pyrolysis process, thus
enlarging the specific surface areas and porosity. The NiCo@C/FeCo@C@C
composite attained an enhanced electrochemical capability, such as an outstanding
electronic conductivity from the double carbon shell with porous structure, a large
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number of active sites and a high electrocatalytic activity from the metallic alloy
nanoparticles, which exhibited a highly sensitive response to NFT. Under optimized
experimental conditions, the established NiCo@C/FeCo@C@C electrochemical
sensor displayed a wide linear range of 0.05-100 uM for NFT determination, coupled
with a low detection limit of 14 nM. The practical feasibility of this sensor was also
confirmed by the analysis of NFT in tablet and lake water samples with outstanding
recovery rates. Moreover, the sustainability of the sensor was demonstrated through
its prominent performance in high reproducibility, selectivity and long-term stability.
This study thus introduces an innovative approach for the advance of highly efficient

electrocatalysts in the area of electrochemical sensing.
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1. Introduction

Antibiotics are one of the most important medicines that have been intensively
and extensively adopted to cure and prevent several diseases as well as acted as
growth promoters in domestic animals [1]. Nitrofurantoin (NFT), one of the most
commonly used nitrofuran antibiotics, is frequently utilized to treat bladder cancer,
hemolytic anemia and acute urinary tract infections (UTIs) [2]. Presently, the standard
medicinal amounts of NFT for urinary tract epidemic are 50-200 mg daily.
Unfortunately, it has been found that NFT excess can trigger some side effects
including dizziness, loss of appetite, nausea, lungs inflammation and liver problems
[3]. Additionally, NFT is often found in the environment, which leads to a harmful
impact on the ecological system even at very low levels. Consequently, many
countries have stringently forbidden the utilization of NFT, nevertheless, it is still
unlawfully utilized because of its highly efficient antibacterial properties. In this
context, it is very important to exploit an efficient technique that has the capacity to
determine NFT quickly, sensitively and accurately in environmental and clinical
samples.

To date, different analytical methods have been applied for the quantification of
trace NFT, containing fluorescence sensor, surface enhanced Raman scattering, high
performance liquid chromatography and electrochemical approaches [4-7]. Among

these reported approaches, electrochemical techniques own the advantages of high
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sensitivity, ease of monitoring, low price, simple instrumentation and fast response
and therefore attract increasing attention toward the determination of NFT [8-11].
Commonly, the materials coated on the working electrode play a critical role for
deciding the electrochemical sensing capacity [12-15]. Therefore, searching the
highly-efficient electrode materials for NFT determination is greatly desirable.

Various kinds of materials have been exploited as working electrodes for the
sensing of NFT, containing metal oxides (e.g., V,MoO; and Sr@Mn,;0.,/GO), Prussian
blue analogues (PBA) (e.g., CoCuFe PBA), carbon-based composites (e.g.,
La,YBiOy/multiwalled carbon nanotubes and graphene nanoribbons-MnQO,), MXene-
based hybrids (e.g., Pd-Ti;C,T, and Au-polypyrrole-Ti;,C,T,) and metal-organic
frameworks (MOFs) derivatives (e.g., N/Co@CNTs) [16-23].

It is obvious that these sensing materials mainly contain graphene, carbon
nanotubes and noble metals, which are expensive. Despite the improved sensitivity
for NFT detection on these materials, the high cost, complex handling, and poor
durability restrict their wide range of applications. Hence, it is still a challenging task
to exploit greatly efficient, cost-effective, and simply accessible sensing materials for
NFT electrochemical sensor.

Owing to the cost-effectiveness, abundant reserves, environmentally friendly
features, and facile synthesis approaches, transition metals@carbon composites (e.g.,
Fe, Cu, Ni and Co) have attracted increasing research attention as efficient
electrocatalysts to modify electrodes, in which the carbon materials provide excellent
electron transport performance and the metal nanoparticles supply high
electrocatalytic activity, resulting in good electrochemical detection performance [24-
26].

In particular, earlier research has revealed that the Co@C-based catalysts present
better catalytic activity and electrochemical sensing performance and have been
developed as progressively popular materials in electrochemical sensing platform
[27,28]. Nevertheless, pure Co active center exhibits rather mediocre activity and
cannot meet the demand for the better sensing performance (e.g., higher sensitivity,
wider linear range, etc), hence the catalytic capability and electrochemical sensing
performance of these Co@C-based catalysts is urgently to be improved.

Various methods have been announced for boosting the activity of Co@C-based
catalysts in the electrochemical detection, among them (i) incorporating Co with other

metals to form multi-elemental alloys such as CoFe [29], CoNi [30], CoCu [31], etc.,
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yielding various binding sites, acting as active centers and boosting the inherent
activity of the catalyst (ii) Altering the structure of the catalysts to fabricate a porous
core-shell microstructure to shorten the charge transfer distance and accelerate the
mass/charge transfer [32].

Among various fabrication methods for multimetal@carbon materials with core-
shell porous structure, high-temperature pyrolysis of Prussian blue analogs (PBAs)
has been recognized as an ideal strategy. This is mainly due to the enormous internal
surface area, high porosity as well as highly diverse and adjustable structure of the
PBAs precursors, in which the ligands transformed to porous graphite carbon matrix
with improved electrochemical surface area and high porosities as well as the metal
ions converts to metal nanoparticles as new active centers [33,34].

Drawing inspiration from the distinctive properties of trimetallic compounds and
porous core-shell architectures, in this work, (i) NiCo PBA nanoboxes were first
synthesized as the core employing K;[Co(CN)] as the organic linker and NiSO,-6H,O
as metal nodes. (ii)) And then K;[Co(CN),] and FeSO,-7H,O was added into the
solution containing NiCo PBA, obtaining the composite of FeCo PBA shell and NiCo
PBA core (i.e., NiCo@FeCo PBA). This process includes coprecipitation and
chemical etching processes, in which the solubility product constant (K,) of
Fe;[Co(CN)], is smaller than that of Ni;[Co (CN),], and therefore Fe** selectively etch
the angles of the NiCo PBA core. (iii) NiCo@FeCo PBA was then utilized as
nucleation locates for the polymerization of dopamine (DA), resulting in multi-core-
shell NiCo@FeCo PBA@polydopamine (PDA) nanoboxes as the precursor. (iv)
Finally, NiCo@FeCo PBA@PDA precursor was treated through a high-temperature
calcination, in which PDA converted the into a carbon shell with a cubic shape.
Meanwhile, the NiCo@FeCo PBA converted into a nanohybrid of carbon coated
NiCo alloy (NiCo@C) and carbon coated FeCo alloy (FeCo@C), in which the carbon
derived from the organic linker. The final product shows a shape of multi-core-shell
nanobox, in which a PDA-derived C cubic shell coating on a hybrid of NiCo@C and
FeCo@C, named as NiCo@C/FeCo@C@C (Scheme 1). The carbonization of PDA
into carbon shells protected the framework from collapsing during high-temperature
pyrolysis process, thus enlarging the specific surface areas and porosity. The obtained
NiCo@C/FeCo@C@C composites own distinctive advantages as the sensing
materials: (1) firstly, cooperative effects between metal alloy nanoparticles as active

centers boost the electrocatalytic activity; (ii) the association of double carbon layers
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derived from the ligand and PDA would distinctly enhance the electronic conductivity
of the electrocatalyst; (iii) The multi-core-shell nanoboxes with porous structure not
only donate to abundant mass transfer tunnels, but also afford more exposed active
sites. The results exposed that the established NiCo@C/FeCo@C@C electrochemical
sensor displayed the advantages of low detection limit, high reproducibility, long-time
stability, high sensitivity and desirable selectivity. Moreover, it also demonstrated the
specificity in quantitatively detecting NFT in tablet and lake water samples, thus
introducing an innovative approach for the advance of highly efficient electrocatalysts

in the area of electrochemical sensing.
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Scheme 1. Schematic to prepare of NiCo@C/FeCo@C@C for the electrochemical

determination of NFT.

2. Experimental section
2.1. Reagents

Dopamine hydrochloride (CsH,NO, HCI, analytical grade, 98% purity),
disodium hydrogen phosphate dodecahydrate (Na,HPO,-12H,O , analytical grade,
99% purity), nickel sulfate hexahydrate (NiSO,-6H,0, analytical grade, 98.5% purity),
potassium ferricyanide (III) (K;[Fe(CN)s], analytical grade, 99.5% purity), trisodium
citrate dihydrate (Na,C¢H;O,-2H,O, analytical grade, 99% purity), potassium
hexacyanocobaltate(III) (K;[Co(CN)], analytical grade, 99% purity), sodium
dihydrogen phosphate hydrate (NaH,PO,:2H,0, analytical grade, 99% purity), iron(II)
sulfate heptahydrate (FeSO,-7H,O, analytical grade, 99% purity), N,N-
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dimethylformamide (DMF, analytical grade, 99.5% purity), nitrofurantoin (NFT,
analytical grade, 98% purity) were procured from Sinopharm Chemical Reagent
Company. All the required solutions were prepared utilizing ultrapure water. All
reagents used for the measurement of NFT were of analytical quality and utilized as

obtained without further purification.

2.2. Synthetic procedure
2.2.1. Syntheses of NiCo PBA and FeCo PBA

6 mmol of NiSO,-6H,0O and 9 mmol of Na;C:H;0;:2H,0O were first dissolved in
deionized water (200 mL), which was assigned as solution A. 4 mM K;[Co(CN);]
aqueous solution (200 mL) was recorded as solution B. Afterwards, solution B was
dropped to solution A, stirred continuously for 10 min and then aged for 24 h at room
temperature. The powdery product of NiCo PBA precursor was harvested by a
centrifuge, washed with deionized water and ethanol several times, and dried in a
vacuum oven overnight at 60 °C. For comparison, FeCo PBA was produced by means
of the same method using 6 mmol FeSO,-7H,0 instead of 6 mmol of NiSO,-6H,0.
2.2.2. Syntheses of NiCo@FeCo PBA

NiCo@FeCo PBA were prepared based on the previous reported procedures
[35]. 6 mmol of FeSO,-7H,0 and 9 mmol of Na,C,H;0,:2H,0 were added in 200 mL
deionized water to form solution A, and then 1 g of the above prepared NiCo PBA
was added into solution A. 4 mmol of K;[Co(CN)s] was dissolved with 200 mL of
deionized water to obtain solution B. Then, solution B was dropped to solution A
under vigorous stirring conditions, stirred continuously for 10 min and then aged at
room temperature for 24 h. The formed precipitate of NiCo@FeCo PBA precursor
was centrifuged, washed with deionized water, and dried in a vacuum oven overnight
at 60 °C.
2.2.3. Syntheses of NiCo@FeCo PBA@PDA

NiCo@FeCo PBA@PDA were prepared based on the previous reported
procedures with a small change [36].160 mg of the above prepared NiCo@FeCo PBA
materials were dispersed in 200 mL of tris-buffer solution (10 mM, pH 8.5), and then
the obtained dispersion was ultrasonicated for 0.5 h, followed by the addition of 160
mg of dopamine hydrochloride with continuous stirring at room temperature for 4 h.
The product was collected by centrifugation, washed with DI water and ethanol for

multiple times, and followed by vacuum drying for 12 h at 60 °C.
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2.2.4. Syntheses of NiCo@C/FeCo@C and NiCo@C/FeCo@C@C

The obtained precursors including NiCo@FeCo PBA and NiCo@FeCo
PBA@PDA were pyrolyzed at 600  for 2 h with a heating rate of 2 min"' under N,
atmosphere, and the NiCo@C/FeCo@C and NiCo@C/FeCo@C@C were gained,
respectively [37]. By means of the same process, NiCo@C and FeCo@C were
produced through replacing the precursor with NiCo PBA and FeCo PBA,

respectively.

2.3. Fabrication of the NiCo@C/FeCo@C@C sensor

A glassy carbon electrode (GCE, d = 3 mm) was smoothed with alumina
suspension to a mirror finish, washed successively with ethanol and deionized water,
and dried naturally. In the meantime, the as-prepared NiCo@C/FeCo@C@C was
dispersed into DMF and sonicated for 20 min to improve the homogeneity, forming
the uniform NiCo@C/FeCo@C@C dispersion with the concentration of 2 mg mL".
Then, a certain quantity of NiCo@C/FeCo@C@C dispersion liquid was drop-casted
on the cleaned electrode surface, and then drying it under an infrared lamp, gaining a
NiCo@C/FeCo@C@C modified GCE. The same method was employed to prepare
GCEs modified with the precursors including NiCo@FeCo PBA@PDA, NiCo@FeCo
PBA, FeCo PBA, NiCo PBA, and the derived materials including NiCo@C,
FeCo@C, NiCo@C/FeCo@C.

2.4. Instruments

The morphology and size of the electrocatalysts were observed with a JEOL-
JSM-7100F scanning electron microscope (SEM) and a Tecnai G2 20 S-TWIN
transmission electron microscope (TEM). Raman spectrum was accomplished
utilizing a DXR Raman spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts) with a 532 nm diode laser. Powder X-ray diffraction (XRD)
experiments were carried out on a D8 ADVANCE (BRUKER, Germany)
diffractometer. The Brunauer-Emmett-Teller (BET) surface area and pore size
distribution were measured on a Micromeritics ASAP 2020 at 77 K. X-ray
photoelectron spectroscopy (XPS) data were attained an X-ray photoemission
spectrometer (AXIS Ultra DLD). A CHI660E electrochemical workstation was
adopted to conduct the electrochemical experiments and analyses were studied. The

prepared materials coated glassy carbon electrode (GCE) was directly utilized as the
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working electrode. The auxiliary electrode was a Pt wire and the reference electrode
was a saturated calomel electrode (SCE, saturated KCI). For the analysis of a real
sample, high-pressure liquid chromatography (HPLC Agilent 1100) with Prontosll
KromaPlus C18 column (150 x 4.6 mm, 5 pm, Bischoff Chromatography, Germany)

and a UV detector was performed at an operational wavelength of 365 nm.

2.5. Preparation of the real sample

The practical probability of proposed NiCo@C/FeCo@C@C sensor for the
voltammetric analysis of NFT in the environmental samples of local lake water
(Wuhan, China) and drug samples (e.g., NFT-containing tablets) was studied. The
lake water samples were filtered through a 0.22 pum membrane and then further
diluted with 0.2 M pH 7.0 PBS at a volume ratio of 1:1 for the following
electrochemical analysis. NFT-containing tablets used in this work were bought from
the local medical store. The tablets were precisely weighed, totally grounded and
dissolved in DMF. Then 50 pL of the treated sample solutions was added to the
electrochemical cells containing 10 mL 0.1 M PBS bufter (pH 7.0).

3. Results and discussion
3.1. Structural and Chemical Analysis

The morphology and structure of the precursors including NiCo PBA, FeCo PBA
NiCo@FeCo PBA and NiCo@FeCo PBA@PDA as well as the corresponding
derivatives including NiCo@C, FeCo@C, NiCo@C/FeCo@C and
NiCo@C/FeCo@C@C were characterized by SEM and TEM. Fig. 1A and 1B are the
SEM and TEM images of NiCo PBA, and it can be seen that NiCo PBA displays a
highly regular cubic morphology with average lateral size of approximately 200 nm.
Fig. 1C and 1D present that the FeCo PBA precursor also possesses monodisperse
cubes. The SEM analysis of the obtained NiCo@FeCo PBA compostie shows that
this composite also displays a monodisperse nanocube morphology with a smooth
surface (Fig. 1E). The core-shell structure of NiCo@FeCo PBA with the cube edge
length of ~250 nm and the 30 nm-thick shell is demonstrated by its TEM image (Fig.
IF). After coating NiCo@FeCo PBA by PDA, the cubic morphology of NiCo@FeCo
PBA@PDA basically remains (Fig. 1G), and the TEM image demonstrates that the
NiCo@FeCo PBA was covered with a very thin and smooth PDA layer (Fig. 1H).

The elemental mapping analysis of NiCo@FeCo PBA (Fig. 1I) illustrates the
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distribution of C, N, Co, Ni and Fe elements in NiCo@FeCo PBA. Moreover, it can
be noticed that Ni elements are mostly dispersed in the part of core, while Fe elements
are mostly allocated in the part of shell and Co elements are distributed in the entire
cube, confirming core-shell structure of the NiCo@FeCo PBA, which is consistent

with the experimental result reported in literature [35].

200 nm

Fig. 1. SEM and TEM images of NiCo PBA (A,B), FeCo PBA (C,D) NiCo@FeCo
PBA (E,F) and NiCo@FeCo PBA@PDA (G,H). Elemental mapping images of
NiCo@FeCo PBA (I).

Fig. 2 shows the morphology and structure of the corresponding derivatives
including NiCo@C, FeCo@C, NiCo@C/FeCo@C and NiCo@C/FeCo@C@C
obtained by carbonization at a high temperature, examined by SEM and TEM. After
calcination and annealing, the product of NiCo PBA precursor cannot maintain the
cubic morphology, however it collapsed and transformed into bulk particles with
irregular morphology with a size of about 280 nm (Fig. 2A). The TEM image (Fig.
2B) clearly displays that the obtained composites have a core-shell structure, with the
state of carbon layer coating NiCo alloy (named as NiCo@C). Similarly, the FeCo
PBA cube was also completely destroyed during heat treatment, leading to the
formation of numerous disordered core-shell nanoparticles with the average size of
~80 nm, in which the core is FeCo alloy and the shell is a carbon layer (named as
FeCo@C) (Fig. 2C and 2D). As for the obtained samples derived from the cubic

NiCo@FeCo PBA precursor without the PDA coating, the cubic morphology
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disappeared and transformed into irregular nanoparticles with the size range of 30 to
80 nm, and these nanoparticles tend to aggregate (Fig. 2E). As presented in Fig. 2F
and 2G, these nanoparticles display core-shell structure, in which the alloy
nanoparticels (i.e., NiCo alloy and FeCo alloy) wrapped within the carbon shell with
thickness of ~15 nm (denoted as NiCo@C/FeCo@C). In Fig. 2H, the HRTEM
images of these core-shell structures display lattice fringes with interplane distances
of 0.330 nm, corresponded to (002) plane of graphitic carbon in the shell. In addition,
in the core portion of two random particles, two kinds of interplanar spacing distance
of 0.210 nm and 0.201 nm were observed, which is in accord with the (111) plane of
NiCo and (110) plane of FeCo, respectively. These HRTEM results demonstrated the
formation of NiCo@C/FeCo@C composite after a pyrolysis treatment of
NiCo@FeCo PBA precursor. However, after calcination of NiCo@FeCo PBA@PDA,
the product can maintain the cubic morphology of precursor with a side length of
approximately 200 nm, only the cube surface displayed a slight concavity,
demonstrating that the PDA coating is helpful to maintain the morphology of the
templates under high-temperature treatment (Fig. 2I). The derived products of
NiCo@FeCo PBA@PDA were explored by TEM (Fig. 2] and 2K), and it can be
clearly obtained that the products exhibit a core-shell cube structure with many
nanoparticles enveloped in a 30 nm-thick shell. The amorphous carbon shell is
produced from the carbonization of PDA at a high temperature. Moreover, HRTEM
(Fig. 2L) is utilized to characterize the nanoparticles in the core of the cube, and these
nanoparticles also show a core-shell structure. The image reveals the fringe spacing of
0.210 nm, 0.200 nm and 0.330 nm for (111), (110) and (002) lattice planes of NiCo
alloy, FeCo alloy and graphitic carbon, respectively. These results propose that the
surface of the NiCo alloy and FeCo alloy is respectively coated with a graphitic
carbon shell, forming a NiCo@C/FeCo@C composite. Then, many
NiCo@C/FeCo@C core-shell particles, as the core, wrapped with PDA-transformed
amorphous carbon shell, forming multi-core-shell structure (denoted as
NiCo@C/FeCo@C@C nanoboxes). Additionally, the corresponding EDS mapping of
NiCo@C/FeCo@C@C nanoboxes in Fig. 2M exposes that C, N, Co, Fe, and Ni
elements are uniformly distributed. The porous and multi-core-shell structure provide
a huge interfacial contact area and more exposed active sites that promote the transfer
of electrons, thereby ensuring prominent sensing capability of NiCo@C/FeCo@C@C

nanoboxes.
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Fig. 2. SEM and TEM images of NiCo@C (A,B), FeCo@wC (C,D),
NiCo@C/FeCo@C (E,F,G) and NiCo@C/FeCo@C@C (1,J,K); HRTEM images of
NiCo@C/FeCo@C (H) and NiCo@C/FeCo@C@C (L). Elemental mapping images
of NiCo@C/FeCo@C@C (M).

The crystal structures of the four precursors (i.e., NiCo PBA, FeCo PBA
NiCo@FeCo PBA and NiCo@FeCo PBA@PDA) and the corresponding derivatives
(i.e., NiCo@C, FeCo@C, NiCo@C/FeCo@C and NiCo@C/FeCo@C@C) were
verified by means of X-ray diffraction (XRD) test. In the XRD patterns of NiCo PBA
(Fig. 3A-a) and FeCo PBA (Fig. 3A-b), the typical diffraction peaks appear at around
17.4° or 17.1°, 24.7° or 24.3° and 35.3° or 34.7°, ascribed to (200), (220) and (400)
planes of Ni;[Co(CN),], PBA phase (JCPDS: 89-3738) and Fe;[Co(CN),], PBA phase
(JCPDS: 46-0907), respectively, demonstrating the effective preparation of NiCo PBA
and FeCo PBA. In addition, the characteristic diffraction peaks of NiCo@FeCo PBA
(Fig. 3A-c) and NiCo@FeCo PBA@PDA (Fig. 3A-d) are consistent with the patterns
of NiCo PBA and FeCo PBA, indicating the core-shell structures were successfully
prepared.

Fig. 3B displays the XRD characteristic patterns of the corresponding derivatives
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(i.e., NiCo@C, FeCo@C, NiCo@C/FeCo@C and NiCo@C/FeCo@C@C). The XRD
plots of NiCo@C possess intense peaks centered at 44.4°, 51.7°, and 76.2°, which lie
between Co (JCPDS: 15-0806) and Ni (JCPDS: 04-0850), which can be indexed to
(111), (200), and (220) planes of the NiCo alloy, respectively (Fig. 3B-a).
Additionally, the intense peaks located at 44.8°, 65.2°, 82.6° belong to the FeCo@C
sample (Fig. 3B-b), matching well with the (110), (200) and (211) plane of FeCo alloy
(JCPDS: 49-1568). As for the NiCo@C/FeCo@C (Fig. 3B-c) and
NiCo@C/FeCo@C@C (Fig. 3B-d), the XRD patterns possess the characteristic peaks
of located at 44.0° or 44.4°, 44.8° or 44.9°, 51.3° or 51.7°, 65.2° or 65.3°, 75.5° or
76.1°, 82.6 or 82.7 belong to the NiCo alloy and FeCo alloy, demonstrating the
effective construction of NiCo alloy and FeCo alloy in these composites. For further
examination of crystal structure, Rietveld refinement was conducted for the
corresponding derivatives (i.e., NiCo@C, FeCo@C, NiCo@C/FeCo@C and
NiCo@C/FeCo@C@C) by means of General Structure Analysis System, as displayed
in Fig. 3C-3F. The results are well consistent with experimental and calculated
intensity patterns, confirming the superior quality of prepared materials. The XRD
results specify that NiCo alloy and FeCo alloy are successfully generated from
NiCo@FeCo PBA@PDA after pyrolysis, indicating the construction of
NiCo@C/FeCo@C and NiCo@C/FeCo@C@C.

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the
detailed elemental composition and oxidation states of the NiCo@C/FeCo@C and
NiCo@C/FeCo@C@C. Fig. 4A offers the survey spectra of NiCo@C/FeCo@C and
NiCo@C/FeCo@C@C, which verify the presence of N, Co, Ni and Fe elements in
these materials. Figure 4B, 4C and 4D display that all the high-resolution Fe 2p

spectrum, Ni 2p spectrum and Co 2p spectrum have two spin-orbit doublets (2p,, and
2p;») and two shakeup satellite peaks (marked by sat.). The Fe 2p;, (~707.4 eV for
Fe’, ~710.5 eV for Fe** and ~712.8 eV for Fe’*) and Fe 2p,, (~718.3 eV for Fe’,

~721.1 eV for Fe* and ~723.7 eV for Fe**) peaks can be observed in the high-
resolution Fe 2p spectra (Fig. 4B). Three kinds of Ni species can be surveyed with the
peaks at 853.1 eV and 870.4 eV indexed to Ni‘, the peaks at 854.2 eV and 872.1 eV
assigned to Ni*, and the peaks at 855.7 eV and 873.8 eV corresponding to Ni** (Fig.
4C) .A couple of peaks located at about 778.5 and 794.0 eV are associated with Co’,
and the second couple of peaks appeared at about 780.1 and 797.3 eV are
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corresponding to Co*', and another couple of peaks at around 782.3 and 799.0 eV are
attributed to Co*" (Fig. 4D). Accordingly, various alloyed nanoparticles are formed in
the NiCo@C/FeCo@C and NiCo@C/FeCo@C@C. The metal centers in these
alloyed nanoparticles are thus active sites and are beneficial to gain outstanding
electrochemical catalytic performance.

The structural defects and graphitization degree of two derivatives (i.e.,
NiCo@C/FeCo@C and NiCo@C/FeCo@C@C) were analyzed by Raman technique.
Two distinct peaks at 1351 cm™ and 1591 cm™ in the Raman spectrum (Fig. 4E) can
be attributed to D band and G band features of carbon-based materials. The band
intensity ratio between the D and G bands (/,/1;) is normally exploited to evaluate the
degree of carbon graphitization. The values (I/I;) of are calculated to be 1.32 and
1.18 for NiCo@C/FeCo@C and NiCo@C/FeCo@C@C, respectively, indicating a
higher degree of graphitization in NiCo@C/FeCo@C@C, which can generate higher
electron transfer ability to improve sensing capability.

The nitrogen adsorption-desorption analysis (Fig. 4F) shows that
NiCo@C/FeCo@C@C owns a Brunauer-Emmett-Teller (BET) specific surface area
of 110.61 m? g' and a pore volume of 0.368 cm’ g, which are nearly 4 times those of
NiCo@C/FeCo@C (25.64 m* g and 0.077 cm’ g, respectively). Additionally, an
average pore diameter of 12.0 nm and 10.0 nm were observed for
NiCo@C/FeCo@C@C and NiCo@C/FeCo@C, respectively (Fig. 4G). It can be
concluded that the construction of carbon nanoboxes with hierarchical multi-core-
shell structure increases the BET surface area and pore volume of
NiCo@C/FeCo@C@C, which can offer NiCo@C/FeCo@C@C more excellent mass
transfer channel, reduce the mass transport resistance and boost the electrochemical

sensing capability.
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absorption/desorption isotherms (F) and BJH pore size distribution (G) of
NiCo@C/FeCo@C (a) and NiCo@C/FeCo@C@C (b).

3.2. Electrochemical properties of different modified electrodes

These composites (e.g., the precursors including NiCo@FeCo PBA@PDA,
NiCo@FeCo PBA, FeCo PBA, NiCo PBA, and the derived materials including
NiCo@C, FeCo@C, NiCo@C/FeCo@C, NiCo@C/FeCo@C@C) were covered on
the bare electrode and their electrochemical performances were investigated using
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
experiments. In the first step, CV curves were recorded for 5 mM [Fe(CNy]*"* in 0.1
M KCI on these electrode surface (Fig. SA and 5B). On these working electrodes, a
couple of noticeable quasi-reversible redox peaks are detected in their CV curves. As
exhibited in Fig. 5A, compared to the anodic peak current (/,,) of bare GCE (96.22
nA), lower I, values were observed on the GCE modified with NiCo@FeCo
PBA@PDA (80.37 pA), NiCo@FeCo PBA (79.97 pA), FeCo PBA (72.02 pA) and
NiCo PBA (70.46 pA), proving that the poor conductivity of these precursors is
unfavorable for the charge transferring process. As showed in Fig. 5B, compared to
the above electrodes, higher /,, values were observed on the GCE modified with
NiCo@C (101.0 pA) and FeCo@C (104.9 pA), proving that NiCo@C and FeCo@C
effectively enhanced the conductivity and boosted the charge transferability. After the
modification of NiCo@C/FeCo@C on the GCE surface, the [, value further increased
to 113.5 pA, owing to the good electron transfer properties resulting from the
cooperative effect of multiple metallic alloy centers existing in the NiCo@C/FeCo@C
composite. Obviously, the highest [, value (140.6 pA) was gained at the
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NiCo@C/FeCo@C@C modified GCE, proving the most outstanding electron-transfer
ability and the largest electrochemical active areas. This is probably due to the porous
structure, higher surface area and the double carbon shell of the
NiCo@C/FeCo@C@C multi-core-shell nanoboxes, which can improve the mass
transfer efficiency.

EIS is an effective method to explore the characteristics (e.g., electron charge
transfer kinetics) of these electrode interfaces. Fig. 5C and 5D showed the recorded
Nyquist plots of these working electrodes in 0.1 M KCIl containing 5 mM
[Fe(CN),]**. To evaluate the surface variations, charge transfer resistance (R.) was
selected for comparing on different modified GCEs. Based on the Randles circuit in
the inset of Fig. 5C and 5D, these Nyquist plots was fitted and the model consists of
the double-layer capacitance (C,) between the working electrode and electrolytic
solution, the electrolyte resistance (R,), Warburg impedance (Z,) and electron-transfer
resistance (R.), of which the values are presented in Table 1. The R, value at the GCE
modified with NiCo@FeCo PBA@PDA, NiCo@FeCo PBA, FeCo PBA, NiCo PBA
and the bare GCE is 299.7 Q, 350.3 Q, 493.5 Q, 577.9 Q and 112.8 €, respectively,
indicating the slow electron transport on these electrodes (Fig. 5C). The R, value for
GCE modified with NiCo@C and FeCo@C declined to 55.37 Q and 49.97 Q,
respectively, signifying that the electrochemical reaction and charge transfer were
enhanced at the NiCo@C and FeCo@C modified GCE surface. Furthermore, the
modification of the NiCo@C/FeCo@C on the GCE surface decreases the R, value to
29.01 Q demonstrating the fast electron transfer rate between the electrode surface
and electrolyte interfaces.  After further modification, NiCo@C/FeCo@C@C
modified GCE owns the smallest R, value to 18.43 Q (Fig. 5D), indicating superior
electron transfer capability. This is mainly due to the unique structure of the porous
multi-core-shell nanoboxes, which can supply easy electron transport pathway
between the electrode and the electrolyte. The NiCo@C/FeCo@C@C composite
presents greater catalytic activity and reflects its potential for electrochemical
detection of NFT in solutions.

The electrochemical behavior of NFT on a GCE as well as GCEs modified with
the precursors including NiCo@FeCo PBA@PDA, NiCo@FeCo PBA, FeCo PBA,
NiCo PBA, and the derived materials including NiCo@C, FeCo@C,
NiCo@C/FeCo@C, NiCo@C/FeCo@C@C was studied by CV technique in PBS (0.1

M, pH 7.0) (Fig. S5E and 5F). No redox peaks are detected in the CV curves of these
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GCEs in the blank solution, namely without NFT (dotted line), while the cathodic
peaks are recorded in the solution containing NFT (solid line). Note that on the bare
electrode only a pretty small reduction peak (3.11 pA) at a potential of -0.477 V is
observed for NFT. The reduction of NFT displays a slightly higher current and more
anodic potential employing NiCo@FeCo PBA@PDA (9.45 pA, -0.462 V),
NiCo@FeCo PBA (6.49 A, -0.455 V), FeCo PBA (5.48 pA, -0.464 V), NiCo PBA
(4.62 pA, -0.463 V) modified GCE due to the electrocatalytic active sites in the
materials (Fig. 5E). Compared to the above electrodes, NiCo@C and FeCo@C
modified GCE displayed stronger electrocatalytic response towards NFT with peak
current values of 31.17 pA and 19.24 pA as well as the potential of -0.435 V and -
0.404 V, respectively. This is due to the excellent electronic conductivity of the porous
carbon shell and the superior electrocatalytic ability of the alloy nanoparticles.
Electrocatalytic sensing behavior was further enhanced by coating NiCo@C/FeCo@C
on GCE, presenting a peak current value of 37.91 pA, which means that the
cooperative effect of NiCo@C and FeCo@C in the NiCo@C/FeCo@C hybrid
improves the electrochemical property. Eventually, the highest cathodic peak intensity
(53.41 pA) and more anodic potential (-0.405 V) was gained on a
NiCo@C/FeCo@C@C modified GCE (Fig. 5F), indicating outstanding electronic
conductivity, a large number of active sites and a high electrocatalytic activity of this
electrode. The superior sensing performance can be due to the distinctive advantages
of the obtained NiCo@C/FeCo@C(@C composites as the sensing materials: (i) firstly,
cooperative effects between metal alloy nanoparticles as active centers boost the
electrocatalytic activity; (ii) the association of double carbon layers derived from the
ligand and PDA would distinctly enhance the electronic conductivity of the
electrocatalyst; (ii1) The multi-core-shell nanoboxes with porous structure not only
donate to abundant mass transfer tunnels, but also afford more exposed active sites.

It is obvious that NiCo@C/FeCo@C and NiCo@C/FeCo@C@C modified GCEs
displayed excellent sensing performance for NFT, hence, to further explore and
compare the electrochemical kinetic information of these electrodes, the standard
heterogeneous charge-transfer rate constant (k°) was extracted utilizing the rotating
disk electrode (RDE) voltammetry technique. The RDE voltammetric profiles
recorded using varying electrode rotation speed (o) in 1 M KCI containing 5 mM
Ru(NH,),Cl; for different electrodes are provided in Fig. 6A-6C. The k° values were

assessed on the basis of the Koutecky-Levich equation [11], they are 0.095, 0.109 and
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0.395 cm s' for a GCE, a NiCo@C/FeCo@C modified GCE and a
NiCo@C/FeCo@C@C modified GCE, respectively (Fig. 6D). The highest £° value
obtained for NiCo@C/FeCo@C@C modified GCE proposed improved charge

transfer rate and increased conductivity for electrochemical sensing of NFT (Fig. 6H).
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Fig. 5. (A,B) CV responses and (C,D) EIS spectra of a GCE, as well as a GCE
modified with the precursors including NiCo@FeCo PBA@PDA, NiCo@FeCo PBA,
FeCo PBA, NiCo PBA, and the derived materials including NiCo@C, FeCo@C,
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equimolar (5 mM) mixture of K;Fe(CN), and K ,Fe(CN),. The Inset in (C and D) is the
Randles equivalent circuit model. EIS test is at open circuit potentials (E,F). CV
curves of a GCE, as well as a GCE modified with the precursors including
NiCo@FeCo PBA@PDA, NiCo@FeCo PBA, FeCo PBA, NiCo PBA, and the
derived materials including NiCo@C, FeCo@C, NiCo@C/FeCo@C and
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NiCo@C/FeCo@C@C without (dashed line) and with (solid line) 100 uM NFT.

Table 1. The electrochemical impedance data of various electrodes in 5 mM

[Fe(CN)J** + 0.1 M KCL

Electrode R, (Q) Ca (F) R.(Q) Z,(Qs™)
NiCo PBA 256.3  0.527x10° 5779 0.0010
FeCo PBA 109.8 0.452x10° 493.5 0.0008
NiCo@FeCo PBA 97.2 0.464x10° 350.3 0.0007
NiCo@FeCo PBA@PDA 134.6 1.208x10° 299.7 0.0010
GCE 112.1  0.475x<10°  112.8 0.0008
NiCo@C 136.1  1.755x10°%  55.37 0.0009
FeCo@C 1954  0.594x10°  49.97 0.0007
NiCo@C/FeCo@C 109.9  0.620x10°  29.01 0.0009
NiCo@C/FeCo@C@C 81.39  0.204x10°  18.43 0.0013
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Fig. 6. RDE voltammetric profiles recorded in 1 M KCl and 5 mM Ru(NH;),Cl; on a
GCE (A), a NiCo@C/FeCo@C modified GCE (B), and a NiCo@C/FeCo@C@C
modified GCE (C) using varying electrode rotation speed; (D) Corresponding
Kouteckye-Levich plots on a GCE (a), a NiCo@C/FeCo@C modified GCE (b), and a
NiCo@C/FeCo@C@C modified GCE (c). (E-G) Chronoamperograms (a and b) and
linear fitting graph of O vs. ¢ (a' and b') in PBS (0.1 M) supporting electrolyte (pH =
7.0) in the absence (a and a') or presence of 10 uM NFT (b and b') on a GCE (E), a
NiCo@C/FeCo@C modified GCE (F), and a NiCo@C/FeCo@C@C modified GCE
(G). (H) The responding values of k’and Q...
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Moreover, the adsorption phenomenon of NFT on these electrodes was
investigated by chronocoulometry (CC), and the related charge (Q)-time (¢) curves
were recorded on a GCE (Fig. 6E), a NiCo@C/FeCo@C modified GCE (Fig. 6F) and
a NiCo@C/FeCo@C@C (Fig. 6G) modified GCE. As displayed in Fig. 6E, while the
GCE working electrode was put into a 0.1 M pH 7.0 PBS solution with the analytes
for test, gaining the O-t curve (Fig. 6E-a). As displayed in the insets in Fig. 6E, the
relationship linear plots of Q-7 could be gained through extracting data from QO-t
curves (Fig. 6E-a’). Then, the CC test was carried out in an electrolyte solution
containing 10 uM NFT, and the O-t curve (Fig. 6E-b) under the same test condition
was recorded with a Q-7 straight line (Fig. 6E-b’). According to Anson’s theory, Q.
denotes the Faradaic charge caused by the reduction of the adsorbed NFT, and the Q..
value is the equivalent of the intercept difference between curve b’ and curve a'.
Accordingly, the Q.. values for NFT on a GCE, a NiCo@C/FeCo@C modified GCE
and a NiCo@C/FeCo@C@C modified GCE were acquired as 0.46 nC, 11.96 pC and
35.29 uC, respectively (Fig. 6H). The results proposed that NiCo@C/FeCo@C@C
possesses a superior adsorption capability of NFT, which is mainly due to its unique
structure of porous multi-core-shell nanoboxes, which can significantly expand its

electrode effective surface area and capability of NFT adsorption sites.

3.3. Electrochemical sensing applications

In order to optimize the buffer solution’s pH for the quantification of NFT on
NiCo@C/FeCo@C@C modified GCE, the CV curves of 100 uM NFT in PBS (0.1
M) with different pH values (from 6.0 to 8.0) on the above electrode were displayed
in Fig. 7A. It is obvious that as pH increases from pH 6.0 to 7.0, the cathodic peak
current (/,.) of NFT gradually increased (the inset I of Fig. 7A). The I,. achieved the
maximum value in the supporting electrolyte with a pH value of 7.0, and then
diminish as pH increased between pH 7.0 and 8.0. Consequently, in the subsequent
tests, a pH 7.0 PBS (0.1 M) was adopted as the supporting solution. Moreover, the
cathodic peak potentials (E£,.) of NFT continuously shift to more cathodic ones with
the growing of pH wvalue, representing the participation of protons in the
electrochemical reaction of NFT. The E,. values had good linearity with the pH values
of the supporting electrolyte, and the equation can be acquired as E,. (V) = -0.045 -
0.060 pH (R? = 0.996) (the inset II of Fig. 7A). The absolute value of the slope was

close to the theoretical value attained from the Nernst equation (-59 mV pHY),
20



demonstrating that an equal number of transferred electrons and protons were
engaged in the NFT reduction process on the NiCo@C/FeCo@C@C modified GCE,
as shown in Scheme 2.

CV curves for NiCo@C/FeCo@C@C modified GCE at various scan rates (v,
from 40 to 200 mV s') were recorded in a 100 uM NFT solution to explore the
electrode reaction behavior of NFT based on the relationship of /,. and E,. with v (Fig.
7B). As increasing v, the I, values of NFT raised linearly as v increased,
demonstrating that the electrochemical reaction of NFT on the NiCo@C/FeCo@C@C
modified GCE surface was an adsorption-controlled process (the inset I of Fig. 7B).
Meanwhile, with the growth of v, the cathodic peak of NFT negatively shifted. The E,,
and In v were linearly fitted (the inset II of Fig. 7B). The obtained linear regression
equation was E,. (V) =0.045Inv - 0.241 (R*=0.999).

To gain a proper performance of the constructed sensor, the influences including
the suspension amounts of NiCo@C/FeCo@C@C materials and accumulation time
were assessed. Fig. 7C displays the cathodic peak current values for GCE modified
with different amounts of NiCo@C/FeCo@C@C. It was apparent that GCE modified
with 3 pL of NiCo@C/FeCo@C@C gains the largest electrochemical signal and
hence 3 pL was optimal for NFT detection. Meanwhile, the electrochemical signal is
notably affected by the accumulation time, the influence of cumulative time on
cathodic peak current was further evaluated. The results showed that as the
accumulation time was varied from 2 min to 5 min, a progressive enhance in the peak
response of NFT was observed. Nevertheless, further lengthening of the accumulation
time did not cause large variations in the peak response (Fig. 7D). These results
propose that the optimal accumulation time is 5 min for attaining the largest peak

current in NFT determination utilizing NiCo@C/FeCo@C@C.
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Fig. 7. (A) CVs of 100 uM NFT on a NiCo@C/FeCo@C@C modified GCE in 0.1 M
PBS solutions with diverse pH values (scan rate: 100 mV s'). The insets are Linear
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accumulation time (D) on the electrochemical signals of NFT. (E) DPVs at a
NiCo@C/FeCo@C@C modified GCE under different NFT concentration; (F) /. vs.
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SENSsors.

Scheme 2. The reduction mechanism for NFT on a NiCo@C/FeCo@C@C modified
GCE.

Table 2. Comparison of a NiCo@C/FeCo@C@C modified GCE with other sensors
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when applied for NFT quantitation.

Linear range LOD
Electrode (uM) 8 (M) Ref.
Ag-Ni (OH), 0.11-212 79 [38]
CusZny/HPCNC/SPE 0.75-473 311 [39]
MgFe,0, 0-342.6 33 [40]
f-CNF/CB/GCE 0.05-104.66 16 [41]
NPSC/GCE 1.0-2500 36 [42]
Ag/Se/GCE 0.1-210 23 [43]
NdM/SPCE 0.1-481 16 [44]
N-CQD@Co;0/MWCNTs/GCE 0.05-1220 44 [45]
CTMs/GCE 10-140 21 [46]
Cu-TC4A-M@MC/GCE 4-1050 456 [47]
NiCo@C/FeCo@C@C/GCE 0. 05-100 14 This work

HPCNC: hollow porous carbon nanocubes; SPE: screen-printed electrode; f-CNF/CB:
functionalized carbon nanofibers and carbon black hybrid composite; NPSC: N, P-
hollow sphere carbon; NdM: neodymium molybdate; SPCE: screen printed carbon
electrode; N-CQD: nitrogen-doped carbon quantum dots; MWCNTs: multi-walled
carbon nanotubes; CTMs: calcium tungstate microspheres; Cu-TC4A-M@MC: two-
dimensional thiacalix[4]arene-copper (I) MOF was mixed with mesoporous carbon.

The voltammetric quantification of NFT with NiCo@C/FeCo@C@C modified
GCE was accomplished by differential pulse voltammetry (DPV) technique in PBS
(0.1 M) supporting electrolyte (pH 7.0). The cathodic peak current (/,.) generated
from the reduction of NFT over NiCo@C/FeCo@C@C modified GCE amplified
gradually with an increase of the NFT (Fig. 7E) concentration (C) from 0.05 to 100
uM. There were two linear ranges for the NFT detection on the
NiCo@C/FeCo@C@C modified GCE. When the NFT concentration increases from
0.05 to 10 uM, the linear fitting equation of /,. and C was I,. (WA) =-1.865 C (UM) -
0.236 (R> = 0.994) (Fig. 7F). At higher concentrations from 10 to 100 uM, the linear
regression equation was /,. (LA) =-0.253 C (uM) - 15.310 (R* = 0.998). Additionally,
the limit of detection (LOD) calculated from these voltammetric quantification for
NFT was found to be as low as 14 nM with an error limit of 2.4%. Table 2 displays a
comparative account of the linear ranges and LODs observed by

NiCo@C/FeCo@C@C modified GCE with those reported electrochemical sensors
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for NFT detection. This table evidently reveals that the sensing results from
NiCo@C/FeCo@C@C modified GCE are either comparable or much better in the
field of LOD and the linear range assessed for NFT.

The reproducibility, stability, and anti-interference capability of a
NiCo@C/FeCo@C@C modified GCE toward the electrochemical sensing of NFT
were  explored. We investigate the reproducibility performance of
NiCo@C/FeCo@C@C modified GCE sensor under the identical conditions. The
RSD was evaluated using seven different electrodes. The current response signals at
10 uM NFT were examined for RSD calculations. The RSD value was 4.2%,
indicating that the NiCo@C/FeCo@C@C modified GCE sensor displayed excellent
reproducibility for sensing NFT (Fig. 8A). Stability is an essential indicator to assess
the sensor performance. Therefore, the fabricated electrode was used to continuously
monitor NFT every five days. When it was not in use, the developed sensor was
stored at 4 . The electrochemical signal of the sensor changed slightly after one
month, evidencing the prominent stability of the developed sensor toward the
detection of NFT (Fig. 8B). In addition, the morphology of the sensing materials was
investigated after the sensing experiment (the inset in Fig. 8B), and the SEM image

shows that the cubic shape keeps, indicating the good stability of the sensor.
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Fig. 8. (A) The electrochemical signals of seven various modified electrodes for the
sensing of 10 uM NFT; (B) long-term stability of NiCo@C/FeCo@C@C modified
GCE sensor every 5 days; (C,E) DPV curves of various interfering species and 2 uM
NFT at a NiCo@C/FeCo@C@C (C) and a NiCo@C/FeCo@C (E) modified GCE in
the 0.1 M PBS (pH 7.0); (D,F) The comparison of current responses before and
after the addition of co-existing moieties during the NFT determination at a
NiCo@C/FeCo@C@C (D) and a NiCo@C/FeCo@C (F) modified GCE. (G,H) DPV
curves of lake water sample (G) or tablet sample (H) on a NiCo@C/FeCo@C@C
modified GCE before and after the addition of NFT standard solutions. Error bars

represent the standard deviation of the mean from three sensors.

In order to confirm the anti-interference capability of NiCo@C/FeCo@C@C
modified GCE (Fig. 8C and 8D) and NiCo@C/FeCo@C modified GCE (Fig. 8E and
8F), 25 times concentration of 2-nitrophenol (2-NP), fructose (FT), uric acid (UA),
hydroquinone (HQ), catechol (CC), resorcinol (RC), glucose (Glu), ascorbic acid
(AA), chloramphenicol (CAP), tryptophan (Trp), 4-nitrophenol (4-NP) and 50 times
concentration of Na“, K, Cl and I were added into 2 uM NFT in 0.1 M PBS (pH 7.0),
and the DPV curves were recorded, as shown in Fig. 8C and 8E. The electrochemical
signal of NFT did not change much (lower than 10%) on NiCo@C/FeCo@C@C
modified GCE (Fig. 8D), which fully proved that NiCo@C/FeCo@C@C modified
GCE owned high anti-interference capability and could be utilized to practical
determination. In comparison, the large influence on the electrochemical signal of

NFT was observed on NiCo@C/FeCo@C modified GCE (Fig. 8F). This is mainly
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due to the multi-core-shell nanoboxes with  porous  structure of
NiCo@C/FeCo@C@C, which is benefit for the selectivity.

To explore and determine the practical applicability of the
NiCo@C/FeCo@C@C sensor, for sensitive sensing of NFT, the DPV examinations
over pharmaceutical (e.g., tablet) and lake water samples were accomplished in PBS
(0.1 M) supporting electrolyte (pH 7.0) by the standard spiking method (Fig. 8G and
8H). Table 3 of the experimental results demonstrates that the constructed
electrochemical sensor possesses suitable recovery rate for NFT determination in the
real samples, based on the equation 1.

(Equation 1)

The NFT level in in the real samples was then detected and compared with that
measured using high performance liquid chromatography (HPLC, Table 3). There was
no obvious difference of the determined consequences, implying that the constructed
NiCo@C/FeCo@C@C sensor owns a great potential in real sample analysis with

high precision and accuracy.

Table 3. DPV measured results of NFT in tablet and lake water through HPLC and
the GCE modified with NiCo@C/FeCo@C@C.

Detection Recovery test

Sampl HE&SO RSD HPLC RSD Spiked Found Recovery RSD

V) V) V) V)

e d (uM) (%) (uM) (%) M) (M) (%) (%)
1.04 1.07 1.93

Tablet 0.97 35 1.06 1.4 1 2.03 102.0 4.6
1.02 1.09 2.12
1.03

Lake = \p . NnD - 1 096 1020 43
water 1.05

4. Conclusions

In general, a highly efficient metal@carbon electrocatalyst with porous and
multi-core-shell nanobox structure comprising PDA-derived C coated NiCo@C and
FeCo@C nanohybrid (named as NiCo@C/FeCo@C@C) was fabricated by simply
pyrolyzing NiCo@FeCo PBA@polydopamine. The NiCo@C/FeCo@C@C
composite attained an enhanced electrochemical capability, such as outstanding
electronic conductivity, a large number of active sites and a high electrocatalytic

activity, which exhibited a highly sensitive response to NFT. Based on the novel
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sensor fabricated by the NiCo@C/FeCo@C@C composite, the electrochemical
behavior of NFT was investigated. The electrochemical determination approach
occupied differential pulse voltammetry (DPV) and yielded a linear response in the
range of 0.05-100 uM, coupled with low LOD of 14 nM. In addition, the established
NiCo@C/FeCo@C@C electrochemical sensor also demonstrated good stability, high
anti-interference ability, satisfactory reproducibility and practical application. This
work paves a way for the development of highly efficient metal@carbon
electrocatalyst with multi-core-shell structure for electrochemical sensing

applications.
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