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different ratios of Ni/Co have been prepared by a polyol-mediated solvothermal method for H,0,
detection. The obtained products exhibit honeycomb-like open porous microtubes constituted with the
low-dimensional nanostructured Ni,Coy-DO blocks after the calcination treatment. Compared with
nickel oxides, the introduced Co ions in NixCo,-DO can induce the production of surficial oxygen
vacancies, and further enhance the electrode surface activity. In particular, the NiCo-DO sample (with an
atomic ratio of Ni/Co = 4:3) shows the richest surficial oxygen vacancies and presents the highest H,0,
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Oxygen vacancies detection activity among all the as-prepared samples, demonstrating an excellent sensitivity of
Hydrogen peroxide detection 698.60 AL mmol~! cm™ (0 ~ 0.4 mmol/L), low detection limit (0.28 pwmol/L, S/N = 3), as well as long
Electrochemical sensors stability, high selectivity and good reproducibility. This work lends a new impetus to the potential

application of double metal oxides for the next generation of non-enzymatic sensors.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Hydrogen peroxide (H,0,), as a strong oxidizing agent, not only (IIM)OOH, attributed to the electron transfer from H,0, to Ni(IIl)
plays an important role in pharmaceutics, industrial bleaches and OOH, according to Egs. 1 and 2 [19].
cllmcal.medlcme [?—3], but alsg car} induce many.dlsea,ses: such Ni(I1)0 + OH~ - Ni(Il)OOH + ¢~ 1)
as cardiovascular disease, Alzheimer's, cancer, Parkinson’s disease
[4,5]. Therefore, it is essential to accurately detect the concentra-
tion of H,0, with a simple and cost-effective operation method. 2Ni(IINOOH + H,0, — 2Ni(I1)O + 2H,0 + 0, (2)
Among various detection approaches [6-8], non-enzymatic
electrochemical sensors have attracted more and more attention
due to their irreplaceable advantages, including low detection
limit, high sensitivity, good selectivity and high stability [9,10].
Accordingly, a wide variety of non-enzymatic sensor materials
have been investigated, such as precious metals (Ag, Au, etc.)
[11,12], carbon materials [13], and non-precious metal compounds
[14-16]. Due to the balance of availability and detection perfor-
mance, nickel oxides (NiO) have been considered as one of the
efficient H,0-, sensing materials [17,18]. The detection mechanism
is based on the increased anodic current responses of Ni(I[)O — Ni

Nevertheless, the utilization of NiO particles directly as the
electrochemical sensors is limited by their high electronic
resistance, confined surface area and inferior surficial activity.
Hence, several featured NiO nanoarchitectures (e.g., nanoparticles
[20], nanofibers [21], nanosheets [22], nanoflower [23], etc.) have
been designed to enlarge the electrochemical surface area. In
particular, the low-dimensional crosslinked texture with open
pores has proved to be favorable for enhancing electronic
conductivity and facilitating mass-transfer ability. Besides opti-
mizing nanostructures, introducing other metals into NiO has been
investigated to enhance the reactivity by the complementary and
synergistic effects of the two types of metal elements [24,25].
Among these metal elements, Co has the similar atomic radius to
B Ni, which is beneficial for incorporating Co into NiO lattice to form
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In this work, we synthesized a series of honeycomb-like open
porous nanoarchitecture built of the low-dimensional nickel and
cobalt double oxides (NixCoy-DO) blocks for H,0, detection
(Supporting information). After two simple synthesis steps,
involving of polyol-mediated solvothermal reaction and calcina-
tion (Scheme S1 in Supporting information), different contents of
Co were successfully incorporated into NiO. The obtained samples
were named as Ni,Co-DO, NiCo-DO and NiCo,-DO, respectively,
according to the mass ratios of metal precursors (ie., Ni/Co
chlorides added was 2:1,1:1,and 1:2). The Ni/Co atomic ratios were
measured as 5:2 (Ni,Co-DO), 4:3 (NiCo-DO) and 2:3 (NiCo,-DO) by
inductively coupled plasma (ICP, Table S1 in Supporting informa-
tion). In comparison with the homemade NiO, the introduced Co
ions in NixCoy-DO not only facilitated the construction of
honeycomb-like open porous microtubes but also induced the
production of surficial oxygen vacancies. As a result, the Ni,Co,-DO
exhibited high detection performance as non-enzymatic H,0,
electrochemical sensors.

The NiyCoy layered double hydroxide (NixCoy,-LDH) and Ni
hydroxide intermediates were firstly characterized by X-ray
powder diffraction (XRD) and scanning electron microscopy
(SEM). From XRD patterns (Fig. S1 in Supporting information),
the characteristic diffraction peaks centered at 10.3°, 21.6°, 33.8°,
60.1° refers to the (003), (006), (101), (110) crystal planes of a-Co/
Ni(OH); [27], suggesting that all the hydroxide intermediates were
generated. On the contrary, no solid product was obtained by the
same synthetic method in the absence of Ni ions (Fig. S2 in
Supporting information). As shown in SEM in Fig. S3 (Supporting
information), compared with the uniform microspheres of Ni(OH),
intermediate (d = 850nm), NiyCoy-LDH presented that the
microspheres were assembled in one-dimension structure with
the increase of Co content. Since the mass ratio of Ni/Co chlorides
added to the system was below 1:1, the microspheres almost
disappeared and formed open porous microtubules structure (d =
2.6 pm) constituted with a great number of crosslinked and
vertically-standing nanoflakes. The morphologic variety of Ni(OH),
and NixCoy-LDH originated from a larger solubility product of Co**
than Ni?* [28], resulting to that the Co®* ions served as “glue” to
reconstitute the microtubules with the Ni(OH), microspheres
[29,30]. After the calcination treatment, all the final products (i.e.,

Ni,Co-DO

NixCoy-DO and NiO) still reserved the porous microarchitecture of
the hydroxide intermediates with a slight reduction in diameter
(NixCoy-DO: d = 2.1 pm; NiO: d = 770 nm, Figs. 1a-d). Meanwhile,
the internal structures of these microtubules were clearly
discerned by the high-resolution transmission electron microsco-
py (HR-TEM). As shown in Fig. 1e, the NiO was composed of nano-
scale but irregular features, and had an interplanar spacing about
0.24 nm, which could be corresponded to the NiO (111) plane.
Compared with the NiO, the lattice fringes with 0.24 nm of Ni,Coy-
DO were rougher, indicating that lattice defects increased after Co
introducing (Figs. 1f-h) [31]. In addition, it could be seen that the
formation of nanorod was promoted by increasing the Co content
in Ni,Coy-DO (Fig. S4 in Supporting information), and the nanorods
resolved lattice fringes with an interplanar spacing of about 0.47
nm. Furthermore, the elemental mapping images of NiCo-DO
sample (Fig. S5 in Supporting information) demonstrated that the
element Ni, Co and O were evenly distributed in the microtubules.
On the basis of the microscopy observation, the illustrations of
morphology variety for NiO and NiyCo,-DO are summarized in
Fig. 1i.

To investigate the porous structure of these as-prepared
samples, N, adsorption-desorption measurements were con-
ducted for NiO, Ni,Co-DO, NiCo-DO and NiCo,-DO (Fig. S6 and
Table S2 in Supporting information). With the increase of Co
content, the NiyCo,-DO samples presented the decreased surface
area (from 102.9 m?/g to 86.9 m?/g), but increased pore volume
(from 0.166 cm>/g to 0.223 cm?/g) and average pore size (from 7.5
nm to 12.2 nm). Owing to the large divergence in the morphologies
between NixCo,-DO and NiO samples, the porous parameters of
NiO (93.5 m?/g, 0.231 cm®/g and 8.3 nm) did not follow this
tendency. The larger surface area of NiyCoy-DO, than those of
previously reported Ni-Co oxides [32,33], could be attributed to
the polyol-mediated effect, especially polyethylene glycol [34].

Fig. 2a showed the XRD patterns of NixCo,~-DO and NiO samples,
and the characteristic diffraction peaks of NiO sample were
assigned to the fine cubic rock salt structure (JCPDS No. 47-1049).
When the Co content was increased, the diffraction peaks of Ni,Co-
DO and NiCo-DO became weaker and broader, but mainly
maintained the NiO-based crystal structure. However, as for
NiCo,-DO, the diffraction peaks ascribed to the spinel structure

NiCo-DO iCo,-DO

Fig.1. SEM and HR-TEM images of (a, e) NiO, (b, f) Ni,Co-DO, (c, g) NiCo-DO, and (d, h) NiCo,-DO, respectively. (i) Schematic illustration of morphology variety of the above

four samples.
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Fig. 2. (a) XRD patterns and (b) Raman spectra of NiO, Ni,Co-DO, NiCo-DO, and
NiCo,-DO.

(JCPDS No. 20-0781) were observed due to the NiCo,04 agglomer-
ation. It was worth noting that the NiCo-DO sample exhibited the
most weakened and broadened diffraction peaks in comparison
with NiO, Ni,Co-DO and NiCo,-DO. It indicated that the incorpo-
ration of Co could largely distort the NiO lattice structure to low-
crystalline and amorphous structure, but further facilitate the
formation of NiCo,04 nanocrystals.

To study the chemical structures of Ni,Co,-DO, Raman analysis
was further performed. Fig. 2b showed that the one-phonon band
(1LO, around 502 cm ') and two-phonon band (2LO, around 1065
cm™!) in NiO were due to the Ni-O stretching mode. When
incorporating Co?* into NiO lattices, the 1LO band became more
asymmetric and broader, and the 2LO peak decreased, which can
be ascribed to the lattice expansion and structural disorder, along
with oxygen vacancies [35]. In addition, the F»g, Eg and Aqg bands at
around 182, 466 and 642 cm™ ', respectively, were observed in both
NiCo-DO and NiCo,-DO, which can be attributed to the bridging
metal-oxygen bonds (Ni-O and Co-O). The increased A;g band in
NiCo,-DO demonstrated the increased concentration of octahedral
coordination sites (CoO6, Co>*) in the spinel NiCo,04 structure
[36], which was consistent with the XRD results.

Furthermore, the electronic structures of Ni and Co was studied
by X-ray absorption near edge structure (XANES) spectroscopy. The
normalized Co K-edge XANES spectra (Fig. S7a in Supporting
information) showed that the Ni,Co-DO was close to the CoO
reference, but the NiCo-DO and NiCo,-DO samples exhibited the
similar pre-edge features with Cos04 indicating that the Co
valences in Ni»Co-DO, NiCo-DO and NiCo,-DO were dominantly
Co(II), Co(II/1IT) and Co(II/III), respectively. On the other hand, all
the as-prepared NixCoy-DO and NiO samples presented the similar
structure of the standard NiO reference with Ni(Il). While NiCo-DO
and NiCo,-DO exhibited relatively low white-line intensities, it
revealed an increase of Ni(Il) species with defects (Fig. S7b in
Supporting information). The Fourier-transforms of the extended
X-ray absorption fine structure (EXAFS) spectra of Co and Ni were
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collected to further analyze the Ni,Coy-DO samples. As shown in
Fig. S7c (Supporting information), the peaks of Ni,Co-DO were
similar with standard CoO. However, NiCo-DO and NiCo,-DO were
close to Co;04 with three characteristic peaks at 1.5, 2.5 and 3 A,
signified the bond distance of Co-0, octahedral Co-octahedral Co/
Ni, and tetrahedral Co-octahedral Co, respectively. Meanwhile, the
single scattering paths of Ni-O and the closest neighboring metal-
metal (i.e., octahedral Ni-octahedral Ni/Co) were observed at about
1.6 and 2.5 A, respectively (Fig. S7d in Supporting information)
[37]. Particularly, the intensity of Ni-O bonding was firstly reduced
and then increased by increasing the Co content. The weakest
intensity of Ni-O bonding in NiCo-DO indicated that the NiCo-DO
possessed the minimal Ni-O bonding, which could be associated
with the oxygen vacancies. Moreover, the bond distances of Ni-O
and octahedral Ni-octahedral Ni/Co decreased with the increase of
Co content, which was due to the difference of ion radius between
Ni(II) and Co(II) [38].

The surface chemical structure was further measured by X-ray
photoelectron spectroscopy (XPS). Fig. 3a showed the presence of
Ni 2p, Co 2p and O 1s in the NixCo,-DO samples, All the chemical
composition of as-prepared NiO and Ni,Co,-DO was listed in
Table S3 (Supporting information). In addition, the Co 2p spectra
(Fig. 3b) showed that Co(Ill) and Co(Il) were found at 779.6 eV/
794.9 eV and 781.2 eV/796.4 eV, respectively; meanwhile, the Ni2p
spectra (Fig. 3c) were also fitted with Ni(Il) (854.3 eV/872.1 eV) and
Ni(IIT) (855.6 eV/873.2 eV) [39]. With the increase of Co content,
the Co(III)/Co(Il) atomic ratio was increased as following: Ni,Co-
DO < NiCo-DO < NiCo,-DO, and the trend of Ni(III)/Ni(Il) atomic
ratio was also increased (i.e., NiO < NiCo-DO < NiCo-DO < NiCo,-
DO, Table S3 in Supporting information). The high content of Co(III)
and Ni(IIl) was designated to the partly per-oxidized surface and/or
the formation of NiCo,04 from NiO [26,40], both leading to an
increase in surficial oxygen content (NiO < Ni;Co-DO < NiCo,-DO).
However, it was worth noting that the NiCo-DO possessed the
lowest oxygen content among the NixCo,-DO samples. The O 1s
spectra (Fig. 3d) of the NiO and NiyCoy-DO samples were
deconvoluted into three fitted peaks centered at 529.2 eV (01),
530.7 eV (02) and 533.4 eV (03), corresponding to the typical of
lattice metal-oxygen bonds, the surficial oxygen deficient regions,
and the multiplicity of hydroxyl physic/chemisorption, respective-
ly [39]. The contents of the active O2 and O3 species were
increased by introducing Co and increasing Co content (Table S3).
Due to the largest structural distortion and the lowest oxygen
content, the NiCo-DO exhibited the abundant surficial oxygen
vacancies within the highly active surface. Thus, we estimated that
the NiCo-DO would have the enhanced electrochemical sensing
performance.

Before evaluating the performance for H,O, detection, the NiO
and all NiyCoy-DO modified GCEs were activated by cyclic
voltammetry (CV) measurement. Fig. 4a demonstrated the CV
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Fig. 3. XPS spectra of NiO and NiyCo,-DO samples, (a) survey spectrum, (b) Co 2p, (c) Ni 2p, and (d) N 1s for the NiO and NixCo,-DO samples.
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Fig. 4. (a) CV curves of the NiO and Ni,Co,-DO electrodes in absence and presence
of 1 mmol/L H,0,. (b) CV curves of the NiCo-DO electrode in 0.1 mol/L NaOH with
different content of H,0,. (c) CV curves of NiCo-DO at different scan rates, and the
inset showed the derived plot of the redox peak vs. the square root of scan rate.
(d) The i-t response of NiO and NixCoy-DO electrodes towards the injection of H,0,,
and the inset in (d) showed the calibration curve of current response vs. H,0,
concentration.

curves of NiO and NiyCoy-DO electrodes with and without 1
mmol/L H,0; in 0.1 mol/L NaOH (N,-saturated) solution at a scan
rate of 20 mV/s. A pair of redox peaks within 0-0.70V could be
attributed to reversible processes between metal oxides and metal
oxyhydroxides in the NaOH electrolyte. Compared with the NiO
and Ni;Co-DO (NiO: 46 pA; Ni,Co-DO: 161 pA, at about 0.45 V),
the NiCo-DO and NiCo,-DO electrodes exhibited higher oxidation
current (NiCo-DO: 415 wA; NiCo,-DO: 337 wA) detection at about
0.50 V. Notably, the NiCo-DO exhibited the highest oxidation
current responses (Ai = 16.7 pA) to 1 mmol/L H0, solution in
comparison with other as-prepared electrodes (NiCo,-DO: 12.7
WA; NipCo-DO: 10.8 pA; NiO: 7 wA). Moreover, as the concentra-
tion of H,0, increased, the cathodic current of the NiCo-DO sensor
was significantly enhanced, indicating a typical representation of
the catalytic reduction of H,O; (Fig. 4b). The CV curves of NiCo-DO
sensor under different scan rates (20 ~ 100 mV/s) were carried out
to further study the electrochemical mechanism (Fig. 4c). The
current responses exhibited a pair of redox peaks (the anodic peaks
at ca. 0.49 ~ 0.60 V and the cathodic peaks at ca. 0.20 ~ 0.26 V). In
addition, the redox peak currents maintained proportional to the
square root of scan rate (the inset in Fig. 4c). The result indicated
that the oxidation process of H,O, on the NiCo-DO surface was
diffusion controlled.

The amperometry curve of the NiO and NiCo-DO electrodes
were carried upon the successive addition of H,0O, at +0.50V
(Fig. 4d). The corresponding calibration curves (the inset in Fig. 4d)
showed that NiCo-DO exhibited a highest sensitivity of
698.605 WAL mmol~'cm™, with the linear range of 0 to
0.4 mmol/L and 444.84 AL mmol~! cm™2, with the linear range
of 0.4-1.2 mmol/L towards the addition of H,0,, which was
consistent with the CV results. Like other metal oxides, the
decrease of sensitivity (slope) in the second linear range (higher
analyte concentrations) [41,42], which was likely due to the
limited specific surface area of Ni,Coy-DO restricted the diffusion
of electrolyte and reactant [34]. In the future, we will further
enlarge the range of linear region by loading NiCo,-DO on high
surface area carriers. Besides, the NiCo-DO sensor also exhibited a
low detection limit (0.28 umol/L, S/N = 3). The calculation method
of the sensitivity and the detection limit could be found in the

Nickel oxide Nickel and cobalt double oxide
. - o=
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Scheme 1. Schematics of the electron transfer mechanism and the oxygen vacancy
participated mechanism.

Supporting information. In addition, as aliquots of H,O, were
added into electrolyte, the response time of NiCo-DO was within
6s. We also compared the sensing performances of NiCo-DO
sensor with other typical non-enzymatic for H,O, sensing. The
summarized results showed that the detection performance of the
NiCo-DO electrode was comparable even better than previous
sensors, especially the sensitivity (Table S4 in Supporting
information).

The excellent sensitivity and outstanding detection limit of
NiCo-DO sample had drawn our attention. Based on the
identification of the abundant surficial oxygen vacancies, we
proposed the oxygen vacancy participated mechanism shown
schematically in Scheme 1 in comparison with traditional electron
transfer mechanism. Compared with the NiO, the oxygen-vacancy
enriched NiCo-DO could enhance the surface activity and show the
larger current response.

In addition, some potentially oxidizable compounds such as
uric acid (UA), L(+)-cysteine (L-Cys) and ascorbic acid (AA) are the
main interfering substances for H,0, detection, for these electro-
active species commonly coexisting in the biological fluids, which
can also be oxidized at the high potential and their electrochemical
signals to severely affect the selectivity of enzymatic sensors. Thus,
it is critically important to examine the selectivity analysis of the
NiCo-DO electrode towards H,O, sensing. Fig. S8 (Supporting
information) showed the chronoamperometric responses upon the
addition of some possible interfering substances. 20 pmol/L
additions of these interfering species exhibited negligible current
responses, while 200 wmol/L H,0, caused a significant response. It
indicated that the NiCo-DO sensor had a good selectivity for HO,
detection. Furthermore, the stability of the NiCo-DO electrode was
studied by the five continuous chronoamperometry results in one
month (stored at 4°C, Fig. S9 in Supporting information). The
attenuation of normalized current was only 14.2%, showing
that the NiCo-DO sensor exhibited the excellent stability. The
chronoamperometry measurement also showed a good reproduc-
ibility of NiCo-DO sensor with the relative standard deviation
of only 5.80% in five parallel samples (Fig. S10 in Supporting
information).

In summary, we synthesized a series of honeycomb-like open
porous microarchitecture in built of the low-dimensional NixCo,-
DO blocks with the different ratios of Ni/Co by a polyol-mediated
solvothermal method. The introduced Co in NixCo,-DO not only
induced the morphologic and crystalline change but also increased
the surficial oxygen vacancies. Thanks to the abundant oxygen
vacancies, the NiCo-DO sample presented the high sensitivity and
low limit detection, along with the good selectivity, stability and
reproducibility. Therefore, this work develops one kind of high-
performance non-enzymatic H,0, sensors and lends a new
impetus to the potentially application of double metal oxides.
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