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Abstract: As the properties of nanoma-
terials are strongly dependent on their
size, shape and nanostructures, probing
the relations between macro-properties
and nanostructures is challenging for
nanoscientists. Herein, we deliberately
chose three types of Ni(OH), with hex-
agonal, truncated trigonal, and trigonal
hourglass-like nanostructures, respec-
tively, as the electrode modifier to
demonstrate the correlation between
the nanostructures and their electroca-
talytic performance towards L-histidine.
It was found that the hexagonal hour-
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electrocatalytic activity, which can be
understood by a cooperative mecha-
nism: on one hand, the hexagonal
sample possesses the largest specific
surface area and the tidiest nanostruc-
ture, resulting in the most orderly
packing on the electrode surface; on
the other hand, its internal structure
with the most stacking faults would
generate a lot of unstable protons,
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leading to an enhanced electronic con-
ductivity. The findings are important
because they provide a clue for materi-
als design and engineering to meet a
specific requirement for electrocataly-
sis of L-histidine, possibly even for
other biomolecules. In addition, the
hexagonal Ni(OH),-based biosensor
shows excellent sensitivity and selectiv-
ity in the determination of L-histidine
and offers a promising feature for the
analytical application in real biological
samples.

glass-like Ni(OH), sample had the best

Introduction

New properties can be acquired from the materials at the
nanoscale and, equally important, these properties change
with their structure.! Therefore, a good understanding of
the correlation between the structure and the property is re-
garded as a grand challenge that must be met for the re-
searchers to improve the engineering of a desired nanostruc-
ture with specific properties. Nanomaterials with electroca-
talytic activity have raised much attention since the early
2000s due to its wide application in carbon monoxide oxida-
tion, alcohols oxidation, amino oxidation and other reac-
tions of significant importance in environmental engineering
as well as energy storage.”) As we know, the electrocatalytic
activity and sensitivity is highly structure-dependent.’* So
far, some researchers have systematically shown the impor-
tance of the tailoring of the structure under strictly control-
led experimental conditions, and reported the dependence
of the nanostructure on both electrochemical reactivity and
selectivity."¥ Basically, the structure-dependent feature in
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electrocatalysis can be roughly divided into three categories:
size-,> shape-"®! and composition dependence.’'* The
size effect is common for nanoscale materials with a high
specific surface area. Recently, the group of Zheng™! report-
ed the synthesis of ultra-thin Pd nanosheets restricted to less
than 10 atomic layers, which exhibited 2.5 times as electro-
catalytic active as that measured for high-surface-area com-
mercial Pd for the oxidation of formic acid. Shape-control-
led electrocatalytic sensitivity is generally considered be-
cause nanomaterials with well-defined facets can show spe-
cific activity or selectivity compared with those materials ex-
posed with common planes. By using a programmed
electrochemical method, Tian et al.' prepared single-crys-
tallite tetrahexahedral Pt nanocrystals and found that the
high index planes, such as {730}, {210} or {520}, exhibited
greatly enhanced (up to 400%) catalytic activity compared
with equivalent Pt surface areas for the electrooxidation of
formic acid and ethanol. This remarkable catalytic perform-
ance at the high index planes could also be demonstrated by
Liu and co-workers.'”! They investigated the ethanol oxida-
tion on different Pt crystal planes by density functional
theory calculations and showed that the selectivity of etha-
nol oxidation depended markedly on the surface structure.
When it comes to the composition-dependent electrocatalyt-
ic activity, a synergistic effect of the components should be
responsible for the activity improvement. Fang et al.'®>"!
studied the electrochemical properties of PtCu nanoparticles
and found that for methanol oxidation, the catalytic activity
followed the order: PtCu nanocube >PtCu nanosphere > Pt
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nanosphere. It is also shown that cubic PtCu nanoparticles
were more active than spherical PtCu nanoparticles for the
formic acid oxidation at high potentials. According to the
above literature, most of the efforts were made to explore
the relation between the nanostructures and their electroca-
talytic properties in the fields of poisonous gas treatment
and fuel cells, but few® in biosensing, particular in the de-
tection of amino acids.

L-Histidine, a neurotransmitter or neuromodulator, is an
essential bioactive amino acid which plays a significant role
in physiologic antioxidant defenses. It has long been known
as a fairly efficient scavenger of both the hydroxy radical®"!
and the nonradical toxic oxygen species singlet oxygen,?”
which is emerging as an important contributing factor in
many deleterious oxidative
processes. As a result, histidine-
containing medicaments have

Dertld Europe

were chosen as the electrode modifier separately to detect
the r-histidine. Based on the experimental results, we dis-
cuss in detail the correlation between the nanostructures
and their electrocatalytic performance on L-histidine. In ad-
dition, the hexagonal hourglass-like Ni(OH),, which shows
the best electrocatalytic properties toward L-histidine, was
also selected for testing its analytical application in real bio-
logical samples.

Results and Discussion

Morphology characterization and growth mechanism of
three types of hourglass-like Ni(OH),: Figure 1a illustrates

the potential to be anti-inflam-
matory therapeutic agents in a
range of diseases, including ul-
cerative colitis, infectious diar-
rhea, bacterial meningitis, car-
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diac ischemia, and respiratory ;
distress syndrome.” However,
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ingesting very large doses of L-

hexagonal

histidine would induce minor
neurologic symptoms, such as
taste and smell distortion.”!
Therefore, sensitive detection
of r-histidine is very important
from the perspective of applica-
tions in both drug research and
clinical treatment. Besides, in-
vestigating the correlation be-
tween the nanostructures and
their electrocatalytic perform-
ance is undoubtedly vital and
helpful for the researchers to
select a proper nanostructure
for the highly sensitive detec-
tion of L-histidine.

As we know, Ni(OH), pos-
sesses high catalytic activity to-
wards electrooxidation of organics containing OH or NH,
groups.” In addition, it has a wide application in sensors
for ethanol,” urea,”” glucose,” drugs3” amino
acids,®*? and DNAP! through cyclic-mediated electron-
transfer processes in alkaline solutions. Moreover, compared
with pure Ni or NiO, a Ni(OH),-modified electrode with
more direct, stable,® low-cost, and low-toxicP®! features
should be more suitable and promising for the eco-friendly
and high-efficiency biochemical detection nowadays. In this
paper, the morphology and growth mechanism of three
types of hourglass-like Ni(OH), nanomaterials including
hexagonal, truncated trigonal, and trigonal,® are briefly
represented at first for helping to understand their external
and internal structures. Then these unique nanostructures
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Figure 1. a) XRD patterns of three types of hourglass-like Ni(OH), nanocrytstals. The relative peak intensity
of 101/001 clearly increases from the hexagonal to the trigonal sample, indicating a different evolution of pyra-
midal planes of the crystals among the three types of nanostructures. SEM overview images of b) hexagonal,
c) truncated trigonal, and d) trigonal hourglass-like Ni(OH), nanomaterials. Insets of each image are the top
view and side view of the corresponding nanostructure. The scale bars of the SEM overview images and insets
are 500 and 100 nm, respectively.

the crystallographic structural characteristics of the three
types of hourglass-like Ni(OH), nanomaterials investigated
by using XRD analysis. All of the diffraction peaks of each
sample can be indexed as B-phase nickel hydroxide (JCPDS
14-0117). The relative peak intensity of 101/001 increases
obviously from the hexagonal to the trigonal sample, indi-
cating a different evolution of pyramidal planes of the crys-
tals, R{101} and r{—101}, among the three types of nano-
structure.

Typical SEM images of the samples are shown in Fig-
ure 1b-1d. Figure 1b shows the sample with stunted hexag-
onal hourglass-like architecture that is similar to the “nano-
plate” morphology. As shown in the inset of Figure 1b, the
average side length and height of the hexagonal hourglass-
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like sample are about 180 nm and 50 nm, respectively. Fig-
ure 1¢ shows the morphology of the truncated trigonal
sample, in which an obvious concave polyhedron with cen-
trosymmetric hourglass-like structure is obtained. A particu-
lar crystal is evident with 280/120 nm in average long/short
side length of the top (bottom) truncated triangle, and with
270 nm in height. The magnified images shown in the insets
provide clear top and side views of the mesosoma hourglass
structure. A well-developed hourglass nanocrystal, which is
elongated compared with the two previous samples, is also
obtained and shown in Figure 1d. The average side length
of the top (bottom) triangle is 400 nm and the height pro-
longs to be about 500 nm. Obviously, each $-Ni(OH), con-
cave polyhedron could be seen as two truncated pyramids
joining together with a central-symmetry manner. The pyra-
midal faces (side faces) can be classified into two shapes,
isosceles triangles and trapezoids, which are presented alter-
nately along the pyramidal side.

From our previous work,” it has been proven that the
amount of hydrazine hydrate determines the evolution of
the crystallographic pyramidal planes of the crystals, R{101}
and r{—101}, which should answer for the enlarging area of
the pyramidal faces. Besides, a growth mechanism based on
two-stage oriented attachment has also been proposed and
perfectly explained the series of anisotropic features as well
as the interesting structural pattern of the as-prepared [3-
Ni(OH), hourglass-like nanofamily. Basically, the Ni(OH)s*
coordination octahedron (NCO) is considered to serve as
the basic growth unit to fabricate these nanocarystals. It can
be observed from Figure 2a that the NCOs in one layer are
exposing their faces at R{101} planes, whereas exposing their
corners at r{—101} planes. In general, with this spatial rela-
tionship between the octahedra and the pyramidal planes
families, the stacking of the NCOs along the r<—101> di-
rection should be more stable and then grow faster than the
R<101> direction. As shown in Figure2b, when the
amount of N,H,-H,O is low (0.5 mL), the evolution of R
and r planes in the hexagonal crystal is poor, thus the two
types of pyramidal faces (A and B) would be both restrain-
ed to growth and show nearly no difference in their areas
(A/B=1), favoring the hexagonal shape of the top (bottom)
faces. When we increased the amount of N,H,H,O, the
height of the nanocrystal increased. The pyramidal faces B
that correspond to the evolution of r planes would gradually
reduce; whereas the alternate faces A that correspond to
the evolution of R planes would expand, leading to the for-
mation of an intermediate morphology, which is the truncat-
ed-trigonal nanostructure. If we kept increasing the amount
of N,H,-H,O to some extent (3.0 mL), pyramidal faces A
would keep enlarging at the cost of reduction of the alter-
nate faces B. As a result, the trigonal hourglass-like nano-
structures will form because of the area ratio of A/B in-
creases to its maximum value. And the top (bottom) faces
would thus show equilateral triangles. Of note, herein, the
hexagonal morphology termed as the stunted “hourglass-
like” nanostructures would be more appropriate than the
“plate-like” nanostructures in this crystal family.
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Figure 2. a) The spatial relationship between the stacking NCOs and the
R or r planes (the hydrogen atoms are omitted for clarity); the stacking
of the NCOs along the r direction should be more stable and grow faster
than the R direction. b) The shape evolution of the pyramidal faces (col-
umn I) and corresponding top (bottom) face (column II) from the hexag-
onal to the trigonal nanostructure; pyramidal faces A and B correspond
to the evolution of R and r planes, respectively. From the hexagonal to
trigonal, with increasing height of the nanocrystal, the pyramidal faces A
gradually expand at the cost of reduction of the alternate faces B. A
color version is available in the Supporting Information as Figure S14.

Electrocatalytical performance of the hourglass-like
Ni(OH), nanostructures: Basically, the electrocatalytic oxi-
dation mechanism of L-histidine on the Ni(OH), nanocrys-
tal-modified electrode can be explained by the following
equations:

Ni(OH), + OH™ = NiOOH + H,0 + ¢~ 1)
NiOOH + r-histidine — product + Ni(OH), (2)

A detailed electrocatalytic mechanism is illustrated in
Scheme 1. Firstly, Ni(OH), was oxidized at the electrode
surface to NiOOH. Then adsorbed L-histidine reduced
NiOOH back to Ni(OH),, which would be electrochemically
reoxidized in the CV procedure. Meanwhile, the oxidation
of L-histidine was possible after the NIOOH was electro-
chemically formed, in which the N-end segment of the L-his-
tidine molecule (-CH,-NH,) might be converted into nitrile
(—CN).BL32361 1 addition, decarboxylation can occurt™ in
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Scheme 1. Schematic illustration of the electrocatalytic oxidation mecha-
nism of r-histidine on the Ni(OH), nanocrystal-modified GCE. The
atoms in organic groups: black, C; white, H; red, O; blue, N.

the presence of an a-amino group and thus generate carbox-
yl group, which is a common one-carbon unit degraded from
histidine. %!

By depositing different types of Ni(OH), nanomaterials
with the same concentration (0.625 gL™') on the surface of
the glassy carbon electrode (GCE), three simple biosensors
were prepared. Then, the sensing performance of Ni(OH),
modified electrodes for L-histidine were evaluated through
cyclic voltammetry (CV) measurement in a solution of
NaOH (0.1m). Typical CV curves obtained at the Ni(OH),/
GCE when reacting with various concentrations of L-histi-
dine ranging from 0.1 pM to 0.1 mm are shown in Figure 3a,
b, and c. Some similar features of the CVs can be summar-
ized as follows: 1) Prior to interaction with L-histidine, no
obvious oxidation peak current can be detected. 2) When
adding very small amount of L-histidine (0.1 um), the oxida-
tion peak currents dramatically enhance. With increasing
the concentration of L-histidine, it is observed that the oxi-
dation peak currents gradually increase, indicating that L-
histidine is oxidized. 3) It should be noted that, this electro-
chemical behavior is different from typical mediated catalyt-
ic oxidation in which the reduction peak current is expected
to decrease. An increase in the oxidation- and reduction
peak currents after L-histidine addition is believed to be due
to the fact that the transition between Ni(OH), and NiOOH
makes this redox couple have a dual function as the elec-
tronic medium and catalyst, synchronously.*” 4) In the pres-
ent of L-histidine, the potentials of oxidation peak slightly
shift but are all close to that of the intrinsic Ni(OH),/
NiOOH transition, also suggesting the existence of electron
transfer between the histidine and the Ni(OH),/NiOOH
couple. 5) CVs obtained from various scan rates show that
the kinetic process is diffusion-controlled in each electro-
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Figure 3. CVs obtained at GCE modified with the 0.625 gL.™" a) hexago-
nal, b) truncated trigonal, and c) trigonal hourglass-like Ni(OH), in a sol-
ution of NaOH (0.1M) with various concentrations of L-histidine at the
scan rate of 0.05Vs™'. The peak currents increase with the increasing
concentration of L-histidine. d) The oxidation peak currents of the CVs
in a, b, and c as a function of specific L-histidine concentrations. The hex-
agonal sample shows the best electrocatalytical performance among the
three hourglass-like samples for the detection of L-histidine.

chemical system of the three samples (Figure S1 in the Sup-
porting Information). Meanwhile, differences also apparent-
ly exist. 1) The oxidation peak current of the electrode with
the Ni(OH), modifier follows the sequence of hexagonal >
truncated trigonal >trigonal, as shown in Figure 2d. The
hexagonal sample shows the best electrocatalytical perform-
ance among the three hourglass-like samples for the detec-
tion of L-histidine. This superiority becomes more and more
obvious as the concentration of L-histidine increases, and at
an vr-histidine concentration of 0.1 mm, the oxidation peak
current of the electrode with hexagonal modification is
about 3- and 9-fold higher than that with truncated trigonal
Ni(OH), and trigonal Ni(OH), modification, respectively. In
addition, the detection limit of the electrode modified with
the hexagonal sample is 12.9 nm as calculated in terms of
the 3o rule*! which is the lowest among three samples;
whereas the detection limit of the electrode modified with
truncated trigonal sample and trigonal sample are 41.4 nm
and 66.8 nM, respectively. 2) Only one reduction peak locat-
ed at 0.32 V can be observed in the CVs of trigonal sample,
whereas another small peak around 0.42 V is detected in the
CVs of truncated trigonal sample, and this peak is more ob-
vious in that of the hexagonal sample. The reason of this
phenomenon might be that compared with other two sam-
ples, the hexagonal sample has the best electrocatalytical
ability, and then the most amount of product would be gen-
erated after the oxidation of rL-histidine, which would proba-
bly desorb from the surface of electrode and induce a cur-
rent response at the peak of 0.42 V. The fact that this specif-
ic peak becomes more obvious as the concentration of L-his-
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tidine increases (as shown in Figure 3a) also supports the in-
ference above.

As the electrochemical performance of the electrode can
be influenced by the amount of the as-deposited materials,
we increased the concentration of the three types of
Ni(OH), samples to 2.5 and 5.0 gL', respectively, for fur-
ther electrocatalytic experiments. CVs obtained from the
electrode modified with 2.5 and 5.0 gL' Ni(OH), samples
(the Supporting Information, Figures S2 and S3) demon-
strated similar results as that with 0.625 gL.™' (Figure 3): the
electrocatalytical activity follows the sequence of hexago-
nal > truncated trigonal > trigonal. If one considers the dis-
tinct size difference of three types of Ni(OH), crystal parti-
cles, then another reasonable comparison of their electroca-
talytical performance should guarantee that the amount of
the three types of crystal particles deposited on the elec-
trode surface is either the same or that the difference is neg-
ligible. Herein, if the Ni(OH), molecular packing densities
in a crystal particle of three types of morphologies are sup-
posedly the same, then the mass ratio of a crystal particle
should be: hexagonal/truncated trigonal/trigonal~1:4:8, in
terms of their volume ratio. Hence, the comparison of the
electrocatalytical activity among the hexagonal with
0.625 gL™", truncated trigonal with 2.5gL™" and trigonal
with 5.0 gL' can meet the request above (0.625:2.5:5.0=
1:4:8). Interestingly, this comparison still shows that the hex-
agonal sample has the best electrocatalytical activity (the
Supporting Information, Figure S4). All the experimental
data reveal that the intrinsic properties of this crystal family
present fascinating electrocatalytic results.

Understanding of the structure-dependent electrocatalytic
performance: Herein, we believe two important factors, the
external architecture and the internal degree of crystallinity,
should be mainly put into consideration.

Consideration of the external architecture: As shown in Fig-
ure 2b, three samples all belong to the hourglass-like nano-
crystal family, with six pyramidal faces, one top face and
one bottom face. They differ only in the crystal height,
shape, and areas of each faces. Although the trigonal struc-
ture could adsorb more histidine molecules than the hexago-
nal structure concerned with a crystal particle (the Support-
ing Information, Figure S5), the smaller hexagonal sample
with a higher specific surface area still has the chance to
adsorb more histidine molecules than the trigonal sample
under the same concentration of the modified material. Ad-
ditionally, the hexagonal sample possess inherent structural
superiority of two-dimensional (2D) nanostructure, that is,
stacking more compactly among the crystal particles and
being much easier to form a relatively ordered configura-
tion,* than the trigonal sample with three-dimensional
(3D) sophisticated architecture when depositing on GCE.
Moreover, the trigonal sample featured with the largest par-
ticle size has the difficulty in achieving complete oxidation
during the charge process, which might also be responsible
for its relatively worse electrocatalytic activity.
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Consideration of the internal degree of crystallinity: It has
been reported that some structural defects or disorders
could be incorporated during the crystallization of nickel hy-
droxide, resulting in poor crystallinity but better electro-
chemical performance.***"! Basically, these disorders can be
divided into: a) cation vacancies,***! b) stacking faults,***/
¢) turbostratic disorders® involving the random orientation
of the layers about the c-crystallographic axis, and d) inter-
stratification®! arising due to the insertion of water mole-
cules and/or anions part of the way between the hydroxide
layers. Based on the literature, the cation (Ni*t) vacancies
and the interstratification would give rise to the lowering of
point group symmetry as well as the obvious change of crys-
tallographic structural parameter;*! whereas the turbostrat-
ic disorder would lead to the #k0 (e.g., 100 and 110) reflec-
tions acquire a “saw tooth” line shape, displaying an asym-
metry on the higher-angle side.’” However, no such proof
can be obtained from the XRD patterns in our work (Fig-
ure 1a), suggesting that almost none of these three kinds of
disorders could be involved in the crystal formation of the
as-prepared Ni(OH), nanofamily. Stacking faults, neverthe-
less, which can strongly affect the full width at half-maxi-
mum (FWHM) value of k0! reflections,* were revealed in
our XRD patterns (the Supporting Information, Figure S6).
The patterns demonstrate that the FWHM values of 101
and 102 peaks of the hexagonal sample are obviously larger
than those of the other two samples, indicating the existence
of a greater amount of stacking faults in the hexagonal
sample. Thus, the correlation between the nature of stacking
faults and electrocatalytic performance of nickel hydroxide
needs to be further illustrated.

By employing symbols A, B, and C to represent hydroxyl
group positions, a typical ideal crystallographic structure of
nickel hydroxide is supposed to have the stacking sequence
of ABAB (Figure 4a), which represents the single-layered
periodicity of a hexagonal lattice.®® Stacking faults are in-
troduced by the insertion of the other types of hydroxide
layers, such as BA, CA, CB and so on, amidst the primary

Figure 4. Polyhedra linkages illustrating the stacking manner of nickel hy-
droxide: a) in the ideal structure (ABAB oxygen stacking), in which the
HO, tetrahedron and the NiO, octahedron share only one edge (high-
lighted by arrows), therefore, H is relatively stable; b) on a growth stack-
ing fault (ABCB oxygen stacking) and c) on a deformation stacking fault
(ABCA oxygen stacking), in which the HO, tetrahedron and the NiOy
octahedron share one face (highlighted by arrows), therefore, H is unsta-
ble. Note: here, the HO, tetrahedra are delineated by pink dotted lines.
The illustration indicates that the more stacking faults embedded, the
more unstable protons are generated, leading to an enhanced electrocata-
lytic activity..
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ABAB stacking manner. From a general point of view,**!

the insertion of CB and CA layers were considered as the
main types of stacking faults in nickel hydroxide, named as
“growth faults” and “deformation faults”, respectively.
Layer CA is related to AB by a (1/3, 2/3, 1) translation,
whereas CB by a combination of (1/3, —1/3, 1) translation
and a mirror-plane (001) reflection. Insertion of these vari-
ous layers into the primary sequence generates different in-
terlayer sites. As shown in Figure 4b, the insertion of a CB
layer leads to the generation of only octahedral interlayer
sites, whereas the CA layer (Figure 4c) generates an octahe-
dral and a trigonal prismatic interlayer site. Figure 4 also
shows the relative space relations between the hydrogen
atom of a hydroxide slab and the nickel ion of the next slab,
among these three types of stacking manners. The nickel
atom is always located in the center of the NiO4 octahedra.
The hydrogen atoms, in the interslab space, are exactly
above or under the oxygen atoms by O—H bonding. Thus, H
atom can be considered as in the center of HO, tetrahedra.
In an ideal structure (Figure 4a), the electrostatic interac-
tion between a hydrogen atom and a nickel ion is quite
small because they are relatively far away from each other
(the HO, tetrahedron and the NiO4 octahedron share only
one edge, delineated by an arrow). However, in the vicinity
of a stacking fault (Figure 4b and 4c), this interaction is
much stronger as these two polyhedra share one face (de-
lineated by arrow), which is in violation of the third Pauling
rule, therefore this means the hydrogen atoms localized at
the stacking faults are unstable with respect to the others.
Actually, Equation (1) can be spatially separated into
OH +H*—H,O at the electrode/electrolyte interface and
Ni(OH),—NiOOH+H™ +e¢~ within the solid phases. A dif-
fusion step is therefore necessary to move protons from the
site in which they are created to the charge-transfer site,
through the solid material. Thus, during the oxidation of
Ni(OH),, these unstable hydrogen atoms can be more easily
deintercalated. One can assume that during the following re-
duction process, the protons will not be easily reintercalated
into these sites. This means that the more stacking faults in-
volved, the more unstable protons are generated, leading to
the persistence of more trivalent nickel ions, which may pro-
vide an enhanced local electrical conductivity. Thus, more
protons could participate in the electron-transfer at the het-
erogeneous catalytic interface and improve the electrocata-
lytic activity. Meanwhile, the presence of these hydrogen
atoms in a different surrounding might explain the appear-
ance of new lines in the Raman spectra (the Supporting In-
formation, Figure S7). The specific peak located at 510 cm™
in the spectrum of the hexagonal sample (the Supporting In-
formation, Figure S7d), should be associated with the exis-
tence of proton vacancies.® Hence, the stacking faults
could be caused by these proton vacancies induced by the
existence of H,O molecules in -Ni(OH),, which has been
demonstrated.® From this viewpoint, the reason the current
signal of CVs of the hexagonal Ni(OH), sample is the high-
est could be also easily understood because the proton va-
cancies would enhance the proton diffusion coefficient of
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the sample. This defect- or disorder-induced enhancement
of catalytic activity has also recently been found in some
other metal oxide nanomaterials.”*>®

Furthermore, we further experimented by synthesizing
Ni(OH), nanostructures with thinner thickness compared
with the 50 nm hexagonal sample. The characterization re-
sults (the Supporting Information, Figure S8) demonstrate
that 101 and 102 peaks in XRD of the as-prepared nanocrys-
tal are wider than previous samples, indicating greater
amounts of the embedded stacking faults. The morphology
is also hexagonal, but its thickness along the c¢ axis of
Ni(OH), is only about 20 nm. Cyclic voltammetry was oper-
ated on the electrode modified with the concentration of
0.625 gL.™! of this sample. The results show that the 20 nm-
hexagonal sample is better than all the previous samples in
detecting of L-histidine under the same concentration (the
Supporting Information, Figure S9). When guaranteeing that
the number of the crystal particles is the same, the CVs ob-
tained with 0.25 gL' 20 nm-hexagonal sample should be a
reasonable result for comparison since 0.25:0.625=2:5,
which is approximately the mass ratio of the two hexagonal
samples. Fascinatingly, the result still reveals this 20 nm-hex-
agonal sample has the best electrocatalytic activity among
the four samples under the same particle numbers (the Sup-
porting Information, Figure S10). These data again prove
our argument that the simpler the morphology and the
more embedded stacking faults, the better electrocatalytic
activity of the sample for L-histidine.

In addition, from a thermodynamic point of view, the in-
troduction of stacking faults would apparently change nei-
ther the coordination number nor the octahedral symmetry
about the Ni** ion. Therefore, stacking faults do not dimin-
ish the enthalpy of the system, but by increasing the disor-
der contribute towards a marginal lowering of the free
energy through the entropy term. Concomitant with the
higher thermodynamic stability of the stack faulted phases,
the point group symmetry around the Ni** ion would in-
crease from 3m to 6/mmm.*! Herein, although the XRD
patterns of the three samples are very similar with the
standard pattern of nickel hydroxide (point group: P3m1, as
shown in the Supporting Information, Figure S11), the pat-
tern of hexagonal sample with relative lower peak intensity
and broader FWHM of 101 or 102 should be attributed to a
different symmetry, which is likely to be 6/mmm. In this
work, the morphology of the samples transfers from trigonal
to hexagonal hourglass-like nanostructures with the increas-
ing symmetry from 3m to 6/mmm, which is in accordance
with the general viewpoint that the macroscopic morphology
of the crystal is usually bound up with its microscopic sym-
metry of the crystallographic structure. Verma and Krish-
na®! have argued that polytypes having a higher symmetry
have greater thermodynamic stability. Extending this argu-
ment to faulted crystals in our work, hexagonal crystals
having more stacking faults are expected to have a higher
thermodynamic stability than the other two kinds of nano-
crystals, which should be theoretically in favor of practical
testing.
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Application to real samples by using a 50 nm-hexagonal
Ni(OH),-modified electrode: Although all three types of
hourglass-like Ni(OH), samples show much better electroca-
talytic sensitivity than the commercial sample (the Support-
ing Information, Figure S12), the hexagonal sample with the
best electrocatalytic performance is considered as most suit-
able for real sample test based on the discussion above. The
liner range of this sample (0.1 um-0.1 mm) perfectly covers
the normal concentration value (ca. 10 um) of L-histidine in
human body, indicating that it is good enough for analysis of
real samples. Besides, the detection limit for L-histidine was
12.9 nm, which is significantly lower than those previously
reported.®* % Hence, we tested a human blood serum
sample with different L-histidine concentrations on the hex-
agonal Ni(OH),-modified GCE. The analytical results
reveal that the recovery and relative standard deviation
values are acceptable (the Supporting Information,
Table S1). In addition, the selectivity of this biosensor has
also been studied by challenging it with other interferences,
such as, p-histidine, glucose, and ascorbic acid (the Support-
ing Information, Figure S13). The results reveal that the oxi-
dation peaks of r-histidine can be distinguishable from the
interferences. All these experimental data imply that our
proposed biosensor has a promising feature for analytical
application in complex biological samples.

Conclusion

A series of hourglass-like Ni(OH), nanostructures were de-
liberately selected to serve as electrode modifiers and we
have demonstrated the correlation between the structure of
nanomaterials and their electrocatalytic activity on L-histi-
dine. It was found that all three types of Ni(OH), nanostruc-
ture modified electrodes have lower detection limit and
wider linear range than the commercial materials. Moreover,
the electrocatalytical performance of the hexagonal
Ni(OH), sample is the best under different test criterion.
This should attribute to its superior external geometric con-
struction and the internal structural stacking faults. The
electrocatalytical activity of a simpler morphology, hexago-
nal Ni(OH), nanostructures with a thickness of 20 nm, also
support the basic argument of this paper. The findings are
important because they firstly provide a clue for materials
engineering to meet a specific requirement in L-histidine de-
tection, possibly even for other target sensing. It also pro-
vides another opportunity for designing new and better elec-
trocatalytic materials by using shape-controlled nanoparti-
cles. In addition, the hexagonal hourglass-like Ni(OH),-
based biosensor shows excellent sensitivity and selectivity in
the determination of L-histidine and can offer a promising
feature for the analytical application in real biological sam-
ples.
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Experimental Section

Reagents: Nickel(II) 2,4-pentanedionate (Ni(acac),, 95 %) was purchased
from Alfa-Aesar Reagent Company. Commercial nickel hydroxide was
obtained from Aladdin Reagent Company. Cetyltrimethylammonium
bromide (CTAB) and hydrazine monohydrate (N,H,H,O, 80%) were
both obtained from Tianjin Fine Chemical Co. Ltd. L-Histidine was pur-
chased from CNS Bioservices. All chemicals were of analytical grade and
used without further purification.

Synthesis of the three types of hourglass-like §-Ni(OH), nanocrystals: In
a typical procedure,™ 0.051 g of Ni(acac), and 0.779 g CTAB were first
dissolved into deionized water (50 mL) at room temperature, yielding a
light-green transparent solution. After 30 min of vigorous agitation,
0.5 mL, 1.5 mL, and 3.0 mL N,H,-H,O were introduced dropwise into the
mixture for the synthesis of hexagonal, truncated trigonal and trigonal
hourglass-like samples, respectively, turning the color of solution slowly
to light bluish-purple. With another 30 min of stirring, the solution was
heat to 80°C for 5 h. Finally, a green precipitate was obtained that was
rinsed several times with ethanol and deionized water.

Synthesis of hexagonal $-Ni(OH), nanocrystals (20 nm-thickness): The
typical procedure is nearly the same as that of the synthesis of hourglass-
like B-Ni(OH), nanocrystals above except the amount of N,H,H,O
added is 0.3 mL.

Sample characterization: The structures and compositions of the as-pre-
pared products were characterized by X-ray powder diffraction (XRD)
using a Rigaku Dmax2200 X-ray diffractometer with Cuy, radiation (A=
1.5416 A). The morphologies of the synthesized samples were studied by
a Hitachi S4800 cold-field emission scanning electron microscope
(CFESEM). Transmission electron microscopy (TEM) and high-resolu-
tion TEM (HRTEM) investigations were carried out by a JEOL JEM-
2100F microscope. Raman spectra were collected using a Jobin Yvon
(Laboratory RAM HR800) confocal micro-Raman spectrometer equip-
ped with a multi-channel charge-coupled detector. The Ar* laser emit-
ting at a wavelength of 514.5 nm was used as a source of excitation. The
number of grating in the Raman spectrometer was 600. The spectra were
obtained using a 50 x objective lens.

Electrode modification and electrochemical measurements: Prior to the
modification, the glassy carbon electrode (GCE) surface was carefully
polished to a mirror-like surface with alumina powders (0.05 um) and
then sonicated successively in ethanol and deionized water for 5 min, sep-
arately. Secondly, a Ni(OH),/deionized water solution (5 puL) of certain
concentration was droplet-deposited on the surface of GCE and dried in
air for further use. The electrochemical measurements were carried out
with electrochemical analyzer (CHI 660C, CH Instruments) in a conven-
tional three-electrode cell. The as-prepared modified electrode was used
as a working electrode. An Ag/AgCl (sat. KCl) and a Pt wire were em-
ployed as reference electrode and counter electrode, respectively.
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