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ABSTRACT: Au nanostructures as catalysts toward electro-
oxidation of small molecules generally suffer from ultralow
surface adsorption capability and stability. Here, we report
Ni(OH), layer decorated nanoporous (NP) AuNi alloys with a
three-dimensional and bimodal porous architecture, which are
facilely fabricated by a combination of chemical dealloying and
in situ surface segregation, for the enhanced electrocatalytic
performance in biosensors. As a result of the self-grown
Ni(OH), on the AuNi alloys with a coherent interface, which
not only enhances adsorption energy of Au and electron
transfer of AuNi/Ni(OH), but also prohibits the surface
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diffusion of Au atoms, the NP composites are enlisted to exhibit significant enhancement in both electrocatalytic activity and
stability toward glucose electrooxidation. The highly reliable glucose biosensing with exceptional reproducibility and selectivity as
well as quick response makes it a promising candidate as electrode materials for the application in nonenzymatic glucose

biosensors.
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B INTRODUCTION

Nanoporous (NP) metals, which possess fascinating phys-
icochemical properties dramatically different from their bulk
counterparts, have attracted considerable attention for many
important applications, such as catalysis,"* sensing,>* actua-
tion,® as well as energy storage and conversion.°> NP metals
can be made by chemically or electrochemically dealloying less-
noble elements from precursor alloys, during which a three-
dimensional (3D) and bicontinuous sponge structure of more-
noble metal or alloy is produced with quasi-periodic metal
ligaments and nanopore channels. The unique architecture
enables NP metals to exhibit electrical conductivity comparable
to the bulk value'® and trap effectively more molecules for
enhanced electrocatalysis.''~'* By making use of these two
properties, recently, NP Au is of special interest as one of
model electrode materials and electrocatalysts toward the
electrooxidation of small molecules in alkaline solution because
of its exceptional resistance to the poisoning or inhibiting effect
due to the adsorption of CO, which is a common byproduct of
electrooxidation reactions.">~"® Although Au generally suffers
from a low surface adsorption capability, the high electro-
catalytic activity of NP Au is demonstrated to result from the
high-density steps and kinks on the geometrical surface,'’
which are thermodynamically instable.”> This inevitably gives
rise to the occurrence of a coarsening phenomenon that is
usually observed on NP Au during potential cycling via fast
surface diffusion, dramatically reducing its electrocatalytic
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activity and long-term service life.">*' To circumvent these
limitations, there have been a few approaches to be proposed
for improving the performance of NP Au. These include
alloying®® and decorating in the bulk or on the surface of NP
Au with noble metals with a low diffusion coefficient,>**
typically Pt*>"** and Pd,” wherein small amounts of solute
atoms segregate and accumulate on the surface, particularly at
kink and step-edge sites, significantly improving both the
nanostructural stability and the electrocatalytic activity of NP
Au-based hybrids.>**~>* However, non-noble transition metals
have attracted less attention, although they are expected to play
a similar role in improving the performance of NP Au in
electrocatalysis with much less cost. This is because they
dissolve in an acid environment.”>~*’ In the perspective that
transition-metal oxides or hydroxides are stable in alkaline
conditions, we make full use of surface segregation of transition
metals and self-grown of their oxides or hydroxides on NP Au
to ameliorate hydroxyl adsorption capability and thus electro-
catalysis of Au.”**’

In this study, we report novel self-supported NP AuNi alloys
that are decorated with a Ni(OH), layer on their internal
surface [NP AuNi/Ni(OH),] by a facile self-grown method in
an electrochemical treatment, where surface segregation of Ni
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Figure 1. Microstructure characterization of as-dealloyed NP AuggNi;,. (a) Top-view and (b) cross-sectional SEM images of as-dealloyed NP
AuggNiy, ribbons with a bimodal nanoporosity consisting of small and large pores. (c) Typical TEM image of NP AugNij,. (d) Nitrogen
adsorption—desorption isotherm of NP AugNi,, ribbon at 77 K. Inset: Pore size distributions of NP AuggNi,, ribbon.

atoms takes place and then surface Ni atoms react in alkaline.
The NP AuNi/Ni(OH), hybrid electrodes exhibit exceptional
electrocatalytic activity and stability toward electrooxidation of
glucose for biosensors, showing promising application in
glucose biosensors. The enhancement of electrocatalytic
performance results from the unique hybrid architecture, in
which the decoration of a small amount of Ni(OH), not only
enhances the adsorption capability of the NP Au but also blocks
the surface diffusion of Au atoms and thus improves the
stability of the porous structure. Furthermore, the AuNi/
Ni(OH), coherent interface decreases the contact resistance
and facilitates the electron transfer between Au and Ni(OH),,
offering the fast response to glucose.

B EXPERIMENTAL METHODS

Fabrication of NP AuNi Alloys, NP AuNi/(OH), Composites,
and NP Au. The alloy of the Au;;Ni;4Al, (at. %) precursor was made
from elemental Al (purity, 99.95 wt %), Au (purity, 99.99 wt %), and
Ni (purity, 99.9 wt %) by arc melting in vacuum. Using a melt-
spinning method, Au;;Ni,(Al, (at. %) ribbons with a cross section of
~20 um X ~1 mm were prepared in a high-purity argon gas
atmosphere from its ingot. The Au,;Ni (Al ribbons were chemically
dealloyed in 1 M NaOH aqueous solution at room temperature for 40
min and at 90 °C for 60 min in sequence. The already etched ribbons
were further treated in 0.25 M HNO; for tuning the composition of
NP AuNi alloys. The NP AuNi/Ni(OH), hybrid electrodes were
fabricated by an in situ self-grown method, in which a potential cycling
was performed in the potential window of —0.8 to 0.5 V at a scan rate
of S0 mV s™" in KOH electrolyte. The free-standing NP Au sheet with
a thickness of ~20 ym was synthesized by chemically dealloying
AggsAuys (at. %) in a 70% HNO; solution for 24 h at room
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temperature. The selected longer dealloying time is to void any
contaminants of Ag. The residual acid in NP specimens was removed
by water rinsing for more than six times.

Characterization. The microstructure and chemical composition
of the specimens were characterized using a field-emission scanning
electron microscope (SEM, JEOL JSM-6700, 15 keV) equipped with
an Oxford INCA x-sight energy-dispersive X-ray spectrometer (EDS)
and a field-emission transmission electron microscope (TEM, JEOL
JEM-2100F, 200 keV). X-ray photoelectron spectroscopy (XPS)
characterization was performed on a Thermo ECSALAB 250 with an
Al anode. The nitrogen adsorption and pore size distribution
measurements were carried out using a Micromeritics ASAP 2020M
surface area and porosity analyzer.

Electrochemical Measurement. All cyclic voltammetry (CV)
and amperometric experiments were performed in a three-electrode
setup, which employed NP Au, NP Aug,Ni,g, NP AuggNij,, and NP
AuNi/Ni(OH), as the working electrodes and a Pt foil and a Ag/AgCl
as the counter electrode and the reference electrode, respectively, in
the 0.5 M KOH electrolyte bubbled by nitrogen gas for 30 min. The
CV curves were collected in the aqueous electrolyte with and without
30 mM glucose. The amperometric responses of electrodes to glucose
with a concentration of 1 mM were recorded under steady-state
condition at a potential of 0.16 V (vs Ag/AgCl). To investigate the
catalytic activity, the current was normalized by the electrochemical
active surface area (ECSA), which was calculated in terms of the
reduction peak of gold.

Calculation Method. All calculations are performed within the
DFT framework as implemented in the CASTEP code. The
generalized gradient approximation with the Perdew—Burke—
Ernzerhof (PBE) functional is employed to describe exchange and
correlation effects.>® For improving the calculation efficiency, the
ultrasoft pseudopetentails core treat method is implemented.’’ A
smearing of 0.1 eV to the orbital occupation is applied to achieve
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Figure 2. CV curves of NP AugNi, at (a) the Ist, (b) the 10th, and (c) the 25th cycles in 0.5 M KOH aqueous solution at a scan rate of 50 mV s™".
(d, e, f) Schematics to illustrate the Ni atom diffusion and the formation of Ni(OH), on the NP AuNi alloy surface in the electrochemical process of

surface segr egation.

accurate electronic convergence. Further details are available in the
Supporting Information.

B RESULTS AND DISCUSSION

The composition at the surface may deviate from that in the
interior, not only depending on the heat of segregation and the
surface mixing energy of a bimetallic alloy but also additionally
relying on the chemical potential in the gas or aqueous phase
because of the energy gain of the whole system with the strong
component/adsorbate bonding.**** As a consequence, the
component that binds a certain adsorbate more strongly may
become rich at the surface of the bimetallic alloy. In light of the
distinct difference of adsorption energies for OH™ on Au and
Ni elements, we demonstrate this process to be one of useful
and facile methods to fabricate NP AuNi/Ni(OH), electrode
materials with enhanced electrocatalytic performance. Here, NP
AuNi alloys are first fabricated by chemically dealloying 20 ym
thick Au,;Ni (Al (at. %) ternary alloy ribbons (Figure Sla; see
the Supporting Information) that are produced by single-roller
metal-spinning in vacuum from their ingot composed of a
uniform @-Al metal and AuALNi, alloy intermixture (Figure
S1b). There are no extra diffraction peaks for possible phases of
Ni, suggesting the formation of the disordered single-phase
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AuALNi, alloy.** The a-Al in the mixture is rapidly dissolved
from the entire ribbons during the chemical dealloying in 1 M
NaOH aqueous solution at room temperature. While in the
already dealloyed AuALNi, alloy, the less noble Al component
is fully selectively etched in 1 M NaOH at 90 °C (Figure
Slc,d). The as-prepared NP Aug,Nig alloy is further treated in
0.25 M HNO; for 90 min to tune the Ni component in NP
AuNi alloys. Figure lab shows typical top-view and cross-
sectional SEM images of the as-dealloyed NP AuNi alloy with
an atomic rate of 88:12 (NP AuggNiy,) (Figure S2, Supporting
Information) and a bimodal NP architecture, which consists of
quasi-periodic AuggNi), ligaments and nanopore channels with
characteristic lengths of ~S and ~45 nm (Figure S3,
Supporting Information). The unique bimodal NP structure
is further verified by TEM (Figure 1c) and N, sorption analysis
(Figure 1d). As shown in the adsorption isotherm of the NP
AugNij, alloy, there are two hysteresis loops at high and low
relative pressures (Figure 1d). The pore distribution curve
indicates that the sizes of small and large pores are ~8 and ~37
nm (inset of Figure 1d), approximately consistent with the
image analysis (Figure S3).>°

To decorate the Ni(OH), layer on the internal surface of the
NP skeleton, the as-dealloyed NP AuggNi, is subject to an
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Figure 3. (a) HRTEM image of NP AuggNi;,/Ni(OH), interface structure. (b) High-resolution XPS spectrum of Ni 2p on NP AuggNi;,/Ni(OH),

surface.
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Figure 4. CV curves of (a) NP AuggNi;,/Ni(OH),, (b) NP AugNi,,, and (c) NP Au in 0.5 M N,-saturated KOH solution with and without 30 mM
glucose at a scan rate of 10 mV s™". (d) High-resolution XPS spectra of Au 4f for NP AugNi,,/Ni(OH),, NP AugNi,,, and NP Au, respectively.

electrochemical treatment in an alkaline electrolyte, where the
surface segregation occurs during the potential cycling as a
result of fast surface diffusion of Au atoms and the strong
bonding between Ni and OH™. This process is monitored using
the surface-sensitive cyclic voltammetry.>* Figure 2a shows the
first CV curve of the untreated NP AuggNij, in a N,-purged
electrolyte at a scan rate of SO mV s, where no redox peaks of
Ni can be observed. This indicates that there is not any Ni
atoms on the surface of the as-dealloyed NP AuggNij,. During
the potential cycling, the surface Au atoms on NP AugNi,
move via fast surface diffusion and the buried Ni atoms are
exposed to the alkaline electrolyte for the production of
Ni(OH), on the surface (Figure 2d). Therefore, in the
subsequent cycles, the redox peaks of Ni are identified legibly
at the potentials of 0.42 V for oxidation and 0.33 V for
reduction, implying the occurrence of surface segregation of Ni
from the inner of AuNi alloy ligaments (Figure 2b). The
subskin Ni atoms are further attracted to the surface of
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ligaments via vacancy exchange because of their strong affinity
for OH™ (Figure 2e). This gives rise to the increase of the
current density of Ni redox peaks with the increasing cycle
number (Figure 2c) until the heat of segregation and the
surface mixing energy reach a balance at the surface after 25
cycles (Figure 2f).*>* The occurrence of surface segregation in
AuggNi, results from the different oxophilicity between Au and
Ni components. This is verified by density functional theory
(DFT) investigation (Figure S4, Supporting Information). For
the AuNi alloy with a bare surface, the AugNij, ligament
covered with a pure Au skin is thermodynamically more stable
because the surface energy of Au is much lower than that of
Ni*® and the segregation energy (Eseg) is 0.31 eV. While in the
presence of OH™, the AuNi mixture skin is preferred with E,
~ —0.81 eV as a result of the stronger interaction between Ni
and OH*. Figure 3a shows the high-resolution TEM image of
the NP AugNi;,/Ni(OH), composite, where the contrast
difference between AugNi;, and the Ni(OH), layer can be

dx.doi.org/10.1021/am504541a | ACS Appl. Mater. Interfaces 2014, 6, 16966—16973
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Figure 5. (a) Chronoamperometry curves for NP AuggNi;,/Ni(OH),, NP Aug,Niug/Ni(OH),, NP AugNij,, and NP Au electrodes for the
successive addition of glucose with a concentration of 1 mM at a potential of 0.16 V (vs Ag/AgCl) in 0.5 M N,-saturated KOH solution. (b)
Comparison of the sensitivities of NP AuggNi;,/Ni(OH),, NP Aug,Ni,g/Ni(OH),, NP AugNi,,, and NP Au for a glucose concentration of 1 mM.
(c) Amperometric response to glucose with the low limit concentrations of 1 yM (S/N = 3). Inset: The fast response of 0.6 s to the glucose. All are
tested. (d) Amperometric response to the successive addition of interfering compounds such as 0.02 mM uric acid (UA), 0.1 mM acetamidophenol
(AP), 0.1 mM ascorbic acid (AA), and as well as 1 mM glucose at a potential of 0.16 V.

identified. The crystalline Ni(OH), layer epitaxially grows on
the AuNi ligaments by end-bonded contact, offering excellent
electrical conductivity and stable interface structure.’® The
chemical state of Ni on the NP AugNi;,/Ni(OH), is further
verified by XPS characterization. As shown in Figure 3b, the Ni
2p3/, XPS peaks at the binding energies of 852.7, 853.8, 855.6,
and 857.3 eV correspond to metallic Ni, NiO, Ni(OH),, and
NiOOH, respectively, after taking account of the shake-up
peaks.*”® In addition to negligible NiO and NiOOH, there are
primarily Ni(OH), and metallic Ni with the atomic ratios of
70% and 21%, respectively. The latter is attributed to the
nonsegregation Ni in the AuNi alloy.

To demonstrate the electrocatalytic activity toward electro-
oxidation of small molecules for the NP AugNi,,/Ni(OH),
hybrid electrode material, glucose is employed as a probe
molecule. All electrochemical measurements are carried out
using a typical three-electrode configuration with a Pt counter
electrode and a Ag/AgCl reference electrode at room
temperature. Figure 4a shows the representative CV curve of
NP AugNi,/Ni(OH), in a N,-saturated 0.5 M KOH
electrolyte with glucose at a scan rate of 10 mV s™', in distinct
contrast with its blank voltammetry (without glucose) due to
the glucose oxidation. In the glucose-free alkaline solution, the
CV response of NP AuggNi,,/Ni(OH), illustrates the electro-
chemical features of both Au and the Ni(OH), (Figure
4a)."”'®3% For comparison, the typical CV curves of the NP
AuggNi;, and pure NP Au in the same electrolytes are shown in
Figure 4b,c. Owing to the decoration of Ni(OH),, the CV of
the NP AugNi;,/Ni(OH), electrode shows a much more
negative onset potential of OH* adsorption and higher anodic
current density in the electrolyte of KOH and glucose mixture
compared with these in the NP AugNi;, and pure NP Au.
Furthermore, the peak currents of glucose electrooxidation at
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the corresponding Au and Ni(OH), of NP AugNi,,/Ni(OH),
increase linearly as a function of the square root of the scan rate
(Figure S5a,b, Supporting Information),***" which is the same
as that of bare NP Au (Figure SSc,d). It implies that the NP
AuggNi;,/Ni(OH), exhibits higher electrocatalytic activity
toward glucose electrooxidation than the NP AugNi, and
Au in a wide potential due to the decoration of the Ni(OH),
layer.*" A positive shift of 0.05 eV of the Au 4f,, XPS peak is
observed on the NP AuggNi,;,/Ni(OH), in comparison with the
NP Au (Figure 4d), accounting for the synergistic electro-
catalysis of Au and Ni(OH), toward glucose oxidation.>”****
This enhancement of activity toward glucose electrooxidation
enlists the NP AugNi;,/Ni(OH), electrode to exhibit
outstanding performance of glucose biosensing, which is
evaluated by amperometric measurements at a low potential
of 0.16 V. Figure Sa shows a typical current—time curve of the
NP AugNi;,/Ni(OH), electrode with the successive addition
of 1 mM glucose. The amperometric response of NP AuggNi;,/
Ni(OH), displays a perfect and stable step curve with a
remarkably enhanced current density in comparison with these
of the NP AuggNi;, and NP Au, which are also included in this
plot for comparison. Furthermore, the NP AuggNi;,/Ni(OH),
always remains a linear response in the range of the glucose
addition up to the concentration of 30 mM, much higher than
these for the NP AuggNi;, (~20 mM) and NP Au (~10 mM),
as shown in Figure S6 (Supporting Information) for their
calibration curves. In the whole linear range, the sensitivity of
NP AuggNi,;,/Ni(OH), reaches 707 uA mM™' cm™2, 3- and 13-
fold higher than these of NP AuggNi;, (~196 A mM™' cm™2)
and NP Au (~S1 yuA mM™"' cm™?), respectively (Figure Sb).
Such a high sensitivity offers the NP AuggNi;,/Ni(OH),
electrode a detection limit as low as 1 uM (Figure Sc) and a
response time no more than 0.6 s to reach steady-state current

dx.doi.org/10.1021/am504541a | ACS Appl. Mater. Interfaces 2014, 6, 16966—16973
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Figure 6. (a) Electrochemical stability for NP AuggNi;,/Ni(OH),, NP AuggNi;,, and NP Au over 10 000 s at 0.16 V. Typical SEM images of (b) NP
AuggNi,/Ni(OH),, (c) NP AugNi,,, and (d) NP Au after stability test.

(inset of Figure Sc), much faster than 2 s for a nanometal-
decorated graphite nanoplatelet,” and 6 s for GOx-CNT
networks.** Moreover, the NP AugNi;,/Ni(OH), electrode
provides a prominent selectivity for glucose detection at the low
potential of 0.16 V, which minimizes the responses of common
interference species such as uric acid (UA), acetamidophenol
(AP), and ascorbic acid (AA) in physiological levels (Figure
5d). Additions of 0.02 mM UA, 0.1 mM AP, or 0.1 mM AA to a
1 mM glucose solution result in only about 0.5—4% increases in
the current density and do not interfere with the glucose
detection even without the permselective coatings. These
predominant properties enlist the self-grown NP AuggNi,/
Ni(OH), electrode to exhibit high reliability for analyzing the
glucose level.

The high-performance glucose biosensing of NP AuggNi;,/
Ni(OH), results from the high electrocatalysis toward glucose
oxidation due to the enhanced electron transfer between the
NP AuNi skeleton and the Ni(OH), layer, wherein the former
offers the ultrahigh conductivity and facilitates analyte transport
in the electrode system, and the latter improves the adsorption
capability of Au. It should be noted that, as a result of the
decoration of the Ni(OH), layer on the surface of the AuNi
alloy, the electrocatalytic activities of NP AuNi/Ni(OH),
electrodes are remarkably influenced by the Ni components
(Figure S and Figure S7, Supporting Information). As the Ni
component increases from 0 to 12%, the electrocatalytic activity
starts to increase and reaches its maximum at a component of
12%. While the Ni component in the NP AuNi alloy continues
to increase, the activity begins to reduce evidently (Figure S7b).
For instance, for NP Aug,Ni,q that is achieved by just dealloying
Auy;Nij Al (at. %) ribbons in KOH aqueous solution (Figure
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Slc,d), there will be an excessive amount of Ni(OH), to be
produced in the potential cycling because of the surface
segregation of Ni atoms and the reaction with alkaline [NP
Aug,Nig/Ni(OH),]. This gives rise to a too high adsorption
energy of glucose to block the electrooxidation on the surface
of NP Aug,Ni,/Ni(OH),, enabling the low-performance of
glucose biosensing, as shown in Figure Sab, where the
sensitivity (~54 yA mM™' cm™?) is just a little higher than
that of NP Au.

Figure 6a compares the electrochemical stabilities of the NP
AuggNi,;,/Ni(OH),, NP AuggNi,,, and NP Au electrodes, which
are investigated by the chronoamperometric method at an
applied potential of 0.16 V in a N,-saturated mixture of 0.5 M
KOH and 30 mM glucose. In spite of the slow decrease of
current at the beginning of the measurement, the current of NP
AuggNij,/Ni(OH), remains steady over the long-term
operation. After the 10000 s durability test, the NP
AugNi},/Ni(OH), electrode retains ~92% of the initial
current, whereas the NP AuggNi;, and NP Au lose 20% and
55%, respectively (Figure 6a). The prominent stability of NP
AuggNi;,/Ni(OH), is attributed to the Ni hydroxide and Ni
atom that pin the surface Au atoms, particularly sitting kink and
step-edge sites, similar to the observation that the addition of
low-surface-diffusion Pt can stabilize the microstructure of NP
Au*** As shown in Figure 6b,c, the NP structure of NP
AuggNi;,/Ni(OH), and NP AuggNi;, does not change much
compared with the initial SEM images (Figure S8a, Supporting
Information). In distinct contrast, severe coarsening takes place
on NP Au due to the fast surface diffusion of Au atoms,'>*
which gives rise to the poor electrochemical durability of NP
Au during the long time test (Figure 6d and Figure S8b).

dx.doi.org/10.1021/am504541a | ACS Appl. Mater. Interfaces 2014, 6, 16966—16973
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Bl CONCLUSION

We have demonstrated a facile self-grown method to fabricate
NP AuggNi,;,/Ni(OH), hybrids with a 3D bimodal nanoporous
architecture by making full use of the surface segregation of
transition metals and the sequent in situ formation of
hydroxides. The in situ method produces the inherent coherent
AuggNi;,/Ni(OH), interface, enlisting NP AugNi;,/Ni(OH),
to exhibit outstanding performance of electrocatalysis toward
glucose oxidization and thus the glucose biosensing. The
exceptionally high electrocatalytic activity and durability of NP
AuggNi;,/Ni(OH), results from the unique architecture, in
which the NP AuNi skeleton offers high conductivity and traps
more analyte molecules in its channels while the Ni(OH), layer
enhances the adsorption capability and blocks the fast surface
diffusion of surface Au atoms. This approach can be extended
to other alloy systems for improving their electrochemical
performance by decorating transition-metal hydroxides on the
surface.
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