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A novel freestanding hierarchical nested-network porous copper (HNNPC) was fabricated by one-step
free dealloying. The Al;5Cuys (at.%) alloy precursor was prepared with both pure Al phase and the
intermetallic Al,Cu phase. The microstructure of the alloy led to the hierarchical porous structure
characterized by larger ligaments (pores) at micron scale (ca. 3—5 pm) and the smaller ligaments (pores)
at nanoscale (ca. 50—60 nm) through dealloying. The morphology, crystal structure, elemental analysis,
surface area, pore sizes distribution, electrochemical and sensing properties of HNNPC have been
studied. The resulted HNNPC had bicontinuous hierarchical structure, which met the electrochemical or
chemical applications’ requirements, namely, (1) the larger pores providing rapid transport pathways for
fast switching and (2) smaller pores at nanoscale having the large surface area for functionalization. The
CV and EIS of HNNPC presented an electro-catalytic activity to glucose, which was promising as a glucose
sensor with excellent sensitivity. Furthermore, HNNPC itself could also be a host of other active materials.
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1. Introduction

Hierarchical porous materials represent a class of functional
materials for numerous applications due to their hierarchy of po-
rosities and structure sizes. They can act as self-contained units,
and also can host materials to incorporate other active components
to realize catalysis, sensing, energy storage and other applications
[1-7]. Hierarchical porous metal is a significant subset of hierar-
chical porous materials, which is promising for various applications
due to their superior electrical, optical and mechanical properties
[8]. Especially for the electrochemically or chemically driven de-
vices, the hierarchical structure of porous metals exactly meet the
application requirements, namely, (1) the larger pores providing
rapid transport pathways for fast switching and (2) smaller pores at
nanoscale having the large surface area for functionalization.
Therefore, intense attentions have been paid to fabricate hierar-
chical porous metals on account of the enormous potential appli-
cations [9,10]. Dealloying, the selective dissolution of the less noble
component from an alloy [11], plays a vital role in fabricating the
hierarchical porous metals. The hierarchical porous gold has been
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obtained by dealloying the deposited gold and silver alloy on the
bijels template with several steps [10]. A two dealloying steps
method has also been used to synthesize the nested-network
nanoporous gold [12—14|. However, the barriers such as high
cost, complicated fabrication process and limited structure size
restrict the applications of gold.

Copper and its oxides as the stable and cost-effective materials
have attracted intensive attentions. A range of exquisite nano-
structures such as hollow nanopowders [15] Nanorods [16], nano-
cubes [17,18], nanowires [ 19], nanoparticles [20,21], nanopores [22]
and so on, have been synthesized for the reason of larger active
surface areas and better catalytic properties compared to the bulk
materials. Several routes have been proposed to fabricate the hi-
erarchical porous copper [23—25]. However, the resulted structure
and also the electrochemical properties are not satisfied. Up to now,
it is still a big challenge to fabricate hierarchical porous copper with
the structure sizes at both micron and nano scales by means of a
cost-effective simple method.

Here, a novel strategy was used to generate hierarchical nested-
network porous copper (HNNPC) that consisted of micron-porous
and nanoporous bicontinuous structures. The copper and
aluminum alloy with intermetallic phase Al;Cu was obtained by
melting in a horizontal tube furnace and cooled down slowly af-
terwards. The HNNPC was fabricated by chemical dealloying in 1 M
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HCl aqueous solution at 50 degree centigrade under vacuum. The
electrochemical performance of HNNPC was measured showing an
electro-catalytic activity to glucose, which is promising used as a
glucose sensor. Furthermore, HNNPC itself is also a good host of
other active materials.

2. Experimental
2.1. Sample preparation

Master alloy Al75Cuys (at.%) was melted in a horizontal tube
furnace (Beiyike, BTF-1200C-PV, China) from Cu (99.99%) and Al
(99.99%) at 800 °C under argon atmosphere for 24 h at a ramp rate
of 5°C min~, then cooled down at 2 °C min~"' to room temperature.
The as-prepared alloy ingot was cut into cuboids with the dimen-
sion of 1 mm x 5 mm x 10 mm by a wire saw (Shenyang Kejing
Instrument Co., LTD, STX-202A, China). The chemical dealloying
was taken in 1 M HCl aqueous solution at 50 °C in vacuum.

2.2. Electrochemical test

The sample electrode was immersed in the solution totally
during electrochemical measurement with a macroscopic size
1 mm x 5 mm x 10 mm. The effective area, S, was calculated by the
equation, S = A x m, where A is the specific surface area and m is
the mass of the electrode. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurement were per-
formed in a standard three electrodes system in 0.25 M NaOH
aqueous solution with a potentiostat (Autolab, PGSTAT100N,
Switzerland). The Ag/AgCl (in 3 M KCl solution, Autolab,
Switzerland) was used as reference electrode, the platinum plate
was counter electrode and the sample was working electrode. The
potential window for CV was set in the range from —1.3 Vto 0.8 V.
The impedance measurement carried out with frequency from
0.1 Hz to 100 kHz.

2.3. Materials characterization

Cold-field emission scanning electron microscope (SEM, HITA-
CHI SU8200, Japan) equipped with energy dispersive spectrometer
(EDS, IXRF, USA) was used to characterize the microstructures and
phase distribution of the HNNPC. X-ray diffraction (XRD,
MXP21VAHF, MAC Science Co., Ltd., Japan) was carried out with a
Cu-Ka radiation source. Micromeritics surface area and porosity
analyzer (ASAP 2020 HD88, USA) was used to analyze the total
surface area through nitrogen sorption. The degas process was
carried out at 250 °C for 4 h under a vacuum of 500 pm Hg
(~0.67 mbar). Liquid nitrogen was employed to maintain the tem-
perature throughout adsorption-desorption process. The nano-
pores surface area and pore diameter were analyzed by Barrett-
Joyner-Halenda (BJH) method. The t-method was applied to
calculate the pore volume of the nanopores and the specific surface
area.

3. Results and discussion
3.1. Phase constitution of the as-prepared alloy

Fig. 1(a) shows the SEM image of the as-cast Al;5Cuys alloy
constituent distribution consisting of two distinct phases. They are
pure Al phase (the dark part) and intermetallic phase Al,Cu (the
light part), which can also be confirmed by XRD (Fig. 3(a)). In order
to verify the distribution of the two phases in the casted alloy, EDS
mapping was performed. It is obvious that the element Al and Cu
distinguish each other by the overlay mapping of the two elements,

as shown Fig. 1(b). To illustrate the distribution of the two elements
more clearly, the individual element mapping was crucial. As
shown Fig. 1(c), the element Al exists in both the light part and the
dark part, which is not observed in the overlay mapping due to the
signal of element Cu being much stronger than that of the element
Al in the light part. In contrast, the element Cu (Fig. 1 (d)) only exists
in the light part. Therefore, the light part is the intermetallic phase
AlyCu, and the dark part is the pure Al phase.

The AlICu alloy here with approximate pure Al phase plus the
intermetallic Al,Cu phase obtained by melting and slow cooling in a
horizontal tube furnace differs with the previous reported ones in
the literatures [26—29]. The Al75Cuys alloy cast by arc melting has
been found the existence of both the pre-eutectic Al,Cu phase and
the lamellar eutectic «-Al/Al,Cu phase [30]. But the lamellar
eutectic a-Al/Al,Cu phase is not profitable to develop bicontinuous
porous structures due to its lamellar structure. The lamellar
eutectic a-Al/Al,Cu phase can be eliminated by annealing, which
gives rise to much coarser a-Al phase than the original one and
increased the size of eutectic Al,Cu phase. Both of them hinders the
evolution of the hierarchical porous microstructures. Contrarily, the
as-prepared AlCu alloy in this work was melted in a horizontal tube
furnace for a long time including the well-defined approximate
pure Al phase and Al,Cu phase at several micron scale, respectively.
According to the AlCu alloy phase diagram, the Al;5Cuys alloy
cooling down from liquid to form an alloy followed two stages: (1)
when the temperature reached the liquid line, Al,Cu phase
precipitated from the liquid phase, and more Al,Cu phase formed
with the temperature decreasing; (2) when the temperature
reached the eutectic temperature, Al/Al,Cu eutectic phase started
forming until all the liquid phase solidified. In contrast, the solidi-
fication was too fast to form separated Al,Cu phase and pure Al
phase by arc melting in the literature, which led to the final con-
stitutes consisting of Al,Cu phase and Al/Al;Cu phase with lamellar
eutectic phase [30]. Meanwhile, the fast solidification also gave rise
to the nonuniform distribution of Al,Cu phase and Al/Al;Cu eutectic
phase. Conversely, the present approach provided enough time for
the solidification to involve Al,Cu phase and approximate pure Al
phase by temperature decreasing gradually in the horizontal tube
furnace. Please note that to control the microstructure of the initial
alloy would decide the resulted structure of the porous copper.

3.2. Microstructures of the HNNPC

Fig. 2(a) displays the overview SEM image of the HNNPC mi-
crostructures. Fig. 2(b) shows the identified bicontinuous channels
with several microns. This structure has not been reported, which
can be obtained by simple free dealloying. The as-produced
bicontinuous larger size channels are significant for fast mass
transport. It is believed that the larger pores in hierarchical porous
copper are inherited from the approximate pure Al phase in the
initial alloy. Meanwhile, the bicontinuous nanoporosity with
smaller size at nanoscale was also produced both at the surface
(Fig. 2(c)) and the cross-section of the larger ligaments (Fig. 2(d)). It
is believed that they are inherited from the Al,Cu phase in the
initial alloy. Compared to bulk metal, the bicontinuous nano-
porosity contributes to the large specific surface area which is
significant for various applications in catalysis and sensing.

3.3. Elemental constitution of the samples

Both the development of nanopores and the hierarchical
porosity are strongly affected by the Al content of the as-prepared
alloy. In other words, the larger ligaments (pores) at micron scale
formed from the pure Al phase and the smaller ligaments (pores) at
nanoscale from the intermetallic Al,Cu phase by dealloying. Nearly
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Fig. 1. (a) SEM image of the as-cast Al;5Cuys alloy consisting of approximate pure Al phase and eutectic Al,Cu phase; Energy dispersive spectroscopy (EDS) of (b) copper and
aluminum elements overlay mapping, (c) aluminum element mapping and (d) copper element mapping.

Fig. 2. SEM images of the as-prepared hierarchical nested-network porous copper. (a) The overview SEM image showing the microstructure of hierarchical porous copper; (b)
higher-level porous channels and ligaments at micron scale; the nanoporous structure at the (c) surface and (d) the cross-section of the larger ligaments.

all of Al element was removed from interior of AlCu alloy after
dealloying, which can be verified by XRD and EDS analysis per-
formed on cross-section of the sample. The distinct signals of Al
were observed before dealloying (Fig. 3(a) and (b)). Contrarily, only
typical Cu signals can be clearly identified after dealloying as shown
in Fig. 3(c) and (d).

3.4. Surface area and pore distribution of HNNPC

The specific surface area plays a critical role in various applica-
tions for porous materials. The specific surface areas were up to
476 m? g~ with combination microporous areas of 22.1 m? g~!
calculated by t-method and mesoporous areas of 25.5 m? g}
analyzed by BJH method. The effective area of the electrode was
calculated by the equation
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Fig. 3. XRD patterns and EDS spectra of the samples of: (a) and (b) XRD patterns and EDS spectra of the as-cast Al;5Cuys alloy; (c) and (d) XRD patterns and EDS spectra of the

hierarchical nested-network porous copper.
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Fig. 4. (a) Nitrogen adsorption/desorption isotherms of the hierarchical nested-network porous copper; (b) pore size distribution.

S=Axm=476 m?g ! x 0.0877 g = 417 m? Fig. 4(a) displays a
typical Ny adsorption/desorption isotherms of as-prepared hierar-
chical nested-network porous copper. As illustrated in Fig. 4(a), the
type-V nitrogen sorption isotherms with the hysteresis loop for the
sample indicates the existence of mesoporous structures. Mean-
while, the hysteresis loop from 0.9 (P/Pp) to 1.0 (P/Pp) implies
various pores distribution, which can be confirmed by the BJH
model. The calculated distribution of pores sizes are with micro-
pores (<2 nm), mesopores (2—50 nm) and macropores (>50 nm) as
shown in Fig. 4(b). The mesopores and macropores can also be
observed by SEM image.

Up to now, HNNCP was confirmed definitely with larger liga-
ments at micron scale, and also smaller ligaments at nanoscale
forming on the larger ligaments. The idea of fabricating hierarchical

porous copper by taking advantage of intermetallic phase has been
proposed, however, this HNNPC with a self-similar structure at two
different length scales is similar with that of hierarchical porous
gold [12—-14].

3.5. Electrochemical characterization of HNNPC

Fig. 5 shows the cyclic voltammogram (CV) of the HNNPC
electrode in 0.25 M NaOH aqueous solution without and with
50 mM glucose. The CV in the solution without glucose contains
three oxidation peaks from —0.5 V to 0.5 V, which agrees with the
results reported in literatures [31,32]. The oxidation processes are
described as following [31,32]:

Oxidation peak 1 (01):
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Fig. 5. (a) Cyclic voltammograms of the hierarchical nested-network porous copper with and without glucose in the 0.25 M sodium hydroxide with scan rate of 1 mVS~?; (b) The
electrochemical EIS changes for the hierarchical nested-network porous copper with different glucose concentrations. Inset in (b) is the corresponding calibration curve of glucose

determination.

Cu(0) + OH™ -»CuOH + e~ (1

2CuOH — Cuy0 + H,0 (2)
Oxidation peak 2 (05):

Cu(0) + 20H™ — Cu(OH),+2e~ (3)

Cuy0 + 20H™ +H,0—2Cu(OH),+2e~ (4)

Cu(OH), —CuO + H,0 (5)
Oxidation peak 3 (0Os3):

Cu(0) + 30H™ —HCuO, +H,0 + 2e~ (6)

Cu(OH),+20H" —>Cu0§’+2H20 (7)

It is worth noting that Cu(OH); can be oxidized to CuOOH or
Cu(OH)z from 0.50 V to 0.60 V as the following equations shown
[31,32]:

Cu(OH),+OH~—CuOOH + H,0 + e~ (8)

CuO + Hy0 + 20H™ — Cu(OH); +e~ (9)

The corresponding peaks, however, cannot be observed here.
And the strongly oxidizing Cu(Ill) species play significant role in
copper electrode’s electrocatalytic behavior [33,34]. With 50 mM
glucose added, an obvious oxidation current was observed at
0.50V, indicating good performance of the HNNPC towards glucose
electrocatalytic oxidation. Glucose is oxidized to gluconolactone,
which finally hydrolyses to gluconic acid [35—37].

The concentrations of glucose were detected using HNNPC
electrode by the electrochemical impedance spectroscopy (EIS)
approach. All of the EIS were measured with various concentrations
of glucose and the spectra were fitted with equivalent circuit model
with complex nonlinear least square approximation method. In this
model, the electron transfer kinetics is illustrated by solution
resistance (Rg), double layer capacitance (Cqj) and charge transfer
resistance (R¢). The equivalent circuit model and the relative pa-
rameters are summarized in Table 1.

With glucose’s concentration increasing, the pores’ surfaces of
HNNPC electrode were covered by glucose, giving rise to more
oxidized glucose and more transferred charge. Furthermore, the
smaller R.; implies faster charge transfer rate. Reactant increasing
will increase the electrochemical reaction rate. Therefore, the

Table 1
The equivalent circuit and the values of relative parameters.
CPE, Ree (Q) Rs (Q) CPEg N
w1
Ru

0 mM 521 1.91 10.31 0.993
1 mM 358 1.78 9.13 0.991
2 mM 269 1.64 8.37 0.992
3 mM 209 1.36 8.26 0.993
4 mM 194 1.63 7.73 0.994
5 mM 165 1.93 6.67 0.993
6 mM 140 2.07 5.88 0.992
10 mM 86 1.66 5.04 0.993

diameter of semicircles, which stands for the R value decreased
due to the impedance decreasing with the glucose’s addition. In
general, all of the R¢; values here are much smaller than that in the
literatures [38,39] due to the high specific surface area and excel-
lent electrical conductivity of HNNPC. The relation between 1/R¢t
and the glucose concentration is illustrated by1/R¢; = KCglycose, in
which K is a constant parameter [39]. And 1/R vs. glucose con-
centration was plotted and the calibration curve was shown in the
inset of Fig. 5(b). It showed a linear dependence of 1/R¢ on the
glucose’ concentration in the range of 1-10 mM with a regression
coefficient of 0.992, and the corresponding fitted equation was
showed bellow:

1/Ret = 1.88 x 1073 + 9.3 x 104 Cypycose

From the above equation, one can see that HNNPC is suitable for
glucose concentration determination due to its excellent
sensitivity.

4. Conclusions

The hierarchical nested-network porous copper (HNNPC) was
fabricated by simple one-step free dealloying, which takes advan-
tage of intermetallic phase in Al75Cuys alloy. The microstructure of
the alloy led to the hierarchical porous structure characterized by
larger ligaments (pores) at micron scale (ca. 3—5 um) and the
smaller ligaments (pores) at nanoscale (ca. 50—60 nm) through
dealloying. The specific surface areas were up to 47.6 m® g~! of
HNNPC. The as-prepared HNNPC is a promising electrochemical
sensor candidate for glucose due to its excellent electro-catalytic
performance. Furthermore, HNNPC can also be a host of other
active materials in view of its large specific surface area, free
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standing, and exquisite hierarchical nested-network porous
structure.
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