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Nanoporous gold (np-Au) has shown great potential in catalysis, plasmonics, sensing, etc. In this work,

by two-step dealloying a well-designed AuAgAl ternary precursor alloy, np-Au with bimodal ligament/

pore size distributions is successfully fabricated. The first dealloying in HCl solution removes Al and

generates a nanoporous AuAg alloy which would be mildly annealed at 200 �C for 30 min to

homogenize the alloy ligament and enlarge the ligament/pore size. Next, the nanoporous AuAg alloy is

further dealloyed in a HNO3 solution to etch Ag and fabricate np-Au with a hierarchical

microstructure. This novel bimodal np-Au is demonstrated to exhibit enhanced electrocatalytic activity

towards H2O2 reduction and be a better support for the fabrication of an oxidase-based biosensor

compared with normal np-Au, with a uniform pore/ligament size of 30–40 nm. In a proof-of-concept

study, a sensitive glucose biosensor with a linear range up to 21 mM is fabricated by immobilization of

glucose oxidase on the bimodal np-Au.
1. Introduction

Nanoporous metals have recently attracted considerable interest

in a wide variety of applications including catalysis, fuel cells,

sensors, actuators, microfluidic flow controllers, and so forth.1–21

Template methods are commonly used to fabricate these mate-

rials through the replication of porous alumina or liquid-crystal

templates.22–24 These methods have the advantages of precise

control over the pore size and microstructure periodicity but

normally result in materials with one-dimensional porosity, such

as an array of tubes.23 Recently, dealloying, which refers to the

selective dissolution of one or more components out of an alloy,

has received significant attention for the fabrication of nano-

porous metals with an open, bicontinuous ligament–pore struc-

ture.25 Although various nanoporous metals have been prepared

by the dealloying route, nanoporous gold (np-Au) prepared by

dealloying AuAg alloy is of special interest due to not only its

unique mechanical and physicochemical properties but also its

biocompatibility.2,25–31 For example, due to its tunable pore size,

excellent electron conductivity and biocompatibility, np-Au has

been demonstrated to be a good support for enzymes and the

fabrication of electrochemical biosensors.31
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Fabrication of nanostructured materials with controllable

morphology and size is very important for studying the structure/

size-related properties and their potential applications. For

np-Au obtained by dealloying, it has been demonstrated that its

microstructure (pore/ligament size) can be tailored by changing

the alloy compositions, dealloying conditions, and annealing

conditions after dealloying.25,32 However, np-Au prepared by

simply changing these experimental parameters is homogeneous

in microstructure. For specific applications, the fabrication of

nanoporous metals with hierarchical microstructure is more

desirable. For example, in microfluidic-based sensors, larger

sized pores (hundreds of nm) are useful in microfluidic flow

control, whereas small pores (tens of nm) are useful for

increasing device surface area and sensitivity. For some enzyme-

based biosensors, the large pores facilitate the loading of

enzymes and the small pores/ligaments with high surface area

facilitate the mass transfer of small molecules of substrates/

products and give a sensitive response. However, the fabrication

of np-Au with hierarchical structure by the dealloying strategy

has been rarely reported. Ding and Erlebacher33 reported

a dealloying/Ag plating/redealloying strategy to create np-Au

with bimodal pore size distributions. In their work, np-Au is used

as the template for Ag plating, and then annealing is applied to

homogenize the Ag with Au and enlarge the pore size. The

second dealloying would then result in the second modal pore.

Zhang and co-workers16 reported the fabrication of bimodal

np-Au by dealloying AuAl alloy which contains both pure Al

phase and AuAl2 phase. Large channels of several micrometres

are formed by the dissolution of pure Al phase and the nanopores

are formed by dealloying the AuAl2 phase.
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In this work, we report on the design and fabrication of

bimodal np-Au with high a void space (�92.5%, estimated by the

atomic ratio of the precursor alloy) and low density by a simple

two-step dealloying process. By sequentially leaching away the

active components in a reasonably designed AuAgAl ternary

alloy, the resulting material shows a unique bimodal nanoporous

structures. Moreover, this bimodal np-Au with high void space

is demonstrated to be a better substrate for enzyme-based elec-

trochemical biosensor fabrication compared with normal np-Au

with a pore/ligament size of 30–40 nm.

2. Experimental

2.1. Reagents

Glucose oxidase (GOx) was purchased from Sigma-Aldrich.

Ascorbic acid (AA), acetamidophenol (AP), uric acid (UA),

H2O2 and glucose (analytical grade) were purchased from

Sinopharm Chemical Reagent Ltd. Co. Other chemicals were

also of analytical grade. Triply distilled water and 0.1M PBS (pH

7.0) were used throughout the experiments.

2.2. Preparation and characterization of nanoporous metals

Au7.5Ag17.5Al75 and Au30Ag70 (at.%) alloy foils with thickness of

�50 mmwere made by melting high purity (>99.9%) Au, Ag, and/

or Al in argon atmosphere, followed by cold-rolling on a cold-

rolling device (a product from Shanghai Engineering Machinery

Factory). For the AuAgAl ternary alloy, the first dealloying was

carried out in 1 M HCl solution to remove Al. The dealloyed

sample was then washed carefully with pure water and annealed

for 30 min at 200 �C. After cooled to room temperature, the

annealed sample was immersed into a concentrated HNO3 solu-

tion (�65%) for 1 h to removeAg.The uniformnp-Auwith a pore/

ligament size of 30–40 nm was obtained by dealloying the

Au30Ag70 alloy for 1.5 h in a concentratedHNO3 solution (�65%).

Pt5Cu20Al75 ternary alloy was also prepared in a similar way. To

fabricate np-Pt, the PtCuAl alloy was first completely dealloyed in

1 M NaOH solution and then annealed for 30 min at 200 �C, fol-
lowed by dealloying for 30 min in HNO3 solution (�65%). The

microstructure of these samples was characterized with a JEOL

JSM-6700F field emission scanning electron microscope (SEM)

equipped with an Oxford INCA x-sight Energy Dispersive X-ray

Spectrometer (EDS) and a JEM-2100 high-resolution trans-

mission electron microscope (TEM). X-ray diffraction (XRD)

analysis was carried out on a Bruker D8 advanced X-ray diffrac-

tometer using Cu KR radiation at a step rate of 0.04� s�1.

2.3. Preparation of enzyme/np-Au electrode and biosensing

GOx was immobilized on np-Au (size: 3 mm � 3 mm) by

dropping 4 mL GOx stock solution (5 mg mL�1) on the np-Au

surface and drying at 4 �C. Then, to avoid leakage of GOx,

a 2 mL of Nafion (0.5 wt%) was cast and dried again at 4 �C. The
glucose biosensor was made by connecting the one side sealed

GOx/np-Au with a gold wire by conducting resin because np-Au

is a macroscopic nanomaterial. When not in use, the Nafion/

GOx/np-Au was kept in a refrigerator at 4 �C. The current–time

curves for glucose biosensing with the enzyme-modified elec-

trodes were recorded at �0.3 V in 10 mL of stirred air-saturated
This journal is ª The Royal Society of Chemistry 2012
PBS (pH 7.0, 0.1 M). An aliquot of glucose (2.0 M) stock solu-

tion was injected into the base solution at regular intervals. Each

addition increased the concentration of glucose by 1.5 mM.

All electrochemical experiments were performed on a CHI

660C electrochemical workstation (CH Instrument company) at

room temperature. A three-electrode system was used, including

a np-Au-based working electrode, a platinum wire counter

electrode and a saturated calomel electrode (SCE) reference

electrode. All the potentials given in this paper were vs. SCE.
3. Results and discussion

3.1. Fabrication of nanoporous metals with bimodal pore/

ligament size distributions

It is well-known that selective dissolution of active species from

a well-designed alloy results in the formation of a porous struc-

ture with nanosized ligaments and pores. Based on the typical

example of dealloying AuAg alloy to prepare np-Au, Erlebacher

et al. (2001) explained the formation mechanism of the nano-

porous structure through an atomistic model.26 This model

involves a kind of ‘‘interfacial phase separation’’ in which the

active atoms (Ag) are dissolved and the noble atoms (Au) left

from the alloy/electrolyte interface would self-organize and form

islands and pores/channels. Once the porosity forms, due to

the fast surface diffusion of surface noble atoms (Au) in an

electrolyte, further dealloying still occurs.

In this work, this dealloying strategy is used to prepare np-Au

with bimodal pore size distributions by a two-step dealloying of

reasonably designed Au7.5Ag17.5Al75 ternary alloy. The first

dealloying would produce a nanoporous AuAg alloy with

uniform distribution of large-size pores/ligaments and second

dealloying would further etch away the second active component

(Ag) within the large ligaments, generating the small pores and

Au ligaments. For the design of the ternary precursor alloy,

considering the rich supply and active property of Al, Al-based

alloy was chosen as the precursor alloy. In our previous work, it

has been demonstrated that AgAl alloy with a composition of

Ag25Al75 (at.%) is suitable for the preparation of uniform

nanoporous Ag.34 Thus, in this work, for the AuAgAl ternary

alloy, the Al content was set as 75 at.% and the other two noble

components were 25 at.% in all. For the AuAg alloy, it is known

that Au30Ag70 (at.%) is suitable for the dealloying and prepara-

tion of np-Au.25 Therefore, AuAgAl alloy with the nominal

composition of Au7.5Ag17.5Al75 was chosen as the ternary

precursor alloy for the fabrication of np-Au with bimodal pore

size distributions. Note that AuAgAl ternary alloys with

other alloy ratios deserve further study and are not included

in this work.

The composition of the AuAgAl ternary alloy was controlled

by the initial feed ratio of pure metals during the refining process

and further confirmed by compositional analysis with EDS

(Fig. S-1a in ESI†). Fig. 1a shows the SEM image of the sample

after the first dealloying in 1 M HCl solution. It is observed that

the dealloyed sample exhibits a uniform bicontinuous ligament-

pore structure with the ligament/pore size of �50 nm (estimated

by averaging 20 different ligaments/pores in the SEM image).

EDS analysis (Fig. S-1b in ESI†) shows that Al has been

completely removed by the first dealloying and the contents of
Nanoscale, 2012, 4, 4492–4497 | 4493



Fig. 1 SEM images of np-AuAg alloy obtained by dealloying the AuAgAl alloy in HCl solution (a), annealed np-AuAg alloy (b), bimodal np-Au

obtained by further dealloying the np-AuAg in HNO3 solution (c), and (d) is the enlarged SEM image of the bimodal np-Au.
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Au and Ag change negligibly. Thus, the product obtained after

the first dealloying is the nanoporous Au30Ag70 alloy. Before the

second dealloying in a concentrated HNO3 solution, the nano-

porous AuAg alloy was annealed at 200 �C for 30 min. Annealing

would enlarge the ligament/pore size and make the AuAg alloy

more uniform. As shown in Fig. 1b, the ligament/pore size

increased to �90 nm after the annealing with the nanoporous

structure well-preserved. The second dealloying in HNO3 solu-

tion then generates the small pores within the large AgAu alloy

ligaments, forming the bimodal pore size distributions (Fig. 1c).

The enlarged SEM image in Fig. 1d clearly shows that the

secondary ligament/pore structure with a typical size of �10 nm

is formed within the large ligaments. EDS analysis (Fig. S-1c in

ESI†) indicates that after the second dealloying, the Ag content is

less than 8 at.%. The residual Ag in np-Au has also been observed

elsewhere when dealloying the bulk AuAg alloy.27 The residual

Ag is believed to be trapped inside the Au ligaments and cannot

be removed by simply extending the etching times (up to 100 h).25

The removal of the active components by dealloying is also

confirmed by the weight loss of the precursor alloy which is in

good agreement with the theoretical value (data not shown). The

size of the precursor alloy changes negligibly after the two-step

dealloying, however, the color shows a clear change from silver

white of the precursor alloy and np-AuAg to deep brown of the

bimodal np-Au. It is worth mentioning that the pore sizes of the

bimodal np-Au can also be adjusted to some extent by control-

ling the dealloying and annealing conditions. For example, the

big pore size can be tuned within 100s of nm by controlling the

annealing temperature/time and the small pore size can be tuned

within �50 nm by changing the dealloying time. Moreover, the

bimodal np-Au is monolithic and has good structure stability,

which facilities its application in sensors, actuators, etc.
Fig. 2 XRD patterns of the AuAgAl precursor alloy, np-AuAg alloy,

and bimodal np-Au.
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The changes of crystal structure of the alloy with each deal-

loying were monitored by XRD (Fig. 2). It is observed that for

the ternary precursor alloy, due to the large amount of Al and

Ag, the a-AgAl phase (denoted as 0) dominates and a small

amount of other alloy phases (Ag2Al, denoted as 1) can also been

detected. However, both SEM and EDS analysis show that the

presence of other alloy phases does not affect the complete

removal of Al and formation of uniform np-AuAg alloy struc-

ture. XRD analysis also shows the face-centered cubic (fcc)

AuAg alloy nature of the sample obtained by the first dealloying.

It is known that during the dealloying of AuAg alloys, the crystal

lattice orientation is retained. This result has also been observed

in this work (Fig. 2). It is worth mentioning that due to the

formation of ultrafine Au crystal ligaments (�10 nm), the

diffraction peaks from the bimodal np-Au are broader than those

of the np-AuAg alloy.

It is expected that this fabrication strategy will also be appli-

cable for the preparation of other nanoporous metals by wisely

designing the precursor alloys and controlling the dealloying

conditions. To demonstrate the versatility of this strategy, np-Pt

has also been successfully fabricated by two-step dealloying of

the Pt5Cu20Al75 precursor alloy. As shown in Fig. 3a and b, the

as-prepared np-Pt also exhibits a well-defined bimodal porous

structure with a big pore/ligament size of�70 to 80 nm and small

pore/ligament size of �3 nm. It is worth mentioning that due to

the very low diffusion rate of Pt adatoms (3.6 � 10�22 m2 s�1

which is much smaller than that of Au (2.2 � 10�19 m2 s�1 in

vacuum at room temperature))8 during the second dealloying, the

size of the secondary pore is very small (�3 nm), thus, TEM was

used to characterize these fine pores. As shown in Fig. 3b, the

clear contrast between the dark ligaments and bright pores

demonstrates the formation of secondary pores within the big

ligaments. XRD analysis (Fig. 3c) further demonstrates the fcc

structure of the np-PtCu alloy after the first dealloying in NaOH

solution. The (111) diffraction peak of the np-PtCu locates at

�42.54� which is in good agreement with the values calculated by

Vegard’s law (42.58� for Pt20Cu80).35 After the second dealloying,

the three diffraction peaks can be ascribed to fcc pure Pt, indi-

cating the removal of Cu. It is also observed that the diffraction

peaks from np-Pt are much wider than those from np-PtCu due

to the formation of ultrafine Pt ligaments (�3 nm).
3.2. Bimodal np-Au-based electrochemical biosensor

Np-Au has been demonstrated to be a good substrate for bio-

macromolecules (such as protein and DNA) and the fabrication
This journal is ª The Royal Society of Chemistry 2012



Fig. 3 SEM image of the bimodal np-Pt (a), TEM image of a part of ligament (b) and XRD patterns of np-PtCu and np-Pt (c).
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of electrochemical bio-nanodevices due to its large surface area,

controllable pore size, good electron conductivity and biocom-

patibility.12,36–38 In the present study, this monolithic bimodal

np-Au with big pore/ligament size of �90 nm and small pore/

ligament size of �10 nm is used for an enzyme-based electro-

chemical biosensor fabrication. The big pores are used as the

container for enzyme (GOx is selected as the model), while the

small pores/ligaments with a large surface area act as a detector

for the enzymatic product with fast response and high sensitivity.

It is worth mentioning that due to the comparable size of GOx

(�8 nm after hydration)39 and the small pore (�10 nm), GOx

cannot enter most of the small pores.37

Before testing the performance of the electrochemical

biosensor for glucose, the electrocatalytic activity of the bimodal

np-Au towards H2O2 (the product of GOx catalyzed oxidation

of glucose) reduction was first studied. For comparison, normal

np-Au with a uniform pore size of 30–40 nm is also tested. As

observed in Fig. 4A, both of the two np-Au electrodes show large

H2O2 reduction peaks between �0.3 and �0.4 V. In comparison,

the bimodal np-Au with an ultrafine pore/ligament size of

�10 nm shows a clearly larger current response for H2O2

reduction. Moreover, the peak potential is slightly negatively

shifted by �40 mV, indicating the enhanced electrocatalytic

activity of the bimodal np-Au surface. The larger current

response should be caused by the larger surface area by forming

the small pores. In addition, the Au ligament with a smaller size

has a more strained surface and contains more low coordinated

surface sites,40 which should explain the improved electro-

catalytic activity of the bimodal np-Au. The enhanced catalytic

activity of nanoscaled Au catalyst with a smaller particle size has
Fig. 4 Linear sweep voltammetry (LSV) curves of uniform np-Au (u/np-Au

(b/np-Au) (b and d) in PBS (50 mM, pH 7.0) with (c and d) and without (a

electrode on successive addition of H2O2 at �0.3 V (B), inset in (B) is the co

This journal is ª The Royal Society of Chemistry 2012
also been observed elsewhere.41–43 The high electrocatalytic

activity of the np-Au electrodes suggests their potential appli-

cation in non-enzymatic H2O2 sensing. As shown in Fig. 4B, both

the electrodes respond rapidly to the addition of H2O2 and reach

the maximum steady-state current within 4 s, indicating the free

diffusion of H2O2 into the three-dimensional porous structure

and fast electro-reduction. In comparison, the bimodal np-Au

electrode exhibits a higher current response, which is in good

agreement with that obtained by a linear sweep voltammetry

study. The bimodal np-Au also exhibits a wider linear range for

H2O2 determination (0.05–1.55 mM, R ¼ 0.997) compared with

uniform np-Au (0.05–1.35 mM, R¼ 0.996; inset in Fig. 4B). This

detection limit is �2 mM (S/N ¼ 3) which is even lower than

certain horseradish peroxidase (detection limit: 12.89 mM)44 and

carbon nanotube (CNT; detection limit: 10 mM)45 based

biosensors.

The excellent performance of the np-Au electrodes towards

H2O2 detection suggests that they are promising for the fabri-

cation of oxidase-based biosensors. For the GOx-based

biosensor fabrication, first, the amount of GOx loaded was

optimized and 20 mg GOx was immobilized on the electrode to

ensure a fast conversion of glucose to H2O2. The performances of

the two np-Au-based glucose biosensors were then tested by

recording their amperometric response to the added glucose

under �0.3 V (vs. SCE). It is worth mentioning that at this low

potential the current from the direct oxidation of glucose on

np-Au is negligible. Fig. 5a shows the amperometric responses of

the two np-Au biosensors towards each addition of 1.5 mM

glucose. As observed, this novel bimodal np-Au-based biosensor

responses more sensitively to each addition of glucose. The signal
) with a pore/ligament size of 30–40 nm (a and c), and bimodal np-Au

and b) 5 mM H2O2 (A); current responses of the b/np-Au and u/np-Au

rresponding plots of currents vs. H2O2 concentrations.

Nanoscale, 2012, 4, 4492–4497 | 4495



Fig. 5 Current responses of GOx/bimodal np-Au and GOx/uniform np-Au on successive addition of 1.5 mM glucose into a stirring PBS (50 mM, pH

7.0), applied potential:�0.3 V (a); plots of currents vs. glucose concentrations (b); current responses of the two GOx modified electrodes on the addition

of AA (�0.1 mM), AP (�0.1 mM), UA (�0.02 mM), and glucose (1.5 mM).
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reaches the highest value within 4 s, indicating that after the

immobilization of GOx on the big pores, glucose can still diffuse

freely into the bimodal nanoporous structure and the product

from GOx-catalyzed reaction (H2O2 here) can be quickly detec-

ted. As shown in Fig. 5b, it exhibits a good linear range from 0 to

21 mM (R ¼ 0.996) for glucose sensing with a detection limit of

�10 mM (S/N ¼ 3). In comparison, the uniform np-Au-based

biosensor has a much lower response and shorter linear range

(0–18 mM). The linear range of this bimodal np-Au-based

biosensor is also wider than other biosensors such as GOx/CNT/

Teflon (2–20 mM),46 GOx/graphene (0.01–10 mM),47 GOx/

nanoporous PtNi (0.5–21 mM),48 GOx/porous gold (1–18 mM),

and GOx/AuPd/graphene (0–3.5 mM)49 biosensors. The

enhanced performance of the bimodal np-Au biosensor can be

safely ascribed to its high activity for H2O2 electro-reduction.

However, it is interesting to observe that after GOx immobili-

zation, the current difference on the two np-Au-based biosensors

(Fig. 5a) becomes much larger compared with that on the two

bare np-Au sensors (Fig. 4b), i.e., after GOx immobilization, the

bimodal np-Au-based sensor is more superior. For example, at

400 s, the current density on GOx/bimodal np-Au is nearly 3

times that on GOx/uniform np-Au, while the current density on

bare bimodal np-Au is only �1.4 times that on uniform np-Au.

We assume that with the bimodal pore size distributions, the

bimodal np-Au might be easier for the mass transfer of small

molecules after GOx immobilization compared with uniform

np-Au with pore size of 30–40 nm. In addition, it is believed that

after GOx immobilization, the active surface area of np-Au

would decrease due to GOx adsorption. For the bimodal np-Au,

GOx can only be trapped in the big pores (big ligament surface),

thus, the active surface from the small Au ligaments should be

better preserved. These factors might explain the superior

performance of the bimodal np-Au after GOx loading. As shown

in Fig. 5c, the physiological level of AA (0.1 mM), UA (0.02 mM)

and AP (0.1 mM) only result in negligible amperometric

responses at the two np-Au biosensors due to the low potential

applied and the permselective barrier effect of the Nafion

membrane. All these suggest that the great potential of the

bimodal np-Au-based biosensor for fast, sensitive and selective

glucose detection. Moreover, the bimodal np-Au-based

biosensor is also reproducible and stable. For 5 mM glucose, the

relative standard deviation (RSD) of five freshly prepared np-Au

biosensors is �4.5%. After 1 month storage at 4 �C, the response
of the biosensor remains �97% of its initial value. Note that

uniform np-Au also exhibits excellent reproducibility and storage

stability. After continuous working for more than 20 min, the
4496 | Nanoscale, 2012, 4, 4492–4497
current response on the bimodal np-Au-based biosensor changes

negligibly, while that on uniform np-Au decreases to �90% of

the initial value (Fig. 5c). These results indicate that the bimodal

np-Au is very promising for the fabrication of bio-

macromolecule-based (such as enzyme- or DNA-based)

biosensors.

4. Conclusions

By two-step dealloying well-designed AuAgAl ternary alloy,

np-Au with bimodal pore/ligament size distributions is success-

fully fabricated. This novel hierarchical np-Au with high void

space (92.5%) and low density is demonstrated to be an excellent

support for the fabrication of enzyme-based biosensors. The

large pores are used as an enzyme container and the small pores/

ligaments act as the detector for the enzymatic product to give

a signal. In a poof-of-concept study, GOx-loaded bimodal np-Au

with pore sizes of �90 nm and �10 nm can more sensitively

detect glucose up to 21 mM compared with GOx-loaded normal

np-Au with a uniform pore size of 30–40 nm.Moreover, this two-

step dealloying strategy can also be applied to other systems to

prepare other nanoporous metals such as np-Pt. This kind of

bimodal nanoporous structure is interesting for both funda-

mental research and practical applications in sensors, actuators,

fuel cells, photocells, etc.
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