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By one-step dealloying a single phase AusCu,5Mnj7g alloy, nanoporous AuCu alloys (np-AuCu) with widely
tuned Au:Cu ratio are obtained. The one-step corrosion in (NH4),SO4 solution involves two step deal-
loying process. The first one is fast dealloying of Mn, resulting in np-Au;Cusgs. The second step is slow
etching of Cu, which is used to tune the ratio of Cu/Au on the AuCu nano-ligament surface. Electro-
chemical measurements exhibit that the electrocatalytic activities of ultrafine np-AuCu towards glucose
oxidation and H,0; reduction depend on the ratios of the Au:Cu. The activities follow the order that
np-AuggCusg > np-Ausg Cugy > np-AuzgCuy > np-Au.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, green energy technologies such as fuel cells/biofuel
cells have been attracting great research interest due to their
importance for the sustainable development of modern society.
Compared with other fuel cells, the fuel cell powered with glucose
derived from degradable biomass has received a lot of attention
[1-3]. Theoretically, glucose can be completely oxidized to CO, and
H, 0, releasing 24 electrons per glucose molecule [4]. Therefore, the
direct glucose fuel cell is of high energy-density.

For enzyme catalyzed glucose biofuel cells, glucose dehydro-
genase (GDH) and glucose oxidase (GOx) are usually used [5-9].
Although these enzyme exhibit high catalytic activity and selec-
tivity, these biocatalysts are lack of long-term stability originating
from the intrinsic nature of the enzymes. To address these issues,
many attempts have been made to develop catalysts with high
activities for glucose electro-oxidation. Early research on this sub-
ject has focused on the use of noble metals such as Pt [10] and Au
[11]. However, these electrodes lose their activity quickly due to
the accumulation of chemisorbed intermediates which block the
electrode surface. Nowadays, the fast development of nanotech-
nology and the appearance of numerous nanostructured materials
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provide us new opportunities for developing novel nonenzymatic
glucose fuel cells [12].

Quite recently, nanostructured Au has also been demonstrated
to be an excellent electrocatalyst for glucose oxidation and fabri-
cation of glucose fuel cells and biosensors [13-21]. However, it is
noticed that pure Au nanomaterials are used in most of these works
and the high cost of pure Au certainly inhibits their commercial-
ization. For practical applications, Au-based alloy nanostructures
are more interesting. Moreover, alloying with transition metals has
been demonstrated to be an effective strategy to improve the cat-
alytic performance of noble metals by changing their electronic
structure as well as the correlating ligand and strain effects [22].

Nanoporous Au (np-Au) catalyst prepared by alloy corrosion has
attracted much attention during the last decade [23,24]. It is known
that uniform np-Au prepared by dealloying single phase binary
precursors (such as AuAg or AuCu alloys) usually contains a very
low amount of non-noble metals (usually less than 15 at.%) [24]. To
prepare np-Au with a high and tunable non-noble metal content,
ternary precursors are more promising considering that the most
active component can be selectively removed and the content of
the other two components can be precisely controlled [25]. In our
previous work, we have proposed Al-based ternary systems such
as Pd-Cu-Al ternary alloys to demonstrate this concept [26]. How-
ever, most of these Al-based ternary precursors contain multiple
intermetallic phases, which would obviously affect the uniformity
and alloy quality of the resulting nanoporous alloys [26,27]. Al-
based single phase ternary alloys has also been reported with
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limited composition such as AlggAuy7,Nigg, and AlggAuy7,Co0gg
[28]. The design of single phase ternary precursors which is tunable
in composition and suitable for selective etching is still very chal-
lenging. In this work, we design a single phase Mn-Cu-Au ternary
precursor which can be selectively and step by step dealloyed (Mn
first then Cu) to fabricate nanoporous binary Au-Cu alloys with
widely tuned Cu/Au surface ratio. Electrochemical measurements
show that the nanoporous AuCu alloy (np-AuCu) exhibits high and
composition-depended electrocatalytic activity towards glucose
oxidation and H,0, reduction.

2. Experimental

AusCuy5Mnyg alloy with a thickness of ~30 wm and a width of
~3 mm were made by refining pure Mn, Au and Cu (>99.9%) in
an arc furnace under the protection of argon, followed by melt-
spinning. Nanoporous AuCu alloys with tunable Au/Cu ratios were
prepared by chemical dealloying the precursor for different times
in 1M (NH4),SO4 solution (not deaerated) at room temperature.

Powder X-ray diffraction (XRD) data were collected on a
Bruker D8 advanced X-ray diffractometer using Cu Ka radiation
(A=1.5418 A). The microstructures were characterized on a JEM-
2100 high-resolution transmission electron microscope (TEM) and
a JEOL JSM-6700F field emission scanning electron microscope
(SEM) equipped with an Oxford INCA X-sight energy dispersive X-
ray spectrometer (EDS). For the TEM characterization, the np-AuCu
was ultra-sonicated in ethanol forming a suspension. Several drops
of the suspension were then dropped on a Cu screen substrate and
dried overnight at room temperature. For the SEM characterization,
one piece of np-AuCu (~3 mm x 3 mm) was immobilized on the Cu
substrate using a conductive carbon tape.

All electrochemical tests were performed on a CHI 660E elec-
trochemical workstation at room temperature. A three-electrode
system was used with the dealloyed nanoporous metal as work-
ing electrode, Pt foil as counter electrode, and saturated calomel
electrode (SCE) as reference electrode. The np-AuCu catalyst sus-
pensions were made by mixing np-AuCu (3.0 mg), carbon powder
(4.0mg), ethanol (300 L), and Nafion solution (0.5 wt.%, 100 L)
under sonication for 20 min. The working electrode was prepared
by dropping the suspension (4 L) on a glassy carbon electrode. The
electrolyte for the electrochemical test was 0.2 M NaOH solution
with or without 50 mM glucose. For the Cyclic Voltammetry (CV)
test, the scan rate is 50 mV s~1. Current-time curves were recorded
at 0.2V in 0.2 M NaOH aqueous solution with and without addition
of 1 mM glucose (each time). During the whole current-time test-
ing process, the electrolyte was stirred using a magnetic stirring
equipment. Before each test, the electrolytes were deoxygenated
with high-purity N, for 20 min.

3. Results and discussion
3.1. Preparation and characterization of np-AuCu alloys

Normally, np-Au dealloyed from binary alloys such as AuAg and
AuCu alloys only contains a few atomic percentage of residual Ag
or Cu. In order to lower the catalyst cost and possibly enhance the
catalytic activity, in this work, we try to prepare np-AuCu alloys
with widely tuned surface composition by dealloying a ternary
AusCuy;Mnys5 precursor.

The composition of the precursor is controlled by the feed ratio
of each element and also confirmed by EDS analysis (data not
shown). The XRD pattern of the precursor shows three main peaks
locating at ~41.2, 47.9, and 70.0°, which can be assigned to (11 1),
(200) and (2 2 0) diffraction of a single phase face-centered cubic
(fcc) structure (Fig. 1a). The XRD pattern of the resulted sample
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Fig. 1. XRD patterns of the ternary AusCu,5Mny alloy before (a) and after (b) deal-
loying in 1 M (NH4),SO4 solution for 2 days.

after the dealloying of Mn is shown in Fig. 1b. The three diffrac-
tion peaks from the precursor alloy disappear and a new set of
three peaks around 44.3, 51.5, and 76.2° appears. Compared with
the peaks from the precursor, these new peaks become broad and
shift to higher degree, suggesting the formation of nanoscale crys-
tals and the removal of Mn with a bigger atomic size, respectively
[25]. Besides the three main peaks, two small diffraction peaks at
36 and 62° can be assigned to Cu,0 which is formed by the oxida-
tion of nanoscale surface Cu in air. Thus, the final product is actually
np-AuCu/Cu, 0 composite. It is found that after the removal of Mn
(bubbling stopped), the Cu content can be further tuned by extend-
ing the dealloying time in the same (NHy4),SO4 dealloying solution.
For example, the AuCu ratio of np-Au;gCugy (after just removal
of Mn) can be tuned to be around AuggCus4, AusgCuyy, AusgCusyy,
Aug;Cus, respectively, after dealloying for 2, 3, 7, and 10 days. The
EDS spectrum of each sample is shown in Fig. S1 in Supporting
information.

Fig. 2a shows a low magnification section-view SEM image of
np-AusgCuys. Itis observed that the free-standing nanoporous alloy
is very uniform and has a thickness of ~30 pm. The zoom-in SEM
image in Fig. 2b shows that the np-AuCu has a spongy-like bicontin-
uous ligament-pore nanostructure with a small ligament size of less
than 10 nm. Fig. 2c gives the corresponding TEM image, in which the
color contrast between the dark ligaments and bright pores further
indicates the formation of interpenetrating ultrafine ligament/pore
structure. We can also observe some thin film-like material cov-
ering the nanoligaments (indicated by arrows in Fig. 2c). These
thin films can be assigned to the formed Cu,0 by oxidation in air,
which is also confirmed by the selective area electron diffraction
(SAED) image in Fig. S2. The HRTEM image (Fig. 2d) of the sam-
ple shows that ordered lattice fringes are well resolved around the
bright pore. The lattice distance is calculated to be ~0.2 nm, cor-
responding to the distance of the (111) crystal plane of fcc AuCu
alloy. When comparing the nanoporous structure (ligament/pore
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Fig. 2. SEM (a, b), TEM (c) and HRTEM (d) images of dealloyed np-AuCu alloy (2-day dealloying).

size: ~25nm) obtained by dealloying Mn;oCusg alloy (Fig. S3), the
nanopore/ligament size of np-AuCu is much smaller (~10 nm). This
result suggests that the addition of Au in the Mn;¢Cusg precursor
can significantly inhibit the fast diffusion of Cu during the deal-
loying of Mn. The inhibition effect has been frequently observed
from metals with low surface diffusivity such as Pt and Pd [25,26].
In this work, it is found that Au which has a relatively fast surface
diffusivity [29] can also greatly inhibit the diffusion rate of a fast-
diffusion metal such as Cu, resulting in an ultrafine nanoporous
structure. It should be noted that further dissolution of Cu from the
np-Au;Cugs has no observable effect on the nanoporous struc-
ture although theoretically it would increase the porosity of the
nanoporous structure since more Cu are removed.

3.2. Electrocatalytic activities of np-AuCu towards glucose
oxidation

The electrocatalytic activities of the np-AuCu alloys/composites
towards glucose oxidation are examined to evaluate their potential
application in glucose fuel cells or electrochemical sensing. Fig. 3a
shows the CV profiles of np-AuCu in the 0.2 M NaOH solution. In the
blank NaOH solution, the peaks at a potential of —0.4V and —-0.2V
is due to the oxidation of Cu into Cu(I) and Cu(II), respectively [30].
The current over 0V should be caused by the oxidation of some
Cu(II) to Cu(lIll) and the oxidation of Au [30,31]. As observed that
these peaks also appear from pure Cu electrode (Fig. 3b). During
the negative scan, the peak at ~—0.2V is assigned to the reduc-
tion of Au-OH into Au. The peaks at —0.5V and —0.8V is due to
the reduction of Cu(Il) to Cu(I) and Cu(0), respectively. It is also
observed that when most Cu has been removed (Aug7Cus), the sam-
ple shows a typical electrochemical behaviour of Au and the peaks
from Cu can be barely observed. After the addition of 50 mM glucose
(Fig. 3¢) in the NaOH aqueous solution, in the positive scan, the first
increase in current (starts from ~—0.8 V) could be due to glucose
electro-adsorption and generation of adsorbed intermediates (per
glucose molecule lost one proton in this electrochemical reaction)

[31]. When the applied potential is larger than 0V, Au-OH species
are generated in the alkaline solution. Au-OH is beneficial in oxidiz-
ing the intermediates derived from the glucose electro-adsorption.
This process alsoreleases free active Au sites for the direct oxidation
of glucose resulting in a big current peak at ~0.2-0.4 V. Since CuO is
also very active for the oxidation of glucose [32-34], the formation
of Cu(Il) should also contribute to the high catalytic activity of the
np-AuCu catalysts. The current decrease after the peak should be
attributed to the formation of Au oxides which block the active Au
sites for glucose oxidation [31]. In the negative scan, the oxidation
of glucose is suppressed due to the oxidized Au surface. The oxi-
dized Au surface begins to be reduced at a potential ~0.2V, and its
activity starts to show some recovery, resulting in a large anodic
peak at ~0-0.2 V. Since at this potential some Cu(IIl) has also been
reduced to Cu(ll), the second anodic peak (at ~-0.2 V) may be due
to the oxidation of glucose on the generated Cu(Il) surface.

As also observed from Fig. 3c, the four np-AuCu samples show
similar electrochemical behavior for glucose oxidation. However,
the surface-specific current densities for glucose electro-oxidation
are clearly different with np-AuggCus4 exhibiting the largest cur-
rent density. The highest current density at np-AuggCus4 should
result from the optimized surface Au/Cu composition of this sam-
ple towards glucose oxidation. The inclusion of a certain amount of
Cu may cause an alloy effect, and modified surface strain, resulting
in an enhanced catalytic activity [35]. Moreover, the coexistence
of Au and Cu,0/CuO surface during the electrochemical reaction
clearly results in a synergistic catalytic effect for the oxidation of
glucose since all these AuCu alloy sample exhibit higher catalytic
activity compare with the almost pure Au sample (Aug;Cus).

For practical fuel applications, the electrocatalytic durability of
catalyst is very important. As shown in Fig. 3d, the glucose electro-
oxidation at the np-AuggCus4 alloy is fairly stable because the
features of the CV curves remain almost unchanged after 200CV
cyclesin 0.2 M NaOH + 50 mM glucose solution. In addition, no obvi-
ous change is detected after the electrode has been stored at 4 °C for
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Fig. 3. CV curves of np-AuCu in 0.2 M NaOH solution without (a) and with (c) 50 mM glucose; CV curves of pure Cu in 0.2 M NaOH aqueous solution (b); CV curves (200CV
cycles) of np-AugsCus4 alloy in 0.2 M NaOH + 50 mM glucose solution (d). Scan rate are 50mV s~ for all the tests.

four weeks. These results indicate that the np-AuCu alloy catalysts
have a good catalytic and storage stability.

For potential electrochemical sensing applications, electrocata-
lysts are usually evaluated by measuring current response vs. time
at a certain potential after the addition of analyte. Fig. 4a shows
the current response of the np-AuggCusq4 electrode with and with-
out the addition of 1 mM glucose. It is clear that after the addition
of glucose, the current increases dramatically, indicating the oxi-
dation of glucose at this applied potential (0.2V). Fig. 4b shows
the current response of the electrode towards the successive addi-
tion of 1mM glucose at 0.2V. For comparison, the response of
np-AugyCus under the same condition has also been included. After
the addition of glucose, the current responses more sensitively at
np-AuggCus4 and reaches ~97% of the steady state value within
3s. The response time is similar to those obtained at Pd-SWNTs
(3s)[14] and porous gold (2 s) [36] electrodes. However, it is much
shorter than those at Pd/epoxy-Ag (6s) [15] and Pb-graphene (9s)
[16] electrodes, suggesting that the np-AuCu electrode responds
rapidly to the change of glucose concentration. The fast response
can be attributed to the fact that glucose can diffuse freely into the
3D bicontinuous nanoporous structure and the enhanced catalytic
activity. As shown in Fig. 4c, the electrode responds linearly to glu-
cose over a wide concentration range (0-12 mM, R=0.997) with a
sensitivity of ~50 pAmM~1 cm—2.

3.3. Electrocatalytic activities of np-AuCu towards H>0,
reduction

Besides acting as an anodic electrocatalyst, we also test the
present np-AuCu for H, 0, electro-reduction, which is an important
fuel cell cathode reaction. As shown in Fig. S4, all the three catalysts
tested are very active for H,O, reduction. At potential of —0.3V,
the np-AuggCusy4 catalyst clearly exhibits a higher current for the
H,0, reduction. Compared with np-AusgCuy,, the np-AuggCusy
shows a much higher reduction current between 0 and —0.6V.

Compared with np-Au;gCuys,, the np-AuggCusz4 shows a higher cur-
rent at potential between 0 and —0.3 V. Between —0.3V and —-0.6V,
however, the np-Au;gCu,; also shows a similar high current since
Au becomes very active for H,O, reduction at this potential range
[37]. Therefore, the np-AuggCusy catalyst exhibits overall the best
performance for the electro-reduction of H,0,. Again, the best per-
formance should be owing to a suitable Au/Cu ratio which would
resultin an optimum Au and Cu, O surface composition and surface
strain for the electro-catalyzed reaction.

It is also worth mentioning that this fabrication strategy i.e.,
dealloying Mn-based ternary alloys, can also be extended to pre-
pare other nanoporous alloys with tunable compositions, such as
np-PtCu, and np-NiCu alloys, or nanoporous composites, such as
np-NiCu/NiCuOy. Fig. S5 shows the SEM images of np-PtCu and np-
NiCu alloys obtained by dealloying Pt5CuyoMn75 and Ni5CuygMnys,
respectively. It is observed that as expected, the addition of Pt
and Ni greatly inhibit the surface diffusivity of Cu during the deal-
loying process, resulting in ultrafine nanoporous structures. These
nanoporous alloys with tunable compositions and uniform struc-
ture should be very useful for other important applications [38,39].

4. Conclusions

Free-standing np-AuCu alloys with uniform ligament-pore size
and controllable bimetallic Au/Cu ratio are facilely fabricated by
a dealloying process. Electrochemical measurements demonstrate
that the np-AuggCus4 alloy exhibits greatly enhanced electrocat-
alytic activity and durability towards glucose oxidation and H,0,
reduction compared with other np-AuCu samples. Owing to the
excellent electrocatalytic activity, the np-AuggCusy4 also responses
sensitively towards the addition of glucose. These results indicate
that the prepared np-AuCu alloy is promising as both anode and
cathode catalyst for glucose fuel cells.
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