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treated structure with an increased specific surface area compared with the metallic structure before treatment.
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METHOD FOR TREATING A SURFACE OF AMETALLIC STRUCTURE

TECHNICAL FIELD

The present invention relates to a method for treating a surface of a metallic structure
and pardeularly, although not exclusively, to a method for electrochemically treating a surface of
a metal foam so as to obtain a nanostructured surface on the metal foam. The treated structure

has inereased specific surface area and surface roughuness, and can be used as electrodes, filters,

absorbers, catalysts, and sensors in different applications.

BACKGROUND

As a type of 3D porous bulk material, metal foams are of great practical importance in

many engineering fields. Conventionally, metal foams have been widely used for heat exchangers,
filters, energy and sound absorbers. Recently, open-cell metal foams have caught much attention
for their new applications as charge collectors/mass support for the electro-active materials for
lithtum ion batteries (LIBs), super-capacitors, fuel cells, and sensors. Compared with porous

3

L.

FOOC

[l

nano-materials, open-cell metal foams stand out for their low cost, easy fabrication,

mechanical properties, high porosity, light weight, and high thermal and electrical conductivities.

The decent-sized (e.g., several centimeters thick)
¥

} and robust framework offered by open-cell

metal foams are extremely attractive for sirnple and fast device mtegration and assembly.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present invention, there is provided a method for

~ —~
i
i

treating a surface of a metallic structure, the metallic structure being made of 2 first metallic

/

material; the method comprising the steps of: (a) bonding an alloy material made of the first

metallic material and a second metallic material with the metallic structure; and (b) removing or

¥

etching away at least some of the first metallic material from a structure obuained after step (a) so

7
as obtain a treated structure with an increased specific surface area compared with the metallic
structure before treatment. Preferably, the metallic structure is being made of the first metallic

material only; and the alloy material is made of the first metallic material and the second metallic

material only. In one embodiment, the first metallic material etched away at step (b) belones o
J J 3 fed
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the alloy material and the original metallic structure. In another embodument, the first metallic

material etched away at step (b) belongs to the alloy material only.

In one embodiment of the first aspect, the treated structure bas a nanostructured surface

with nano-pores (pores that are of nano-—scale).

In one embodiment of the first aspect, step (3} comprises electrodepositing the alloy
3 \_ "/ <O 7

rnaterial onto the metallic structure.

In one embodiment of the first aspect, an clectrochemical ceft is used for
electrodepositing the alloy material onto the metallic structure; the electrochemical cell compnses
a first electrode, a second electrode and an electrolyte in electrical connection; wherein the
metallic structure to be treated being connected as the first electrode; and the electrolyte
comprises a solution with tons of the first metallic material and jons of the second metallic

material. Preferably, the electrochemical cell has an extra third reference electrode

In one embodiment of the first aspect, the solution of the electrolyte further comprises

an acid. The acid may be boric acid.

In one embodiment of the first aspect, step (b) comprises electrochemically de-alloying at

least some of the first metallic material, In one embodiment, the first metallic material de-alfoyed

at step (b) belongs to the alloy material and the original metallic structure. In another

embodiment, the first metallic matenal de-alloyed at step (b) belongs to the alloy material only.
5 Y

In one embodiment of the first aspect, the de-alloying in step (b) is carried out in a

7/
solution with ions of the first merallic matenal, ions of the second metallic material and an acid

In one embodiment, the solution used in step (b) may contain the solution of the electrolyte used
o
in step (a).

In one embodiment of the first aspect, the de-alloying in step (b} is carried out in an
acidic solution comprising or further comprising HCIL HNO,, H.50,, or ammonium.

N

It one embodiment of the first aspect, the clectrodeposition in step (a) is carried out by
/

applying a first voltage for a first duration to the metallic structure; and the de-alloyving in step (b}
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is cartied out by applying a second voltage differeat from the first voltage for a second duration

to the structure obtained after step (a). The first and second durations are preferably the same but
L o/

they may also be different

In one embodiment of the first aspect, the first duration is 1 second to 60 seconds.

(@21

In one embodiment of the first aspect, the second duration is 1 second to 60 seconds

In one embodiment of the first aspect, one of the first voltaqc and the second voltage is 2
3 (o]
i"lgﬁ. is a pOblLVC \/U?‘Lﬂg(’,‘, In

10 negative voltage, and another of the first voltage and the second voli
one example, the first and second voltages may be in the form of a voltage wave such as AC
square or sinusoidal voltage wave. Preferably, the wave is periodic.

In one embodiment of the first aspect, in step (b} at least some or 2l of the second
9 S/
obtained after step (a) as the first metallic material

15 metallic material is detached from the structure

ts etched away. The detachment is preferably due to undercutting,

In onc embodiment of the first aspect, the second metallic material detached from the

structure obtained after step (a) is in a form of particles.

20
In one embodiment of the first aspect, the detached second metallic material particles

have nano-pores {pores that are of nano-scale

S

In one embodiment of the first aspect, the method further comprises the step of (c
25 repeating steps (a) and (b},

To one embodiment of the first aspect, steps (a) and (b) are repeated for 20 to 160 tmes.
In another embodiment of the first aspect, steps (a) and (b) may be repeated for 1 to 300 mmes,

depending on the desired surface nanostructure of the treated structure,

(9 LW B

‘.
e emb

In one embodiment of the first aspect, the alloy material may be in the form of micro-

sles, particles, granules, etc.
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To one embodiment of the first aspect, the first metallic material s chemically more
reactive than the second metallic material.

In one embodiment of the first aspect, the first metallic material is an alurinium-based
material, a copper-based material, 2 zinc-based material, or a silver-based matertal; and the second
metallic material is a nickel-based material, platinum, or gold. In a preferred embodiment of the
first aspect, the first metallic material 15 aluminmum, copper, zinc, or silver; and the second
metallic material is nickel, platinum, or gold. In another embodiment, other metallic materials can
be used as long as the first metallic material is chemically more reactive than the second metallic

rnaterial.

In one embodiment of the first aspect, the metallic structure is porous. The metallic

structure may be in the form of a foam, a foil, a wire, or a mesh.

In one embodiment of the first aspect, the metallic structure 15 a closed-cell metal foam.
In a preferred embodiment of the first aspect, the metallic structure is an open-cell metal foam.
Examples of these metal foams include aluminium foam, cadmivm foam, cobalt foam, copper
foam, iron foam, lead foam, molybdenum foarn, nickel foam, niobium foarm, rhenium foam,

silver foam, tantalum foam, tin foam, dtantum foam, zinc foam, ctc.

In one embodiment of the first aspect, the method further comprises the step of {d)
generating, bonding or coating a metallic or metallic oxide material on a surface of the treated

structure,

In one embodiment of the first aspect, the method further comprises the step of (¢}
generating, bonding or coating an electro-active or photocatalytic oxide material on a surface of

the treated structure.

In one embodiment of the first aspect, the method further comprises the step of {
modifying a surface of the treated structure using thermal treatment. In one example, nanowire

¢ grown or formed on the treated structure using thermal oxidation.

o

structares may

J

In accordance with a second aspect of the present invention, there is provided a method

for treating a surface of an open-cell metal foam, the open-cell metal foam being made of a first
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metallic material; the method comprising the steps of: {a) electrodepositing alloy material micro-
isles made of the first metallic material and a second metallic material onto the open-cell metal
foam; and (b) electrochemically de-alloying at least some of the first metallic material from a

structure obtained after step (a) so as obtain a treated open-cell metal foarn with a nanostructured

¥
1

surface having nano-pores. Preferably, the open-cell metal foam is being made of the first
metallic material ooly; and the alloy material micro-isles are made of the first mewallic material and

the second metallic material only. In one embodiment, the first metallic material de-alloyed at

step (b) belongs to the alloy material and the open-cell metal foam. In another embodiment, the

first metallic material de-alloyed at step (b) belongs to the alloy material only.

In one embodiment of the second aspect, the method further comprises the step of {(¢)

repeating steps (a) and (b). Preferably, steps (3) and (b} are repeated for 1 to 300 times, and more
preferably, 20 to 160 times, depending on the desired surface nanostructure of the treated

structure.

T one embodment of the second aspect, the method further comprises at least one of
the following step: (d) generating, bonding or coating a metallic or metallic oxide material on a

surface of the treated open-cell metal foam; (¢ generating, bonding or coating an clectro-active

~
i
i

or photocatalytic oxide material on 2 surface of

the treated open-cell metal foany and ()

moditying a surtace of the treated open-cell metal foam using thermal weatment.

In one embodiment of the second aspect, in step {b) at least some or all of the second
metallic matenial is detached from the structure obtained after step (a) as the first metallic material
i3 de-alloyed, and wherein the detached second metallic material 1s a form of particles having
nano-pores (pores that are of nano—scale). The detachment is preferably due to undercutting,

Tn one embodiment of the second aspect, the first metallic material is an aluminium-

4
3

based material, a copper-based material, a zinc-based material, or a silver-based materal; and the

3
second metallic material is a nickel-based material, platinum, or gold. 1o a preferred embodiment
of the first aspect, the first metallic material is aluminium, copper, zine, or silver; and the second

3
]
i

metallic material is nickel, platinum, or gold. In another embodiment, other metallic materials can
be used as long as the first metallic material is chemically more reactive than the second metallic

material.
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Examples of the metal foams i the embodiments of the second aspect include
alumdintum foam, cadmium foam, cobalt foam, copper foar, iron foam, lead foam, molybdenum
foam, nickel foam, niobium foam, rhenium foam, silver foam, rantalum foam, tin foam, tiranium

foam, zinc foam, cic.

In accordance with a third aspect of the present invention, there is provided a metallic
I 3 I

structure produced using the method in accordance with the first aspect of the present invention.

In accordance with a fourth aspect of the present invention, there is provided an open-
10 cell metal foam produced using the method in accordance with the second aspect of the present

invention
It is an object of the present invention to address the above needs, to overcome or
substantially ameliorate the above disadvantages or, more generally, to provide an improved
15  method for treating a surface of 2 metallic structure, and in particular, an open-cell meral foam.
[l §

BRIEY DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be described, by way of example, with

20 reference to the accompanying drawings in which:

Figure 1 is a flow diagram showing a method for treating a surface of a metallic structure

in accordance with one embodiment of the present invention;

[\
(%]

Figure 2 is a flow diagram showing an exemplary application of the method of Figure 1,
and it specifically Hlustrates an exemplary fabrication procedure for roughening the surface of an

open-cell copper foam;

Figure 3 is an EDX measurement of the roughened copper foam fabricated based on the

30 method of Figure 2;

Figure 4a 1s an SEM image (with a low magnification view and a high magnification insert)

of the original copper foam without be treated with the method of Figure 2;
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Figure 4b is an SEM image (with a low magnification view and a bigh magnification insert)

ot the copper foam treated using the method of Figure 2;

Figure 4c is an SEM wmage of nano-porous nickel particles penerated during the
roughening treatment of the method of Figure 2;

Figure 4d is an enlarged SEM image of a nano-porous nickel particle generated during the
roughening treatment of the method of Figure 2;

Figure 5 is a table showing SEM images of copper foam samples prepared using the
method of Figure 2, with different electrodeposition and dealloying durations and treatment cycle

number;

Figure Ga shows a static-contact-angle image of a water droplet on the original copper
foarn without being treated with the method of Figure 2;

(8}
o

Figure 6b shows a static-contact-angle image of a water droplet on a copper foam treated
using the method of Figure 2 in which the electrodeposition duration is 5 seconds, the dealloying

duration is 5 seconds and the cycle number is 80;

Figure 6c shows a static-contact-angle image of a water droplet on a copper foam treated
using the method of Figure 2 in which the electrodeposition duration is 10 seconds, the

dealloying duration is 10 seconds and the cycle number is 8(;

Figure 7a shows a Surface-Enhanced Raman Scattering (SERS) mapping image of the
original copper foam without being treated with the method of Figure 2 and being decorated
with silver nanoparticles;

Figure 7b shows a Surface-Eohanced Raman Scattering (SERS) mapping image of the

copper foam treated using the method of Figure 2 being decorated with sitver nanoparticles;

Figure 8a shows 2 SEM image (with a low magnitication view and a bigh magnificadon
insert) of original copper foam without being treated with the method of Figure 2 and being

thermally oxidized;
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e 8b shows a SEM image (with a low magnification view and a bigh magnification

insert) of copper foam treated using the method of Figure 2 heing thermally oxidized;

Figure 9 is an XRD pattern of the copper foam roughened using the method of Figure 2

after thermal oxidation, in comparison with the standard JCPDS patierns of Cu, Cu20 and Cu(;
3 + 5 >

Figure 10a shows the cyclic voltammogram of the copper oxide nanowires grown on an

original untreated copper foam;

Figure 10b shows the cyclic voltammogram of the copper oxide nanowires grown on a

copper foam treated using the method of Figure 2;

Figure 10¢ shows the charge/discharge curve of the copper oxide nanowires grown oo

the original untreated copper foam;

Figure 10d shows the charge/ /disch rarge curve of the copper oxide nanowires grown on a

v

copper foar treated using the method of Figure 2; and

Figure 10e shows the chronopotentiometric curves of different current density for the

oxide nanowires grown on the roughened copper foam.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The Inventors of the present application has devised, through experiments and trials, that
for most applications of open-cell metal foams, a large specific surface area is highly desirable as
it can provide a large working surface area for coating catalytic or electro-active materials,

maxirnize material usage, and thus eohance device performance (eg., allowing higher

charge/discharge rates and higher capacity for charge-storage devices). The Inventors of the

present application has also noted that current commercial metal foams possess bulky structural
features (igaments and pores on the scale of sub-midlimeters) and smooth ligament walls, which
rally mvolving introducing

result from manutacturing proces as, fllers or blowing agents

o
t‘

to metals and sintering/anncaling treatments. And as a result, current metal foams display rather
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¥ . . ~ PO 2 4
small specific surface areas (typically 0.003-0.1 m“/g), limiting their applications in sensors,

catalysts, fuel cells and charge storage devices.

The Inventors of the present application bas devised a convenient and economical
5 electrochemical approach to bestow a nanostructured surface of large area upon the 3D bulk
metal foams or other metallic structures, Through directly modifying the metal foam by carving

its ligaments to generate surface roughness and nano-pores, the surface area of the metal foams

or other metallic structures can be effectively increased.

10 Referring to Figure 1, there is provided a method 100 for treating a surface of a metallic
structure, the metallic structure being made of a first metallic material; the method comprising
the steps of: (a) bonding an alloy material made of the first metallic material and a second metallic
material with the structure; and (b) removing or etching away at least some of the first metallic

/

material from a structure obtained after step (a) so as to obtain a treated structure with ao

15 increased specific surface area cornpared with the metallic structure before treatment.

Figure 1 flustrates a method 100 for treating a surface of a metallic structure (for example,
an open-cell metal foam) made of a first metallic material in accordance with one embodiment of
the present invention. The method 100 begins in step 102, in which an alloy material made of the

20 first metallic material and a second metallic material is bonded to the metallic structure by, for
example, electrodeposition. Preferably, the metallic structure 15 made of the first metallic material
only; and the alfoy material is made of the first metallic material and the second metallic material
only. Also, the first metallic material is chemically more reactive than the second metallic material,

The alloy material mav be in the form of micro-isles, particles, granules, etc. In one embodiment
} J 3 3 &y 5 3

25 in step 102, an electrochemical cell may be used for electrodepositing the allov material onto the
metallic structure. The electrochemical cell may comprise a first electrode (the metallic structure
to be treated), a second electrode, and an optional third reference electrode electrically connected
with an electrolyte. The electrolyte may comprise a solution with 1ons of the first metallic material,
ions of the second metallic material, and an acid.

30

The method 100 then proceeds to step 104, in which at least some of the first metallic
material is etched away, for example, by clectromagnetically de-alloying, The first metallic
material that is etched away in step 104 may originally belong to both the alloy material and the

metallic structure; or alternatively, belong to the alloy material only. Preferably, step 104 is carried
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out i1 2 solution with ions of the first metallic material, tons of the second metallic material and
an acid, which may countain the solution of the electrolyte used mn step 102, In one embodiment,

the solution used in step 104 may include or further include HCL, HNO,, H,50,, or ammonium.

In one embodiment, the clectrodeposition in step 102 is carried out by applying a first
voltage for a first duration to the structure; and the de-alloying in step 104 is carried out by
applying a second voltage different from the first voltage for a second duration to the structure.
The first and second durations may each be between 1 to 120 seconds, and more preferably,
between 1 to 60 seconds. In one example, the first and second voltages may be in the form of a
voltage wave such as AC square or sinusoidal voltage wave, Le., one of the first voltage and the
second voltage 13 a negative voltage, and another of the first voltage and the second voltage is a

positive voltage. The voltage wave may be periodic.

Upon completion of step 104, the resulting structure has a nanostructured surface with
nano-pores and thus has an increased specific surface area and surface roughness compared with
the minal merallic structure before trearment.

Following the ctching away of at least some of the tirst metallic material in step 104, in

step 100, at least some of the sccond metallic material is also detached from the structure as or

l...‘

atter the first metallic material 1s etched away, In one embodiment, all of the second metallic

material is detached from the structure after some of the first metallic material is etched away.
The detachment is preferably due to undercutting, In the present invention, the second metallic
material detached from the structure in step 104 is in the form of particles that may have nano-
pores. These second metallic materials may be recycled or processed for further use.

In step 108, if the treated structure obtained after step 104 does not have a desired
S £ - b 3t SR hf" 7 "ui / 1 |‘i"i‘>‘|" (‘Af nDores ."‘EO’EE f ¥ F l
surface nanostructure, e.g., the size and/or number of pores are not ideal for a partcular
application, method 100 returns to step 102 to repeat the bonding and etching away steps 102,
104 until the desired surface nanostructure is obrained. In one embodiment, steps 102 and 104

g -

are repeated for 1 to 300 times, and more preferably, 20 to 160 tmes.

Upon obtaining a treated structure with a desired surface nanostracture, method 100 then
proceeds to step 110, in which the structure is further treated for specific applications. In step

110, the structure with desired surface nanostructure may be further processed by generating,

10
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bonding or coating a metallic, metallic oxide, electro-active or photocatalytic oxide material on a
surface of the treated struc or by modifying a surface of the treated structure using thermal

treatment

In the method illustrated in Figure 1, the first metallic material may be an alummium-
based material, a copper-based material, a zinc-based material, or sifver-based material, c.g.,
aluminium, copper, zinc, or sitver. The second metallic material may be a nickel-based material
(e.g., nickel), platinum, or gold. Other metallic materials such as can be used as long as the first
metallic material is chemically more reactive than the second metallic material. Preferably, the
metallic stracture used in the method of Figure 1 15 porous, and may be in the form of a foam, a
foil, a wire, or a mesh. The metallic structure may be a closed-cell metal foam or more preferably
an open-cell metal foam. Examples of these metal foams include aluminmum foam, cadmium
foam, cobalt foam, copper foarn, iron foarn, lead foam, molybdenum foam, mckel foam, niobium
foam, rhenium foam, silver foam, tantaluam foam, tin foam, titanium foam, zinc foam, eic.

Figure 2 is a flow diagram showing an exemplary application of the method 100 of Figure
1. In Figure 2, an open-cell copper foam is used as the metallic structure, and nickel-copper (Ni-
Cu) micro-isles or particles are used as the alloy material. In the method 200 of Figure 2, the
copper foam is repetittvely treated with two steps. In the first step 202, micro-isles of Ni-Cu alloy
are ¢lectrodeposited onto the leaments of the copper foam. In the second step 204,
electrochemical dealloying s applied to selectively etch away the exposed copper components,

inchuding the copper components in the Ni-Cu isles and on the uncovered ligament surface.

In the embodiment of Figure 2, the nickel components in the deposited micro-isles serve
as tiny masks to effectively shield the copper ligament surface from etching. The nickel
component, preferably in the form of nano-porous particles, is then rernoved by undercutting as
a result of the etching away of the copper. Following the removal of the nickel components, a
roughened copper surface is obtained and the structure is ready for the next treatment cycle.
Steps 202 and 204 may be repeated for a number of cycles, until a copper foam of a desired
roughened surface (with surface nanostructure) is achieved. The resulting copper foam structure
may be further processed, and may be used as SERS substrates and supercapacitor clectrodes

with enhanced performance.

Experiment

11
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An experiment was performed on a copper foam using the method 200 iflustrated io

Figure 2, and performances ot the resulting structure in different applcations are assessed.

A. Blectrochemical deposition of Ni-Cu alloy and dealloving of copper

The clectrochemical deposition and dealloying steps in Figure 2 were carried out at room
temperature using a2 computer-controlled potentiostat (HEKA Elektronik, PG310) in a three
electrode electrochemical cell which contained a saturated calomel reference electrode, a platinum
rinng as the counter electrode, and the copper foam as the working electrode. An aqueous solution
of 0.005M copper sulfate pentahydrate (Riedal-Dehaén), 0.5M nickel (II) sulfamate tetrahydrate
(Aldrich, 98%), and 06 M boric acid (Riedal-Dehaén) was used as the electrolyte. A small amount
of ethanol (final concentration, 0.1 vol%) was added into the electrolyte before the
electrochemical treatment for better wetting the specimen. A voltage square-wave was applied
which periodically modulated between two extreme values for # cycles: a cathodic voltage of [
for a time duration of 7, for electrodepositing the Ni-Cu alloy isles, and an anodic voltage of 1/
for a time duration of 7, for selectively etching copper (in one example, I,=-0.82V, I7,= 05V,
t; = &, = 10 seconds, and # = 80). To obtain the precipitates from the reaction clectrolyte, the
reaction clectrolyte was first centrituged at 4000 rpm for 10 minutes. The precipitates were then
washed for several times by being centrituged in water at 4000 rpm for 10 minutes.

B, Characterizatons

A scanning electron microscope (SEM, JEOL [SM-820) equipped with an energy
dispersive X-ray (EDX) spectrometer (Ozford INCA 7109) was used to examine sample
morphology and chemical composition. Figure 3 shows an EDX measurement of the roughened
copper foam fabricated based on the method of Figure 2. The scale bar in Figure 3 indicates
10pm. As shown in Figure 3, upon repetitive electrodeposition and dealloying treatment based on
the method of Figare 2, the copper foam was greatly roughened, with the composition kept to be

p‘zlifﬁ COPP& 1.

X-ray diffraction (XRID) patterns were collected using an X-ray diffractometer (Rigaku
SmuartLab) using Cu Ko radiation. Figures 4a to 4d are SEM images of the original copper foam
-
Figure 2 (Figure 4b), and the nano-porous nickel particles (Figures 4¢ to 4d) generated during the
roughening treatment of Figure 2. The scale bars indicate 50um in the low magnification views of

Figures 4a and 4b; lpm in Figure 4¢; 500nm in Figure 4d; and 5pm in the high maguification
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nserts (upper right corner) of Figures 4a and 4b. Figures 4b clearly shows that the roughened
copper foam features a nanostructured surface decorated with nano-pores or porous
nanoparticles. In the experiment above, black precipitates were produced in the electrolyte, and

they were nano-porous gickel micro-particles as illustrated in Figures 4¢ and 4d.

Brunaver-Emmett-Teller (BET) surface area and total pore volume were tested on a
Quantachrome Nova 1200¢ Surface Area Analyzer. In the present embodiment, BET surface
area measurements showed that the specific surface area of the copper foam changed from O

m~/g before the roughening treatment to 22 m*/g after the roughening treatment.

The effects of different electrodeposition and dealloving durations (1, = £, = 2, 5, 10, 30
seconds) and treatrnent cycle number (7 = 10, 40, 80, 180) were further investigated. The table in

¥

Figure 5 SEM images of different copper foam samples prepared, /treated using the method of

Figure 2 with different parameters (electrodeposition at - 0.82 V time for a time duration of ¢,
dealloying at (.5 V for a time duration of t,, repeated for n cycles). All the images mn Figure 5

share the same scale bars: 50um for the low magnification views and 5Sum ftor the high

magnification insets. As shown in Figure 5, for given time periods 7 and 7, the fozm would

gradually be more roughened with an increased cycle number # However, an excessively large
cycle number # would lead to collapse of the whole foam framework. Similarly, for 2 given cycle

number #, the foam was more roughened with longer time pertods 7 and 7, However, excessively
long time periods # and 7, would result in the colapse of the whole foam framework. In one
embodiment of the present invention and in the subsequent discussion, time periods /, 7, of 10
seconds and cycle number # of 80 are chosen to produce copper foams, as this combination may
provide an opuimal balance between obtaiming a greatly roughened surface and rmaintaiming

structural integrity of the foam framework in this particular example.

Static water cogtact aogle measurernents were conducted at room teroperature using a
rarné-hart Model 500 Advanced Contact Angle Gomometer equipped with a CCD camera (30
fps) and the DROPumage Advanced Software, Figure 6a to 6o show static-contact-angle images
ot water droplets on the original copper foam (Figure 6a) and on the treated roughened copper
foams (Figures 6b and 6¢). In Figure 0b, the copper foam was electrodeposited for 5 seconds and
then dealtoyed for 5 seconds, and the process was repeated for 80 cycles. In Figure ¢, copper
foam was electrodeposited for 10 seconds and then dealloyed for 10 seconds, and the process

was repeated for 80 cycles. The water contact angle from static water contact angle measurements
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was found to be 117° oo the untreated copper foam (Figure 6a), and 147° on the roughened
foarn (Figure 6¢). Also, the hydrophobicity on the copper foam in Figure ¢ is greater than that in
Figure 0b, which is in turn greater than that in Figure 6a. This hydrophobicity increase on the

more roughened copper foams is due to the increased surface roughness on the foarms.

Silver coating tor SERS applications

Shver nanoparticles were bonded to the original untreated copper foam and to the
roughened copper foam obtamed using the method of Figure 2 for comparison. The roughened
copper foam bonded with sliver nanoparticles as described below is particularly suitable for use

inn Surface-Enhanced Raman Scattering (SERS) applications.

In this example, the copper foams were immersed into an aqueous solution of AgNG,
(40 mL, 0.8 g/L), which was heated to 90°C. 2 ml sodium citrate (1.0 wt.%) was added dropwise
to the solution with strring (for ~30 s) until the color of the solution turned into light vellow.
For SERS measurements, the sitver-coated copper foam was soaked into a Rhodamine B (107 M)
solution for 3 hours. SERS measurements were performed on a Renishaw 2000 microscope
equipped with a HelNe laser (632.8 nm) of 17 maW power with the laser intensity of 10% and the
beamm spot of 2Zum wide. The two-dimensional point-by-point SERS mapping images were

e b 3 &

~onducted in 2w o e o E o dimately 404 by 50 The data acquisitic
conducted in Zpm steps across an arca of approximately 40um by 50um. The data acquisidon

time of cach spectrum was 1 second.

Figures 7a and 7b show the SERS mapping images at 1362 em”’ of the original copper
foam (Figure 79.,; and roughened copper foam (Tigure 7b) decorated with silver nanoparticles.
The scale bars indicate Z0um in the Raman spectra of Figures 7a and 7b, and 5um in the SEM
images {upper left corner) of the corresponding samples in Figures 72 and 7b. In the experiment,
the Raman spectra were collected in 2 um steps. The two-dimensional point-by-point SERS
mapping images cleady show that the roughened foam enabled much stronger SHRS
enhancement than the untreated one. A closer look at the sample surface by SEM reveals that the
sitver nanoparticles (around 100-200 o big) on the roughened foams were much smaller thao
those (nearly 1 um big) on the original foam. As a result, the treated foam in Figure 7b shows a

;

cher silver surface with possibly more hot spots compared with that in Figure 7a, and this is
X é

favorable for enabling the SERS enhancement effect,

D. Thermal oxidation for subercapacitor licatic
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Copper oside nanowires were grown on the untreated and treated copper foams using a

thermal oxidation procedure for further study.

In this example, the copper foams were thermally osidized in air at 300°C for 1 hour. The
supercapacitor properties of the resulting foam structure were tested at roormn temperature in a
KOH (6 M) aqueous solution using a three-clectrode system which was connected to a
potentiostat (PAR Verastat3). The cyclic voltammetry (CV) performance was tested on a
CHI660F Blectrochemical Workstation with a scan rate of 10 mV s and scan range of OV to
0.6V. In the experiment, both the untreated and roughened foams turned from red-orange with a
metallic uster into dull black upon thermal oxidation, due to the light asbsorption and scattering
by the surface nanowires

N

Figures 82 and 8b show SEM images of the original untreated copper foam and the
roughened copper foam obtained using the method of Figure 2 after thermal oxidation. The scale
bars indicate 5 pm for the lower magnification images, and 500nm for the iosets. To Tigure 8a,
the original untreated copper foam bas scarcely distributed short broken nanowires arranged oo
its surface, This is likely due to the fact that the copper oxide nanowires fell off the copper
substrate during the thermal oxidation as a result of the thermal stress induced between the oxide
and the substrate, In Figare 8b, however, a much denser array of longer oxide nanowires of fairly
uniform diameters was produced on the roughened copper foam treated using the method of
Figure 2. This indicates that the roughened nano-structured framework may be able to alleviate
the thermal stress and to provide more active sites for initiating thermal growth of the nanowires.
Figure 9 shows an XRID pattern of the copper foam treated using the method of Figure 2 after

thermal oxidation and it shows that the thermally generated nanowires consisted of both CaO

and Cu,O phases.

The untreated copper foam covered with copper oxide nanowires and the roughened
copper foarn (treated using the method of Figure 2) covered with copper oxide nanowires were

~

further studied for supercapacitor applications by serving directly as an electrode system.
Figures 10a and 10b show the cyclic voltammograms of the copper oxide nanowires

orown on the original untreated copper foam (Figure 1023) and on the rouchened copper foam
é} ) iy A / S I

(Figure 10b). The cyclic voltammetry (CV) measurements show that the roughened foam
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provides 2 much mereased capacitance, as evident by the larger area enclosed by the CV curve in

Figare 10b than 1o Figure 10a.

Figures 10c and 10d show the charge/discharge curves of the copper oxide nanowires
grown on the original untreated copper foam (Figure 10c) and on the roughened copper foam
(Figure 10d). Remarkably longer discharging time was observed in the charge/discharge cutves
for the oxide nanowires on the roughened foam. The specific capacitance can be calculated using
the following equations:

C, = It/mV

C =1/ AL

a

where

. and C are the mass- and area- specific capacitance, respectively, [ is the galvanic
discharge current, 7 is the full discharge tme, » and A are the mass and area of the electrode,

respectively, and 713 the potential window.

Figure 10¢ shows the chronopotentiometric curves of different current density for the

oxide nanowires grown on the roughened copper foam. From the dischargmg curve at 2

Q

WAfem?, the capacitances were determined to be 58.6 F/g and 266 mF /cm?® for the electrode
based on the t'oughc—:ned foam, and 0.74 ¥/g and 3.3 mF/ cm? for the untreated-foam-based
electrode. This dramatic improvement observed on the roughened foam is due to the larger

3
]
i

ranostructared surface area, which produces a denser array of the clectroactive oxide nanowires.
A charge collector of a large specific surface area is pardcuolarly gseful for mazimizing the usage
of the coated electro-active materials, increasing their specific capacitance, and boosting their

charge/discharge rates.

n all, the above results iHlustrated in Figure 10a to 10e showed that the copper foam
treated with the method of Figure 2, after thermal oxidation, provides better performance than
the untreated thermally oxidized foam.

Using

o copper foam as an exemplary material system, the above description demonstrated

a convenient electrochemical method for effectvely roughening metal foams and thus producing
a novel kind of hierarchically porous metal framework whose surface morphology can be casily
controfled by adjusting the electrochemical parameters. Furthermore, the byproduct of the
proposed electrochemical fabrication of the bulk metal foam is the nano-porous metallic particles

featuring an extraordinarily large surface area, and they are potentially desirable for catalysis and
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electrode applications. Unlike other depositing methods where materials are deposited onto the
substrate where the adhesion/bonding of the coating materials can be a challenge for mainraining
the structural integrity and stability, the treatment method mn the embodiments of the present
invention is essentially to roughen the matedal by gradually carving its surface, climinating the

adhesion/bonding difficulty. The present invention provides a method that direcdy modifics the

metal foam by carving its igaments to generate surface roughness and nano-pores.

Whilst the above description is made with reference to metal foams, the design methods
and fabrication strategy in the embodiments of the present invention are generally applicable to
other metallic structures (e.g., metal foils, wires or meshes) for improving their performance in

various applications.

Some technical advantages of the embodiments of the present invention include:
s Simple experimental setup without the need to use expensive equipment such as vacuum,
fes C sophisticated ol systerns, which ar afl rired | her micer
clean room, or sopnisticated control systems, which are generally required by other micro-

processing technologies for making nano-porous metallic structures;

e Compatible with convenient larce-area fabrication with high uniformity that can be readily
N < ) } J

mass produced on an industrial secale;

¢ Tailor-made, elaborate structural profiles can be accurately targeted and achieved with high
purity. The structural features of the product can be easily adjusted by meodifying the
experimental parameters of electrochemical treatment;

s A wide range of metals and metallic compound species can be fabricated; and

® The method includes simple steps that can be readily automated for industry-scale mass

production.

Further/other advantages of the present invention in terms of cost, structure, function,
ease of manufacture, economics, etc., will becorne evident to a person skilled i the art upon
reading the above description and the reference drawings.

¥

Embodiments of the present invention can be applied to various applications and tields,

&

Charge collectors/mass support for the electro-active materials for lithium ion batteries (LIBs

17

)



(S a1

10

ot
[ a1

20

30

WO 2017/206050 PCT/CN2016/084027

The fabrication techoiques of embodiments of the present iovention can be used to increase
the surface area of the substrate for electrode materials that are of strong interest to the
market of lithium 100 batterie

® :mp(“rmp ACHEOTS
Embodiments of the present invention can be used to provide a type of economical electrode
substrate materials for supercapacitors.

& Sensors
Embodiments of the present mvention can be used to apply novel functions of electrodes to
traditional nanostructured materials that are used as sensor.

e SERS substrates
Embodiments of the present invention can be used to produce porous metals with a Jarge
ganostructured surface area, making them attractive SERS substrates.

s (atalyst
Embodiments of the present invention can be used to produce robust 3D porous metal
networks of large surface area, well-suited for catalysis applications.

#  Photocatalyst
Embodiments of the present mvention made possible the fabucation of electrode structure
with a coating of photocatalyst substances (such as Cu2O), in which the highly absorbent
materials fabricated by this invendon trap and transfer the photonic energy to the

photocatalysts.

It will be appreciated by persons skilled in the art that numerous vatiations and/or
modifications may be made to the invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly described. The present

embodiments are, therefore, to be considered in all respects as llustrative and not restrictive.

Any refetence to prior art contained herein is not to be taken as an admussion that the

information is common general koowledge, unless otherwise indicated.
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CLAIMS

A method ftor treating a surface of a metallic structure, the metallic structure being made ot a
first metallic maternial; the method comprising the steps of:

(a) bonding an alloy material made of the tirst metallic material and a second metallic material
with the structare; and

(b) etching away at least some of the first metallic matertal from a stracture obrained after
step (a) so as to obuain a treated structure with an increased specific surface area compared

with the metallic structure before treatment.

The method of daim 1, wherein the treated structure has a nanostructured surface with nano-
pores.

The method of claim 2, wherein step () comprises electrodepositing the alloy material onto
the metallic structure.

The method of claim 3, wherein an electrochemical cell is used for clectrodepositing the alloy
material onto the metallic structure; the electrochemical celt comprises a first electrode, 2
second electrode and an clectrolyte in electrical connection; wherein the metallic structure to
be treated being connected as the first electrode; and the electrolyte comprises a solution with

ions of the first metallic material and tons of the second metallic material.

The method of claim 4, wherein the solution of the electrolyte further comprises an acid

The method of claim 4, wherein step (b) comprises electrochemically de-alloving at least

some of the first metallic material.

The method of claim 6, wherein the de-alloying in step (b) is carried out in a solution with

ions of the first metallic material, ions of the second metallic material and an acid.

The method of claim 6, whercin the de-alloying in step (b) is carried out in an acidic solution

comprising HCE HNO,, H,50,, or ammonium.

19



10

20

[\
(%]

[

I

[y
[y

N
2

JENEN
U

.
~3

WO 2017/206050 PCT/CN2016/084027

The method of claim 7, wherein the electrodeposition in step (a) is carried out by applying a
first voltage for a first duration to the metallic structure; and the de-alloying 1o step (b) is
carried out by applying a second voltage different trom the first voltage for a second duration
to the structure obtained after step {(a).

A

The method of claim 9, wherein the first duration is 1-60 seconds.

1. The method of claim 9, wherein the second duration is 1-60 seconds.

. The method of claim 9, wherein one of the first voltage and the second voltage is a negative

voltage, and another of the first voltage and the second voltage 13 a positive voltage.

. The method of claim 1, wherein in step (b} at least some or all of the second metallic matena

7

(a) as the first metallic material is etc

et
o,

is detached from the structure obtained after step 1e

away.
The method of claim 13, wherein the second merallic material detached from the structure

obtained after step (a) is in a form of particles.

. The method of claim 14, wherein the detached second metallic materal particles have nano-

pores.

. The method of claim 1, further comprising the step of:

) and (b).

(c) repeating steps {

/ \

. The method of claim 16, wherein steps (a) and (b) are repeated for 20 to 160 tmes.

The method of claim 1, wherein the alloy material is the form of micro-isles.

The method of claim 1, wherein the first metallic material s chemically more reactive than

the second metallic material.
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The method of claim 19, wherein the first metallic material s an aluminium-based material, 2

copper-based material, a zinc-based material, or a silver-based material; and the second

metatlic material is a nickel-based material, platiourm, or gold.

The method of claim 1, wherein the metallic structure is porous.

The method of claim 21, wherein the metallic structure is in the form of a foam, a foil, a wire,

or a mesh.

. The method of claim 21, wherein the metallic structure is an open-cell metal foam.

4. The method of claim 1, further comprnsing the step of:

(d) generating, bonding or coating a metallic or metallic oxide material on a surface of the

treated structure,

The method of claim 1, further corprising the step of:
(¢) generating, bonding or coating an electro-active or photocatalytic oxide material on a

surface of the treated structure.

The method of claim 1, further comprising the step of:

{t) moditying a surface of the treated structure using thermal treatment.

A method for treating a surface of an open-cell metal foam, the open-cell metal foam being
made of a first metallic material; the method comprising the steps of:

(a) electrodepositing alloy material micro-isles made of the first metallic material and a second
metallic material onto the open-cell metal foam; and

(I electrochermically de-alloying at least some of the first metallic material from a structure

obtained after step (a) so as obtain a treated open-cell metal foam with a nanostructured

surface having nano-pores.

The method of claim 27, further comprising the step of:

(¢} repeating steps (a) and (b).

\

. The method of claim 27, further comprising at least one of the following step:

21
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() generating, bonding or coating a metallic or metallic oxide material on a surface of the
treated open-cell metal foam;
(e} generating, boonding or coating an electro-active or photocatalytic oxide material on a
surface of the treated open-cell metal foam; and
L 2
5 (f) modifying a surface of the treated open-cell metal foam using thermal treatment

-y ”

30. The method in claim 27, wherein in step (b) at least some or all of the second metallic
material 15 detached from the structure obtained after step (a) as the first metallic material is
de-alloyed, and wherein the detached second metallic material is a form of particles having

10 1ano-pores.
31, The method in claim 27, wherein the first metallic material is an aluminium-based material, a

pper-based material, a zinc-based material, or a silver-based rnaterial; and the second

metatlic material is a nickel-based material, platiourm, or gold.
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Figure 6¢

Figure 6b
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Figure 8b

Figure 8a
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