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Abstract Nanoporous Ag@TiO, composites with core-shell
structure were successfully prepared through dealloying the
melt-spun Al-Ag-Ti ribbons in NaOH aqueous solution. The
results revealed that TiO, shell with thickness of about 2 nm
was formed in situ on the Ag ligaments. Ti>* and Ag” species
co-existed after the dealloyed samples were calcined at 873 K,
which had significant influence on the catalytic performance.
The electrochemical results showed that the nanoporous
Ag@TiO, composites significantly promoted the direct oxi-
dation of BH, superior to pure Ag. The enhanced catalytic
activity could be attributed to the strong interfacial effects
between the ligaments and TiO, shells.

Keywords Silver - Dealloying - Titanium dioxide -
Borohydride oxidation

Introduction

Recently, unsupported nanoporous noble metals prepared by
dealloying, such as Au, Pd, and Ag, have attracted great
attention in the field of catalysis due to their high specific
area, low density, and high electrical conductivity [1-5]. For
example, nanoporous Au could exhibit remarkably high cat-
alytic oxidation for methanol and carbon monoxide [6, 7].
Dealloying is one more effective and controllable approach to
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prepare nanoporous metals and alloys, which essentially in-
volves the selective dissolution of active elements and the
rearrangement of inert elements [8, 9]. Though nanoporous
metals prepared by dealloying have a more stable structure in
comparison with nanoparticles, they are also easy to coarsen at
far below the melting temperature, resulting in the degradation
of catalytic performances [10].

To functionalize the inner surfaces, many researchers have
attempted to load oxides, such as TiO, and Al,Os, inside the
nanoporous metals by impregnation or deposition methods
[11-13]. The activity, catalytic selectivity, and stability of
nanoporous metals are significantly improved by the strong
interfacial effects between metals and oxides. Lang et al. [14]
developed a nanoporous gold/MnO, electrode by the combi-
nation of dealloying and plating. The nanoporous metal/oxide
hybrid electrode shows high specific capacitances and charge/
discharge rates due to the enhanced conductivity. Neverthe-
less, the precursors of oxides are usually gathering on the
surfaces during deposition process because of the high-
aspect ratio of nanoporous structures [13, 15].

Compared with other noble metals, silver is an attractive
noble metal for industrial applications owing to its higher
electrical conductivity and lower cost. Therefore, the prepara-
tion and structure control of nanoporous Ag have been inves-
tigated more extensively by dealloying different precursor
alloys in recent years [5, 16—18]. However, the catalytic
performance of nanoporous Ag should be further enhanced.
Nanosized TiO, with chemical stability and high activity is
one of the most promising catalyst materials. In order to
modify the optical and photoelectrochemical properties of
Ag, Ag/TiO, nanostructures, especially the Ag core and
TiO, shell structure, have been developed by sol-gel or wet
chemical methods [19-22]. It has been found that Ag/TiO,
nanocomposites could exhibit the enhanced thermostability
and optical properties because of the interfacial effects be-
tween Ag and TiO,. Therefore, Ag/TiO, composites show
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potential application in the fields of catalysis, optics, and solar
energy. In comparison, less attention has been given to the
electrocatalytic characteristics of Ag/TiO, composites.

In our previous studies, CeO, nanoparticles were success-
fully formed in situ on the inner surfaces of the nanoporous
Ag and Ag-Au alloys by simply dealloying in a NaOH solu-
tion and calcining in air [23, 24]. In this study, we were
devoted to investigating the formation of TiO, film on the
inner surfaces of nanoporous Ag by dealloying the melt-spun
Al-Ag-Ti ribbons. Moreover, the electrocatalytic activity of
the Ag@TiO, catalysts for the electrooxidation of borohy-
dride was also investigated. The microstructure and interfacial
characteristics of the nanoporous composites were further
studied.

Experimental

The preparation of the Al-Ag-Ti precursor alloys was de-
scribed in our previous work [23]. Algy.xyAgroTiy (X=0.5, 1,
2, 3) alloys with nominal composition were prepared by an
arc-melting in high-purity Ar atmosphere. The mixture of pure
A1(99.90 %), pure Ag (99.99 %), and pure Ti (99.90 %) in a
water-cooled copper crucible was melted by arc using a
nonconsumable tungsten electrode. Several times of re-
melting were performed with the ingot turned upside down.
The broken ingot inserted into a quartz tube was heated by
high frequency induction, and the melt-spun ribbons were
achieved after the metal solution was blown onto the surface
of a pure Cu roller melt spinning at a speed of 33 ms .

The melt-spun Al-Ag-Ti precursor ribbons were dealloyed
ina 10 wt.% NaOH aqueous solution until no obvious bubbles
emerged (room temperature: 298 K). The phase structures of
the ribbons before and after dealloying were analyzed by a
Bruker D8 advanced X-ray diffraction (XRD). The dealloyed
ribbons were calcined in a muffle furnace at 873 K for 1 h. In
order to determine the existence and valence states of Ag and
Ti, X-ray photoelectron spectra (XPS) measurements were
carried out on a K-Alpha spectrometer (Thermo Electron,
USA) using Al Ko X-ray source (1486.68 eV). The spot
and energy step size were 400 pm and 0.100 eV, respectively.
The total acquired time was 50.3 s. The microstructures of the
samples were characterized by JSM-7000 F scanning electron
microscope (SEM, JEOL Ltd) and JEM-2100 high-resolution
transmission electron microscope (HRTEM, JEOL Ltd). The
melt-spun Al-Ag-Ti precursor ribbons were dealloyed in a
20 wt.% NaOH aqueous solution at 333 K for 30 h to remove
the residual Al, and the dealloyed sample calcined at 873 K in
air for 1 h. The phase structures and microstructures of the
samples were characterized by XRD, SEM, and TEM, respec-
tively. The Brunauer—Emmett—Teller (BET) surface areas of
the dealloyed Al79'5Ag20Ti0.5, A178Ag20Ti2 and A177Ag20Ti3
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after calcination were measured on an ASAP 2020 surface
area analyzer. The samples were degassed at 473 K for 6 h.
The electrochemical measurements were performed in a
standard three-electrode cell system by a VersaSTAT MC
workstation. A glassy carbon rod with a diameter of 3.0 mm
was used as the working electrode, and a pure Pt net with an
area of 1.0 cm” was employed as the counter electrode. A
saturated silver chloride electrode (Ag-AgCl Saturated KCl)
was used as the reference. The current density was normalized
to the geometrical area of the working electrode. The catalyst
ink was prepared by mixing 5.0 mg of the as-prepared com-
posite powder, 1.0 mg of acetylene black, 200.0 ul of
isopropanol, and 200.0 pl of 0.5 wt.% Nafion solutions. After
the mixture was sonicated for 30 min in a plastic centrifuge
tube, 4.0 pl catalyst inks were placed on a polished glassy
carbon working electrode. Prior to each electrochemical mea-
surement, the electrolyte (0.5 M KOH+20 mM NaBH,) was
replaced with fresh solution and deoxygenated by ultrapure
N, for 30 min. The measurements were conducted at room
temperature (298 K) under the protection of ultrapure N».

Results and discussion

Figure 1 shows the XRD patterns of the melt-spun Algg_x.
Ag, Tix (X=0.5, 1, 2, 3) ribbons before and after dealloying in
a 10 wt.% NaOH solution at room temperature. The
Al9 5sAgy0Tigs and Al;9AgyoTi; ribbons, as shown in
Fig. la, were composed of «-Al, Al,Ti and Ag,Al com-
pounds. With the increase of Ti content, Al3Ti compound
appeared in the Al,gAgy0Ti, and Al;;Ag,Tis alloys besides
a-Al and AgyAl. It was noticed that the relative intensity of
Ag,Al compound peaks became stronger. From Fig. 1b, it
could be seen that all the dealloyed Al-Ag-Ti alloys consisted
of Ag, Ag,Al, and Al-Ti compounds. The results confirmed
that only a-Al was decomposed completely, and most of
AgrAl and Al-Ti compounds remained during dealloying.
Figure 2 shows the XPS spectra of Ag 3d and Ti 2p for the
dealloyed melt-spun Al;9Ag,oTi; alloy in a 10 wt.% NaOH
solution at room temperature before and after calcination at
873 K. The XPS spectra of Ag 3d exhibited doublet peaks at
368.08 and 374.08 eV, as shown in Fig. 2a, suggesting that Ag
is mainly present as Ag”. While, the XPS peaks of Ag shifted
to lower binding energy after the dealloyed sample calcina-
tion, which could be attributed to the formation of a certain
amount of Ag,O [25, 26]. Figure 2b shows the XPS peaks of
Ti 2P located at 458.68 and 464.28 eV. The peaks were
attributed to the formation of TiO, in the dealloyed Al-Ag-
Ti alloys. The peaks at 458.68 and 464.28 eV shifted to lower
binding energy by 1.1 and 0.9 eV, respectively, after the
dealloyed sample calcination, which indicates that Ti*" and
Ti*" species co-exist in the composites [27, 28]. The XPS
results demonstrated that TiO, was formed by dealloying the



J Solid State Electrochem (2015) 19:967-974

969

y S
(a)
A Al
¥ ALTi
> ALTi
¥ Ag,Al
2 v
g I
E Al Ag, Ti, A v )‘\ v JA\!
vV A
A A
Y A \ SN
i v b A A
A179Agon11 b \ v AD E
A
AL AgTi, v || v P > A
79.5° 207 0.5 v }L,
T L L | T T
20 30 40 50 60 70 80
20/°
A Ag
v ALTi
A VAngl .
Y A ¥ A
2 A
S A
: X N v
+~— "y
R
A A
S R
A A
v J\ v N+
LI LA N BB

————
50 60 70 80

20/°

Fig. 1 XRD patterns of the melt-spun Al-Ag-Ti ribbons before (a) and

after (b) dealloying in a 10 wt.% NaOH solution at room temperature
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Al-Ag-Ti alloys, and Ag" and Ti*" species were emerged in
the composites after calcination in air.

Figure 3 shows the microstructure of the prepared samples
by calcining the dealloyed Algy.yAgyoTiy (X=0.5, 1, 2, 3)
ribbons at 873 K. From Fig. 3a, it can be seen that the surface
of the dealloyed Al;g sAgyoTig s ribbons exhibited a porous
honeycomb structure, and the polygonal domains were con-
stituted by plate-like ligaments, as denoted by the arrow.
According to the results of our previous study, the plate-like
ligaments should be the Ag,Al intermetallic compound [23].
With the increase of Ti content in the precursor alloys, the
surface morphology of the dealloyed Al;9Ag,¢Ti; and
Al;3Agy0Ti, ribbons, as shown in Fig. 3b and ¢, were changed
obviously. The plate-like ligaments, as marked by the arrow,
became coarsening, and the area of the polygonal domain was
distinctly increased. However, the porosity of the dealloyed
Al;;Agy0Ti; alloy was significantly decreased, as shown in
Fig. 3d. The above results indicate that the content of Ti in the
precursory alloys has an important influence on the morphol-
ogy of the nanoporous Ag@TiO, composites.

Figure 4 shows the TEM and HRTEM images of the
dealloyed Al,9Ag,Ti; ribbons before and after calcination at
873 K. The dealloyed sample, as shown in Fig. 4a, exhibited a
typical nanoporous structure with a pore channel size of
~50 nm. The ligaments were interconnected and mutually
overlapped. From Fig. 4b, it can be seen that the surface of
Ag ligament was covered by a layer of nano film (marked by
the arrow). However, the nanoporous structure and the film on
the ligaments of the dealloyed samples were not changed
obviously after calcination at 873 K, as shown in Fig. 4c and d.

In order to promote the decomposition of Ag,Al and Ti-Al
compounds, the Algg.xyAgroTiy (X=1, 2, 3) ribbons were
dealloyed in a 20 wt.% NaOH solution at 333 K (water bath
heating) for 30 h, and the dealloyed sample calcined at 873 K
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Fig. 2 XPS spectra of Ag 3d (a) and Ti 2p (b) for the dealloyed melt-spun Al;9Ag,oTi; alloy in a 10 wt.% NaOH solution at room temperature before

and after calcination at 873 K in air for 1 h
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Fig. 3 Plan-view SEM images
showing the microstructure of the
Alyg sAgy0Tio s (), Al;oAgaeTi;
(b), AlzsAgyoTi; (¢), and
A177Ag20Ti3 (d) ribbons
dealloyed in a 10 wt.% NaOH
solution at room temperature
(298 K), the dealloyed sample
calcined at 873 K in air for 1 h

in air for 1 h. Figure 5 shows the surface and cross-section
microstructure of the prepared samples. The dealloyed
Al;9Agy0Ti; ribbons, as shown in Fig. 5a, exhibited a uniform
nanoporous structure. The honeycomb structures and plate-
like ligaments appeared in Fig. 3b could not be observed. The
pore channels with an average size of about 50 nm ran
throughout the whole ribbons, as shown in Fig. 5b. With the
increase of Ti, though the plate-like ligaments could be ob-
served on the surface of the dealloyed Al;3Agy0Ti, alloy, the
porosity, as shown in Fig. 5c, was significantly increased. The
cross section of the dealloyed sample, as shown in Fig. 5d, still
exhibited an ultrafine porous structure. With the further in-
crease of Ti in the precursor alloy, the porous structure had not

4

50 nm

Fig. 4 TEM and HRTEM of the dealloyed melt-spun Al;9AgyoTi; alloy
in a 10 wt.% NaOH solution at room temperature before (a and b) and
after (¢ and d) calcination at 873 K in air for 1 h

@ Springer

been formed in the dealloyed Al;;Ag,(Tis, as shown in Fig. Se
and f.

The microstructures of the Al-Ag-Ti ribbons dealloyed at
333 K were further studied in more details by TEM. Figure 6

Fig. 5 Plan-view SEM images showing the microstructure of the
dealloyed Al;9AgyoTi; (a), Al;gAgrTir (), and Al;;Agy0Tis (e)
ribbons in a 20 wt.% NaOH solution at 333 K for 30 h, and the
dealloyed sample calcined at 873 K in air for 1 h. Figure 5(b), 5(d), 5(f)
showing the corresponding section views
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50 nm

TiO2

N\ 4=0.194 nm

Fig. 6 TEM (a) and HRTEM (b) images of the dealloyed Al;9Ag,oTi;
ribbons in a 20 wt.% NaOH solution at 333 K for 30 h after calcination at
873 K in air

shows the TEM and HRTEM images of the dealloyed
Al;9Agy0Ti; ribbons dealloyed in a 20 wt.% NaOH solution
at 333 K for 30 h after calcination at 873 K in air. The sample,
as shown in Fig. 4a, exhibited a typical nanoporous structure

with a pore channel size of ~40 nm. The Ag ligaments with a
size of 100 nm were interconnected. The surface of Ag liga-
ment, as shown in Fig. 4b, was wrapped by TiO, nano film
(the distance of crystal face: 0.194 nm). The results indicated
that the nano film observed in Fig. 4b and d was amorphous
TiO,, and its crystallization could be improved by the water
bath heating during dealloying.

The phases present were investigated in the Al-Ag-Ti rib-
bons dealloyed by using water bath heating. Figure 7 shows
the XRD patterns of the dealloyed melt-spun Algg.xAgroTiy
(X=0.5, 1, 2, 3) ribbons in a 20 wt.% NaOH solution at 333 K
for 30 h. The dealloyed samples were calcined at 873 K in air
for 1 h. Apparently, all the prepared samples consisted of Ag
besides a small quantity of Ag,Al, and the peaks of Al-Ti
compounds observed in Fig. 1b disappeared. The results
verify that the Al-Ti and most of Ag,Al were decomposed.
However, TiO, in the nanoporous composites was not detect-
ed by XRD due to the degree of crystallization.

It is well-known that the dealloying mechanism of Al-Ag
alloys is that the active Al is selectively dissolved and the
noble Ag atoms are rearranged, which results in the formation
of nanoporous Ag [29, 30]. In this report, the melt-spun Al-Ag
alloys with a certain amount of Ti were composed of x-Al,
Ag,Al, and Al-Ti compounds (Fig. 1). As the a-Al and Ag,Al
compound were decomposed in NaOH solution, the remain-
ing Ag atoms rearranged and constructed a porous structure.
On the other hand, Ti also remained in the porous structure
due to its stability in alkali solutions. When the dealloyed
samples were exposed to the air, the amorphous TiO, films
were formed on the Ag ligaments because Ti is more prone to
oxidation [31]. As a result, the nanoporous Ag@TiO, core-

Fig. 7 XRD patterns of the
dealloyed melt-spun Alg. *
XAgonlX(XZOS, 1, 2, 3) ribbons
in a 20 wt.% NaOH solution at ® Ag
333 K for 30 h. The dealloyed
samples were calcined at 873 K in A Ag2Al
air for 1 h
*
g J Dealloyed Al Ag, Ti * ¢
= A 774820 13
% J\ J\.._
AJ A Dealloyed AL, Ag, Ti, A A
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Fig. 8 CV curves of 20 mM 304
NaBH,4 in a 0.5 M KOH solution
on the nanoporous Ag/TiO,, Ag,
and acetylene black. The scan rate 25 1
is 50 mVs ™! ]
1 (1] AlgOAgZO
'\"; 20—. 2 Al795Ag20T105
:E : (3] Al Ag Ti
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shell nanostructures were formed with a certain amount of
Ag,Al. After calcination at 873 K in air, the amorphous TiO,
in the nanoporous Ag had not yet crystallized (Fig. 4), indi-
cating that it possess a higher crystallization temperature.
While, it has been found that the TiO, film in the calcined
samples dealloyed at 333 K was partially crystallized (Fig. 6).
Basing on the above analyses, we can draw a conclusion that
the decomposition of Al-Ti and Ag,Al could be promoted by
water bath heating during the dealloying of Al-Ag-Ti alloys in
NaOH solution, which was beneficial to the formation of the
crystalline TiO, film. According to the previous work [23], the
residual Al exists only in the form of Ag/Al compound.

E/V (vs Ag- AgCl Saturated KCI)

Furthermore, the thermal stability of nanoporous Ag@TiO,
composites was found to be increased to 873 K due to the
diffusion restraint of interfaces between Ag ligaments and
TiO, shells [19].

Figure 8 shows the typical CV curves of 20 mM NaBH, in
a 0.5 M KOH solution on the nanoporous Ag and Ag@TiO,
electrodes at a scan rate of 50 mVs '. The electrodes were
prepared by dealloying the Algy yAgyoTiy (X=0, 0.5, 1, 2, 3)
ribbons in a 20 wt.% NaOH solution at 333 K for 30 h. The
dealloyed samples were calcined at 873 K in air for 1 h. There
were strong oxidation peaks at about —0.27 V in the CV curves
of the nanoporous Ag electrode, which corresponds to the

O 100mVs"
® 70mVs’
©® 50mvVs’
O 10mvVs'

Fig. 9 CV curves of 20 mM 35
NaBH, in a 0.5 M KOH solution
on the nanoporous Ag/TiO,
electrodes prepared by dealloying 30 ~
the Al,9Agy(Ti; alloy at different
scan rates
25 -
k=
O 20 4
<
g
2154
10 1
3
0
06
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typical oxidation of BH; on Ag nanoparticles [32, 33]. While,
the current density of oxidation peak for the nanoporous
Ag@TiO, electrode prepared from the Al,gsAgyTip s alloy
increased from 10.91 to 18.13 mA cm 2. With the increase of Ti
content from 0.5 to 1.0 % in the precursor alloys, the current
density of oxidation peak was observably increased to
28.86 mA cm 2. With the further increase of Ti content, how-
ever, the current density of the nanoporous Ag@TiO, electrode
was obviously decreased, and the position of oxidation peak
became more positive. Especially, the electrode from the
Al;;AgyTi; alloy exhibited a very low current density. On
the other hand, the BET surface areas of the composites pre-
pared from the Alyg sAgyoTig 5, Al;gAgroTis, and Al,7AgyoTis
alloys were 6.61, 14.72, and 8.60 m*/g. The results demonstrat-
ed that the content of Ti in the Al-Ag-Ti precursory alloys had
an important influence on the formation of nanoporous struc-
ture, and a suitable amount of TiO, in the composites signifi-
cantly enhanced the electrochemical activity toward the direct
oxidation of sodium borohydride.

Figure 9 shows the effect of scan rates on the
electrooxidation of NaBH, at the nanoporous Ag/TiO, elec-
trode. It can be seen that the current density of the oxidation
peak was significantly increased with the rise of the scan rate
from 50 to 100 mVs '. At slow scan rate, the start of reaction
at lower potentials confirmed that no self-inhibition occurs.
The anodic peaks were shifted to more positive potentials due
to the hydrolysis of BH* and the hydrogen ionization [34].

It is demonstrated that Ag/TiO, composites could exhibit the
enhanced optical and catalytic properties owing to the electron
transfer between Ag and TiO, [35]. The work function of Ag is
lower than that of TiO,; electrons can be removed from TiO,
with high Fermi level to Ag through interface, resulting in the
formation of Schottky barrier. While, the Schottky barrier can
promote effectively electrons transfer from TiO, film to Ag [36,
37]. Therefore, the nanoporous Ag@TiO, composites exhibit-
ed an enhanced electrochemical performance for the oxidation
of sodium borohydride. On the other hand, the high catalytic
activity was also attributed to the formation of Ag" and Ti*".
The Ag" species could act as the catalytic active sites for the
oxidation reaction [38], and the Ti’" increased the hydrophilic-
ity of the nanoporous composites [39]. As a result, the prepared
nanoporous Ag@TiO, composites exhibited an enhanced cat-
alytic activity toward the direct borohydride oxidation due to
their strong interfacial interactions (Fig. 8). However, with the
increase of Ti content from 1 to 3 % in precursory alloys, charge
transfer became much harder from TiO, film to Ag core, which
caused a declining trend in catalytic activity (Fig. 8).

Conclusions

In summary, Nanoporous Ag@TiO, composites with core-
shell structure were one-step prepared by dealloying the melt-

spun Al-Ag-Ti alloys in NaOH aqueous solution. The surfaces
of Ag ligaments in the nanoporous were covered by TiO, film
with thickness of less than 4 nm. The decomposition of Ag, Al
and Ti-Al compounds in the Al-Ag-Ti alloys was promoted by
water bath heating (333 K), resulting in the formation of
nanoporous structure with high porosity. The Ag™ and Ti*"
species could be generated in the composites by calcination,
which were responsible for the enhanced catalytic activity.
The electrochemical test results verify that the nanoporous
Ag@TiO, composites as anode electrocatalyst drastically en-
hanced the direct oxidation of borohydride. The electrode
prepared from the Al,9AgyoTi; alloy exhibited the highest
peak current density, which increased from 10.91 to
28.86 mA cm 2. The enhanced catalytic activity was attribut-
ed to the interfacial interactions between Ag cores and TiO,
shells in the nanoporous structure. Furthermore, this approach
could be extended to other nanoporous metal-TiO, compos-
ites, such as nanoporous Au@TiO, and Ag-Au@TiO,.
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