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Abstract: Pt nanoparticles are typically decorated as co-cata-

lyst on semiconductors to enhance the photocatalytic per-
formance. Due to the low abundance and high cost of Pt,

reaching a high activity with minimized co-catalyst loadings

is a key challenge in the field. We explore a dewetting-deal-
loying strategy to fabricate on TiO2 nanotubes nanoporous

Pt nanoparticles, aiming at improving the co-catalyst mass
activity for H2 generation. For this, we sputter first Pt-Ni bi-

layers of controllable thickness (nm range) on highly ordered
TiO2 nanotube arrays, and then induce dewetting-alloying of

the Pt-Ni bi-layers by a suitable annealing step in a reducing

atmosphere: the thermal treatment causes the Pt and Ni
films to agglomerate and at the same time mix with each

other, forming on the TiO2 nanotube surface metal islands of

a mixed PtNi composition. In a subsequent step we perform
chemical dealloying of Ni that is selectively etched out from

the bimetallic dewetted islands, leaving behind nanoporous

Pt decorations. Under optimized conditions, the nanoporous
Pt-decorated TiO2 structures show a>6 times higher photo-

catalytic H2 generation activity compared to structures modi-
fied with a comparable loading of dewetted, non-porous Pt.

We ascribe this beneficial effect to the nanoporous nature of
the dealloyed Pt co-catalyst, which provides an increased

surface-to-volume ratio and thus a more efficient electron

transfer and a higher density of active sites at the co-catalyst
surface for H2 evolution.

Introduction

Since the pioneering work of Fujishima and Honda in 1972,[1]

the splitting of water by using light has received great atten-
tion as a potential mean for converting solar energy into clean

and renewable vectors or fuels such as hydrogen gas.[2–5] In the

field of photocatalysis and photo-electrochemistry, TiO2 has at-
tracted enormous research interest[6, 7] due to a set of key ad-

vantages: TiO2 is in fact cheap, abundant, corrosion-resistant,

environmentally friendly and has a suitable conduction band
edge to evolve H2 by reduction of H2O or other suitable

agents.[8, 9] However, the high recombination rate of photo-gen-
erated electron-hole pairs in the semiconductor as well as the

low rate of charge transfer to reactants at the solid–liquid junc-
tion typically result in a low photon-to-product conversion effi-

ciency. This, along with the relatively large band gap, impedes

the development of cost-effective TiO2 based photocatalytic
and photo-electrochemical units.

Many efforts have been therefore given in the last 40 years
to modify TiO2 in view of enhancing its photo-activity. An effi-
cient strategy is to “decorate” the semiconductor surface with
co-catalyst nanoparticles of a suitable metal, such as Pt, Au or

Pd, which can act as electron trapping sites to limit the elec-
tron-hole pair recombination in TiO2. This can extend the life-
time of charge carriers and enhance the photocatalytic activi-

ty.[10–14] Conduction band (CB) electron trapping occurs be-
cause high work function metals can form a rectifying Schottky

barrier at the TiO2 surface. Moreover, metals such as Pt can
also serve as catalytic cathodic sites for hydrogen atom recom-

bination and H2 evolution.[15] However, because of the high

cost and low abundance of Pt, the understanding of the co-
catalyst morphology-activity relationship can be key to design

more efficient photocatalysts, providing for example a higher
activity per mass of loaded co-catalyst.

To this end, nanoporous metals have attracted considerable
interest: their bicontinuous structure, tunable pore sizes, good
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electrical conductivity and high structural stability can lead to
an improved performance in various applications, for example,

in electrocatalysis, energy storage, or sensing.[16–21] In this con-
text, dealloying is a most straightforward approach to produce

nanoporous metals or porous metal NPs. Dealloying is based
on the selective dissolution of a less noble metal component

from a (single phase) metal alloy by chemical or electrochemi-
cal methods.[22, 23] The dissolution of the less noble component
is coupled with diffusion and aggregation of the more noble

metal element at the solid/liquid interface: the overall process
leaves behind a porous metal structure (a metal “sponge”) that
can be enriched or mainly composed of the nobler element.[24]

Nanoporous metals prepared via selective dealloying of solid

solutions possess a three-dimensional (3D) structure of ran-
domly interpenetrating ligaments/pores with sizes between a

few nm to several tens of mm; these structural features can be

precisely tuned by varying the preparation conditions (such as
alloy composition, dealloying time, temperature, and electro-

chemical parameters) or by subsequent a thermal coarsening
step.[18, 25–29]

In spite of the large application in heterogeneous catalysis,
there is however still a comparably low number of studies on

nanoporous metal co-catalysts for photocatalytic applications.

Nguyen et al. have reported on porous Au,[30] AuPt,[31] or
PtPd[32] nanoparticles produced on TiO2 nanotubes (NTs) by

chemical dealloying of dewetted-alloyed nanoparticles. These
porous nanoparticles combined to TiO2 were found to strongly

enhance the photocatalytic activity.
In this work, we fabricate a photocatalytic platform based

on anodic TiO2 NTs functionalized with a porous Pt co-catalyst

formed via dewetting-alloying-dealloying[33–35] of sputtered Pt-
Ni bilayers. For this we firstly sequentially coat the TiO2 NTs

with a thin Pt and Ni metal film (few nm thick) by Ar-plasma
sputtering. Then we expose the Pt@Ni coated structures to a

suitable thermal treatment to induce dewetting-alloying of the
Pt-Ni bi-layer.[36] Due to metal atom surface mobility, the Pt

and Ni films break up and mix with each other forming Pt@Ni

dewetted-alloyed islands. Afterwards these structures are ex-
posed to a chemical dealloying treatment, under free-corrosion
conditions, to selectively remove Ni from the dewetted-alloyed
Pt-Ni islands, thereby leaving behind a dealloyed porous Pt co-

catalyst at the TiO2 NTs surface.
The role of the Pt and Ni film initial thickness, the deposition

sequence and dealloying time are herein investigated to ach-
ieve control over the final composition and morphology of the
dealloyed Pt co-catalyst. By optimizing these parameters, we
produced nanoporous Pt/TiO2 structures that deliver a signifi-
cantly enhanced photocatalytic H2 evolution performance

compared to structures functionalized with comparable load-
ings of dewetted, non-porous Pt. The improved photocatalytic

performance is ascribed to the high specific surface area and

nanoporous structure of the Pt co-catalyst.

Results and Discussion

The photocatalyst fabrication method adopted in this work is
exemplified in Scheme 1; the experimental details can be

found in the SI. As photocatalytic platform we use arrays of
highly-ordered TiO2 NTs. TiO2 NTs have attracted considerable

interest in photocatalysis and photo-electrochemistry in the

last decades due to their reliable and versatile fabrication
method, high surface area and one-dimensional (1D) morphol-

ogy;[37, 38] namely the latter can provide attractive charge trans-
port properties.[39] Moreover, in the context of the present

work, these highly-ordered TiO2 nanotube layers can be used
as a defined, corrugated photo-active surface to host the for-

mation of the nanoporous Pt co-catalyst by a dewetting-alloy-

ing-dealloying approach.[34, 35, 40]

The TiO2 NTs were grown by self-organizing electro-chemical

anodization of a Ti metal foil in a hot HF/o-H3PO4 electrolyte.[41]

The SEM image in Figure 1 a shows the morphology of as-pre-

pared structures. These TiO2 NTs have an inner diameter of
&70 nm and sidewalls with a thickness of &10 nm, while the

NTs layer thickness (NT length) is &150 nm. The TiO2 NTs are

then sputter-coated (by Ar plasma sputtering) with thin Pt and
Ni metal films. The metal coating is uniformly distributed over

the nanotube surface, as one can see from Figure 1 b; here the
structures are sequentially coated with a Pt film, nominally

5 nm thick, followed by a 10 nm thick Ni film.
We screened different Pt:Ni nominal ratios, by sputtering

firstly the Pt film (5 nm) and then Ni (different thicknesses), this

to assess the effect on the morphology of the dewetted state,
the feasibility of dealloying the dewetted bimetallic islands,

and the resulting photocatalytic H2 evolution activity. The sam-
ples are labelled as “PtxNiy”, where “x” and “y” indicate the
nominal thickness of the sputtered Pt and Ni films, respectively.
The adoption of this deposition sequence (namely Pt followed

by Ni) is dictated by the fact that depositing Ni first seems to
limit dewetting (metal film agglomeration) especially when
using relatively thick Ni films (shown in Figure S1). This may be
ascribed to the susceptibility of Ni to oxidize, for example, by
interaction with the underneath oxide surface, resulting in a

poor metal atom surface mobility.
To induce dewetting, that is, the rupture of the conformal

metal film into metal islands or particles,[33] the PtNi-coated

TiO2 structures were exposed to a thermal treatment in a 10 %
H2/Ar atmosphere, at 450 8C for 1 h. For a bi-layer of 5 nm Pt

and 10 nm Ni, dewetting results in the formation at the TiO2

NT bottom of &40 nm sized PtNi NPs, while the dewetted

metal bilayer forms at the NT mouths (NT top) a PtNi “continu-
ous” decoration network (Figure 1 c–d). We chose a reducing

Scheme 1. Fabrication of the dewetted-dealloyed nanoporous Pt co-catalyst
at the surface of highly ordered TiO2 nanotube arrays.
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atmosphere based on previous work where dewetting of

metal films such as Ni, Co or Fe, which can be susceptible to
oxidation, was carried out in H2 or in vacuum.[42–44] The H2 par-
tial pressure prevents oxidation of the metal film and provides

the required atom surface mobility for metal agglomeration
and for Pt-Ni intermixing.

After dewetting, the PtNi-decorated TiO2 NTs were immersed
in an acidic mixture for 10 mins to induce dealloying, i.e the

selective dissolution of Ni (see the Experimental Section for
more details). Figure 1 e–h show the samples Pt5Ni10, Pt5Ni15

and Pt5Ni20 after dealloying. For samples Pt5Ni10 and Pt5Ni15
(Figure 1 e,f) and particularly for sample Pt5Ni20 (Figure 1 g,h)
one can notice that the dewetted metal particles at the TiO2

NT bottom are converted through the dealloying step into
nanoporous metal islands. We evaluated also the possibility of

Pt losses during the dealloying step and concluded that only
negligible amounts of Pt undergo dissolution—see the SI.

To investigate the nanoporous nature of the dewetted-deal-

loyed Pt co-catalyst, we carried out TEM analysis for sample
Pt5Ni15-dewetted-dealloyed, along with additional SEM inves-

tigation at high magnifications. The results are compiled in
Figure 2. The high-magnification SEM image in Figure 2 a

shows that the dewetted-dealloyed co-catalyst is evidently
porous, and the pores have a size is in the 3–20 nm range,

with several very small pores (e.g. 3–5 nm) and few larger ones

(>10 nm)—the pores are defined by dashed green lines. The
TEM image in Figure 2 b confirms these results : the homogene-

ously distributed nm-sized bright areas correspond to the
pores in the Pt co-catalyst particle. The higher resolution of

TEM allows to detect also pores with a size of 1–2 nm. More-
over, the HR-TEM image in Figure 2 c shows the lattice planes

of Pt (111) and anatase TiO2 (101), with a spacing of 2.2 and

3.5 a, respectively, which fit well to data in the literature.
We characterized these structures by XRD to assess the crys-

tallographic changes occurring during dewetting and dealloy-
ing. Figure 3 shows the XRD patterns of structures at different

fabrication stages.
The XRD pattern of sample Pt5Ni10 before dewetting fea-

tures only the reflections of Ti metal (due to the presence of
the Ti metal substrate underneath the TiO2 NT structure). This
confirms the amorphous nature of as-anodized TiO2 NTs. The

absence of Pt and Ni reflections in the as-sputtered samples
may on the one hand be ascribed to their low amount at the

NT surface (below detection limit), or can on the other hand
suggest that as-sputtered Pt and Ni films are amorphous (or

features extremely small crystalline domains, which can thus

not be detected by XRD).
The same sample after dewetting shows a clearly different

XRD pattern: firstly, the thermal treatment induces the crystalli-
zation of the NTs into a mixed anatase-rutile TiO2 phase, as

suggested by the appearance of reflections at 25.28 and 27.48
attributable to the (101) anatase (PDF no: 00-021-1272) and

Figure 1. SEM images of: (a) highly ordered TiO2 NTs; (b) Pt5Ni10-as-sput-
tered; (c–d) Pt5Ni10-dewetted; (e) Pt5Ni10-dealloyed; (f) Pt5Ni15-dealloyed;
(g–h) Pt5Ni20-dealloyed.

Figure 2. a) SEM and b,c) TEM characterization of the nanoporous Pt co-cata-
lyst for sample Pt5Ni10-dealloyed.
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(110) rutile (PDF no: 00-021-1276) phases, respectively. More
importantly, a reflection at 42.88 appears (i.e. between the the-
oretical Pt(111) and Ni(111) peaks) that can be ascribed to the

formation of a Pt-Ni alloy (Figure 3 b). This confirms that dew-
etting of Pt-Ni bilayers forms nano-sized Pt-Ni alloy decorations
at the TiO2 NT surface.[36] Beside the Pt-Ni (111) reflection, also
the peaks at 47.98 and 49.88 (i.e. between the peaks of Pt (200)

and Ni (200)) can be attributed to a Pt@Ni alloy phase. It is re-
ported that the lattice constant of Pt-Ni alloys is typically lower

than that of pure Pt (3.92 a) and higher than that of pure Ni
(3.52 a).[45–50] Thus, the peaks of Pt@Ni alloy phase are expected
to be slightly shifted towards higher angles with respect to

those of pure Pt phase, as in the case of our results.
The XRD data of samples Pt5 and Ni10 after dewetting pro-

vide a further confirmation that Pt-Ni alloying occurs with dew-
etting. Here no peak attributable to Pt-Ni alloy phases appears

but for sample Ni10-dewetted only an intense diffraction peak

at 44.48 can be seen that fits well to the (111) plane of metallic
Ni (JCPDS no.03-065-0380). This in general also supports that

dewetting induces the agglomeration of the Ni film and crys-
tallization/grain growth in the dewetted Ni islands. For sample

Pt5-dewetted, the main Pt reflection (i.e. (111)) cannot be seen
owing to overlap with the strong (101) Ti peak. However, the

formation of crystalline Pt domains upon dewetting is support-
ed by the appearance of the Pt (200) reflection at 46.28.

When comparing the XRD pattern of sample Pt5Ni10-deal-
loyed with Pt5Ni10-dewetted, it is possible to appreciate the

chemical changes induced by the selective removal of Ni on
the crystallographic feature of the formed nanoporous metal :

firstly, the reflection associated to the Pt-Ni alloy decreases in
intensity, which can be ascribed to a partial amorphization of

the dealloyed metal (this is in line with the rearrangement and

diffusion of Pt atoms caused by Ni removal) ; secondly, such a
peak slightly shifts from 42.88 to 42.68, which confirms the re-

moval of Ni and the consequent expansion of the metal lat-
tice.[51]

We further characterized the structures by X-ray photoelec-
tron spectroscopy (XPS); as discussed below, the XPS data

(Figure 4) complement the XRD results providing additional

evidences of the occurrence of dewetting-alloying and dealloy-
ing.

Figure 4 a shows the XPS spectra in the Pt 4f region for
sample Pt5Ni10 at different fabrication stages, that is, as-sput-

tered, after dewetting and after dealloying. We included the
spectrum of sample Pt5 after dewetting. Compared to sample

Pt5-dewetted (reference for pure dewetted Pt), the spectrum

of sample Pt5Ni10 as-sputtered is substantially different: the
low XPS signal intensity is caused by the fact that in this

sample the Pt film is “buried”, that is, coated by the Ni film,
while the significant peak shift towards lower B.E. values can

be attributed to a strong interaction with both the underneath
oxide and Ni overlayer.

On the contrary, both spectra of samples Pt5Ni10-dewetted

and Pt5Ni10-dealloyed only slightly differ from the reference
(Pt5-dewetted). The spectrum of Pt5Ni10-dewetted (thermal

treatment in H2/Ar) shows the typical signature of Pt metal :[41]

that is, two sharp peaks at &75.1 and 71.7 eV associated to the

Pt 4f5/2 and Pt 4f7/2 signals, respectively.[52] This confirms the
metallic state of Pt (Pt0) in particles dewetted from both Pt

films or Pt-Ni bilayers. Moreover, the Pt 4f peaks of Pt5Ni10-

dealloyed show a minor shift towards higher B.E. values (Fig-
ure 4 a) that is caused by the selective removal of Ni and is in
agreement with results reported in previous literature.[53]

The XPS spectra in the Ni 2p region are compiled in Fig-
ure 4 c–g. Figure 4 c shows the spectra of sample Pt5Ni10 as-
sputtered, after dewetting and after dealloying (included is

also the spectrum of sample Ni10 after dewetting, as a refer-
ence for dewetting of a pure Ni film). The fitting of the Ni 2p3/2

peak for sample Pt5Ni10 as-sputtered (Figure 4 e) reveals a

dominant contribution of NiO and Ni(OH)2, while the content
of Ni metal is relatively low. The signals of metallic Ni, NiO and

Ni(OH)2 peak at 852.5, 854.2 and 853.2 eV, respectively. These
results can be ascribed to the high susceptibility of Ni to at-

mospheric oxygen, that is, the sputtered Ni metal films under-

go immediate oxidation after sputtering when exposed to am-
bient conditions. However, the fitting of the spectra for sample

Ni10 and Pt5Ni10 after dewetting (Figure 4 d,f) shows that the
main contribution to the Ni 2p3/2 signal peaks at 853.2 eV, that

is, the thermal treatment in H2/Ar causes the reduction of NiO
and Ni(OH)2 to Ni metal. These results confirm the metallic

Figure 3. a) XRD patterns of Pt5Ni10-as-sputtered; Ni10-dewetted; Pt5-dew-
etted; Pt5Ni10-dewetted and Pt5Ni10-dealloyed; b) magnified view of the
same patterns in the 40–528 2q region.
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state of Ni in the dewetted Pt-Ni particles. The Ni 2p spectrum
of sample Pt5Ni10-dealloyed shows an evident reduction of

the Ni signal (Figure 4 g), proving the selective removal of Ni
from the dewetted bimetallic particles. This is also clear from

the XPS surface elemental concentration compiled in Table 1
for sample Pt5Ni10 as-sputtered, dewetted and dealloyed.

Moreover, the spectra in Figure 4 h show that the longer the
duration of the chemical dealloying, the lower the final Ni con-

tent, until reaching a complete removal of Ni after a 60 min
long dealloying step.

We finally investigated the photocatalytic H2 generation rate
(rH2) of TiO2 NT structures decorated with different co-catalysts,

Figure 4. (a–c) Pt 4f and Ni 2p XPS high-resolution spectra of Pt5Ni10-as-sputtered, Pt5-dewetted, Pt5Ni10-dewetted and Pt5Ni10-dealloyed (etching time:
10 minutes) ; (d-g) fitted XPS spectra in the Ni 2p region for samples Ni10-dewetted, Pt5Ni10-as-sputtered, Pt5Ni10-dewetted, and Pt5Ni10-dealloyed (h) Ni 2p
XPS high-resolution patterns of Pt5Ni10-dealloyed for different times.
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that is, dewetted Pt, dewetted Pt-Ni and porous Pt; the data

are compiled in Figure 5 a. The H2 evolution was measured in a
gas tight quartz reactor, under UV light illumination (LED

365 nm, 100 mW cm@2) and in 20 vol. % ethanol aqueous solu-
tion.

The activity of pristine TiO2 NTs is negligible, that is, we mea-

sured a H2 evolution rate of 0.06 mL h@1 cm@2 in the absence of
co-catalyst. The NT layers used in the present work are rather

thin, that is, ca. 200 nm-thick, and thus although intense UV
light is used for photo-activation, only a poor photo-activity is

generally observed.[30, 41, 55–56] This can be due to the following
factors i) the short thickness of the NT layer is not optimized to

fully absorbed the incident photon flux,[56, 57] and ii) a high

photon flux in the absence of charge transfer co-catalyst (Pt
for electron transfer) may generate in the NTs a high density of

photo-generated charge carriers with high recombination rate
(short-lived carriers).

The decoration with dewetted Pt NPs leads to higher H2

evolution rates (12.2 mL h@1 cm@2), as also found in previous

work.[58, 59] This can be ascribed to the formation of a Pt/TiO2

Schottky junction that aids TiO2 CB electron extraction and

transfer to the environment, as well as to the intrinsic catalytic
activity of Pt for hydrogen recombination. The activity of NTs

decorated with dewetted, pure Ni nanoparticles was investi-
gated in a recent report of ours.[60] Depending on the Ni film

nominal thickness (e.g. 5–10 nm), the resulting rH2 was found
to vary in the 0.2–0.5 mL h@1 cm@2 range; this confirms that the
dewetted Ni co-catalyst is significantly less active than pure,

dewetted Pt. Interestingly, sample Pt5Ni15-dewetted, that is,
NTs functionalized with a Pt-Ni alloy co-catalyst, shows com-
pared to dewetted Pt a slight improvement of the H2 evolution
rate (17.1 mL h@1 cm@2), which can be ascribed to the bimetallic

nature of the co-catalyst as reported in previous work.[13, 61–63]

More importantly, the NTs decorated with porous Pt

(Pt5Ni15-10 minutes long dealloying) show a dramatic en-

hancement of the H2 evolution activity, reaching a production
rate of 37.2 mL h@1 cm@2, which is nearly 4 times higher than

that measured for the dewetted, pure Pt co-catalyst (Pt5-dew-
etted) in spite of the comparable nominal Pt loading.

Please note that control experiments proved that if an iden-
tical etching treatment (dealloying) is applied to sample Pt5-

dewetted, the resulting activity remains virtually unaltered (see

the rH2 of sample Pt5-dealloyed, Figure 5 a). Therefore the pho-
tocatalytic enhancement has to be ascribed to the nanoporous

structure of the dealloyed Pt co-catalyst, which provides an in-
creased surface-to-volume ratio and thus a higher density of

active site at the co-catalyst surface for H2 evolution (Fig-
ure 5 b).[64]

Figure 5. (a) Photocatalytic H2 evolution rate measured for pristine TiO2 NTs and TiO2 NTs decorated with dewetted or dewetted-dealloyed (porous) Pt NPs;
(b) Sketch of the photocatalyst structure; Photocatalytic H2 evolution rate measured for (c) Pt5Ni15-dealloyed for different times at room temperature, and
(d) TiO2 NTs decorated with dewetted or dewetted-dealloyed (porous) Pt NPs form from bi-layers of different composition and nominal thickness (i.e. different
Pt:Ni ratio; dealloying time 10 minutes).

Table 1. Surface elemental composition (atomic concentration, at.%) de-
termined by XPS for the structures at different fabrication stages.

Sample C 1s N 1s F1s O 1s Ti 2p Ni 2p Pt 4f

Pt5Ni10-as-sputtered 20.7 1.2 1.3 41.7 0.3 33.5 1.3
Pt5Ni10-dewetted 50.9 0.0 0.5 28.1 1.3 13.5 5.8
Pt5Ni10-dealloyed
(10 min)

56.2 2.5 0.0 29.4 3.3 1.3 7.2
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We then explored the effect of the dealloying time on the
photocatalytic performance. Remarkably, the data in Figure 5 c

show that an increase of the dealloying time from 10 to
30 min further enhances the H2 evolution activity by a factor 2,

hence reaching a production rate of 76.7 mL h@1 cm@2. An ex-
tended etching (60 min) however turned out to be detrimen-

tal, leading to a rH2 comparable to that of structures dealloyed
for 10 min.

We have quantified the Pt loading based on ICP-AES data re-

ported in our previous work.[65] A nominally 1 nm-thick Pt film
corresponds to a Pt loading of 1.41 mg cm@2. A (nominally)
5 nm-thick Pt film (as in the case of the best performing
sample Pt5Ni15-dealloyed) corresponds to a loading of

7.05 mg cm@2. Thus, the H2 evolution activity per unit mass of
loaded Pt is 10.9 and 1.7 mLH2 h@1 mgPt

@1 for samples Pt5Ni15-

dewetted-dealloyed and Pt5-dewetted, respectively. I.e. deal-

loyed (nanoporous) Pt leads to a 6.4 times higher activity com-
pared to the non-porous co-catalyst, in spite of the same pre-

cious metal loading.
To confirm the beneficial effect of Pt porousification on the

H2 evolution activity, we tested a series of photocatalysts pro-
duced by dewetting-dealloying Pt@Ni bilayers of different

nominal thicknesses and Pt:Ni ratios ; the data are summarized

in Figure 5 d. The results not only suggest that a Pt:Ni nominal
thickness ratio of &1:3 is a most optimized condition to reach

a high photocatalytic performance but also confirm that for
the explored Pt-Ni composition ratios the activity of the deal-

loyed, nanoporous co-catalyst is superior than that of non-
porous co-catalysts, that is, dewetted-alloyed Pt-Ni or dewet-

ted, pure Pt decorations.

Conclusions

We reported on the fabrication of TiO2 nanotube arrays func-
tionalized with a nanoporous Pt co-catalyst produced by a

dealloying approach from dewetted-alloyed Pt@Ni bilayers. For

these structures we observed a superior photocatalytic H2 gen-
eration ability under UV light irradiation compared to nano-

tubes loaded with comparable amounts of non-porous co-cat-
alysts such as pure, dewetted Pt or dewetted-alloyed Pt@Ni

decorations. The photocatalytic enhancement originates from
the porous morphology of the Pt co-catalyst, which can enable

a more efficient electron transfer kinetics due to a large surface

area and high density of surface active sites for H2 evolution.
With the present work we provided insights for the synthesis

of noble metal-based (co-)catalytic materials with high mass
activity for solar energy conversion processes. In a broader

context, the outlined concepts can in principle be extended to
the fabrication of a large variety of nanoporous metals for ap-

plication in catalysis, sensing or plasmonics.

Experimental Section

Fabrication of the TiO2 nanotube layers

Self-organized highly ordered TiO2 nanotube arrays were in the
present work formed on Ti substrates by means of electrochemical

anodization. Briefly, prior to anodization, the titanium foils (1.5 V
2.5 cm2, Advent Research Materials, 0.125 mm thickness and 99.6 %
purity) were cleaned by sonication in acetone, ethanol and deion-
ized water for 15 minutes each step, respectively, followed by
drying under a N2 gas stream. Then, the Ti foils were anodized to
fabricate the highly ordered TiO2 nanotube arrays in a hot electro-
lyte based on 3 m HF in o-H3PO4 (Sigma–Aldrich).[41] For the anodi-
zation process, a two-electrode configuration was used where the
Ti foil and a Pt sheet were the working and counter electrodes, re-
spectively. The anodization experiments were carried out by apply-
ing a potential of 15 V (for 2 h) using a DC power supply (VLP
2403 Voltcraft). The electrolyte was kept at 120 8C during anodiza-
tion. After anodization, the samples were immersed in ethanol for
1 h to remove electrolyte remnants and were then dried under a
N2 gas stream.

Formation of the nanoporous Pt co-catalyst

To form the nanoporous Pt co-catalyst on TiO2 NTs, we used a sput-
ter-dewetting-dealloying approach as follows:

· Metal sputtering: a plasma-sputtering machine (EM SCD 500,
Leica) was used to sputter Pt and Ni metal thin films using a

99.99 % pure Pt target (Hauner Metallische Werkstoffe) and a
99.98 % pure Ni target (Hauner Metallische Werkstoffe). The
applied sputtering current was 16 mA and the pressure inside
the sputtering chamber was set to 10@2 mbar with Ar gas. As

discussed below, the optimized sputtering sequence is Pt first

followed by Ni. The amount of sputtered metals was in situ
controlled by monitoring the metal film nominal thickness

using an automated quartz crystal microbalance.
· Thermal dewetting: the samples were annealed at 450 8C in a

10 % H2/Ar atmosphere (flux = 3 L h@1) for 1 h, to induce dew-
etting of the Pt-Ni bi-layers and form alloyed PtNi decorations

on the TiO2 NTs.

· Dealloying: Dealloying was carried out in an acidic medium
composed of 37.5 % HNO3 (70 %), 37.5 % acetic acid and 25 %

H2SO4 (98 %), at room temperature for different dealloying
times.

Characterization of the structures

Field-emission scanning electron microscope (FESEM Hitachi
S4800) and high resolution transmission electron microscope
(HRTEM, Philips CM30) were employed to characterize the mor-
phology of the samples. X-ray diffraction (XRD) performed with a
X’pert Philips MPD (equipped with a Panalytical X’celerator detec-
tor) using graphite monochromized CuKa radiation (l= 1.54056 a)
was used to analyze the crystallographic properties of the samples.
The chemical composition of the samples was examined by X-ray
photoelectron spectroscopy (XPS, PHI 5600 US) and peak positions
were calibrated with respect to the C 1s peak at 284.8 eV.

Photocatalytic measurements

For the photocatalytic runs we followed a protocol described in
previous work.[66] The H2 generation experiments were carried out
under illumination with UV light (UV-LED smart Opsytec, 365 nm,
100 mW cm@2) for 6 h. The samples were immersed in an aqueous
solution of ethanol (20 vol. %) in a quartz tube cell that was sealed
with a rubber septum. Before running the photocatalytic experi-
ments, the quartz cell was purged with N2 gas to remove O2.
200 mL gas samples were withdrawn at the end of the photocatayt-

Chem. Asian J. 2020, 15, 301 – 309 www.chemasianj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim307

Full Paper

http://www.chemasianj.org


ic experiments and analyzed by gas chromatography (GCMS-
QO2010SE, Shimadzu) to examine the amount of evolved H2. The
GC was equipped with a thermal conductivity detector (TCD), a
Restek micropacked Shin Carbon ST column (2 m V 0.53 mm). GC
measurements were conducted at a temperature of 45 8C (isother-
mal conditions) with the temperature of the injector setup at
280 8C and that of the TCD at 260 8C. The flow rate of the carrier
gas (Argon) was 14.3 mL min@1.
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Schmuki, M. Altomare, ACS Catal. 2018, 8, 5298 – 5305.

[61] M. Boronat, A. Corma, Langmuir 2010, 26, 16607 – 16614.
[62] F. Wang, Y. Jiang, D. J. Lawes, G. E. Ball, C. Zhou, Z. Liu, R. Amal, ACS

Catal. 2015, 5, 3924 – 3931.

Chem. Asian J. 2020, 15, 301 – 309 www.chemasianj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim308

Full Paper

https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1126/science.1209816
https://doi.org/10.1126/science.1209816
https://doi.org/10.1126/science.1209816
https://doi.org/10.1039/B800489G
https://doi.org/10.1039/B800489G
https://doi.org/10.1039/B800489G
https://doi.org/10.1021/cr1001645
https://doi.org/10.1021/cr1001645
https://doi.org/10.1021/cr1001645
https://doi.org/10.1002/adma.201102752
https://doi.org/10.1002/adma.201102752
https://doi.org/10.1002/adma.201102752
https://doi.org/10.1002/adma.201102752
https://doi.org/10.1021/cr00035a013
https://doi.org/10.1021/cr00035a013
https://doi.org/10.1021/cr00035a013
https://doi.org/10.1021/cr00033a004
https://doi.org/10.1021/cr00033a004
https://doi.org/10.1021/cr00033a004
https://doi.org/10.1021/cr00033a004
https://doi.org/10.1021/cr0500535
https://doi.org/10.1021/cr0500535
https://doi.org/10.1021/cr0500535
https://doi.org/10.3390/catal2040490
https://doi.org/10.3390/catal2040490
https://doi.org/10.3390/catal2040490
https://doi.org/10.1016/1010-6030(94)80009-X
https://doi.org/10.1016/1010-6030(94)80009-X
https://doi.org/10.1016/1010-6030(94)80009-X
https://doi.org/10.1016/1010-6030(94)80009-X
https://doi.org/10.1016/1010-6030(95)04039-I
https://doi.org/10.1016/1010-6030(95)04039-I
https://doi.org/10.1016/1010-6030(95)04039-I
https://doi.org/10.1016/1010-6030(95)04039-I
https://doi.org/10.1021/jp060971m
https://doi.org/10.1021/jp060971m
https://doi.org/10.1021/jp060971m
https://doi.org/10.1039/C2GC16112E
https://doi.org/10.1039/C2GC16112E
https://doi.org/10.1039/C2GC16112E
https://doi.org/10.1021/ar300227e
https://doi.org/10.1021/ar300227e
https://doi.org/10.1021/ar300227e
https://doi.org/10.1073/pnas.1405365111
https://doi.org/10.1073/pnas.1405365111
https://doi.org/10.1073/pnas.1405365111
https://doi.org/10.1073/pnas.1405365111
https://doi.org/10.1021/ja3019498
https://doi.org/10.1021/ja3019498
https://doi.org/10.1021/ja3019498
https://doi.org/10.1021/ja3019498
https://doi.org/10.1021/nl504597j
https://doi.org/10.1021/nl504597j
https://doi.org/10.1021/nl504597j
https://doi.org/10.1021/nl504597j
https://doi.org/10.1021/acscatal.6b00668
https://doi.org/10.1021/acscatal.6b00668
https://doi.org/10.1021/acscatal.6b00668
https://doi.org/10.1021/acsami.6b12553
https://doi.org/10.1021/acsami.6b12553
https://doi.org/10.1021/acsami.6b12553
https://doi.org/10.1021/acsami.6b12553
https://doi.org/10.1016/j.ijhydene.2016.04.098
https://doi.org/10.1016/j.ijhydene.2016.04.098
https://doi.org/10.1016/j.ijhydene.2016.04.098
https://doi.org/10.1016/j.ijhydene.2016.04.098
https://doi.org/10.1021/acsami.7b09428
https://doi.org/10.1021/acsami.7b09428
https://doi.org/10.1021/acsami.7b09428
https://doi.org/10.1021/acsami.7b09428
https://doi.org/10.1038/282597a0
https://doi.org/10.1038/282597a0
https://doi.org/10.1038/282597a0
https://doi.org/10.1149/1.2411048
https://doi.org/10.1146/annurev-matsci-070115-031739
https://doi.org/10.1146/annurev-matsci-070115-031739
https://doi.org/10.1146/annurev-matsci-070115-031739
https://doi.org/10.1146/annurev-matsci-070115-031739
https://doi.org/10.1021/acscatal.7b01803
https://doi.org/10.1021/acscatal.7b01803
https://doi.org/10.1021/acscatal.7b01803
https://doi.org/10.1021/jp811445a
https://doi.org/10.1021/jp811445a
https://doi.org/10.1021/jp811445a
https://doi.org/10.1021/jp811445a
https://doi.org/10.1080/14686996.2017.1377047
https://doi.org/10.1080/14686996.2017.1377047
https://doi.org/10.1080/14686996.2017.1377047
https://doi.org/10.1002/adma.201604018
https://doi.org/10.1007/s10934-011-9503-8
https://doi.org/10.1007/s10934-011-9503-8
https://doi.org/10.1007/s10934-011-9503-8
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1039/C8TA04495C
https://doi.org/10.1039/C8TA04495C
https://doi.org/10.1039/C8TA04495C
https://doi.org/10.1039/C8TA04495C
https://doi.org/10.1016/j.ijhydene.2019.06.200
https://doi.org/10.1016/j.ijhydene.2019.06.200
https://doi.org/10.1016/j.ijhydene.2019.06.200
https://doi.org/10.1146/annurev-matsci-070511-155048
https://doi.org/10.1146/annurev-matsci-070511-155048
https://doi.org/10.1146/annurev-matsci-070511-155048
https://doi.org/10.1039/c2jm15727f
https://doi.org/10.3762/bjnano.3.74
https://doi.org/10.3762/bjnano.3.74
https://doi.org/10.3762/bjnano.3.74
https://doi.org/10.3762/bjnano.3.74
https://doi.org/10.1016/j.jallcom.2016.01.111
https://doi.org/10.1016/j.jallcom.2016.01.111
https://doi.org/10.1016/j.jallcom.2016.01.111
https://doi.org/10.1021/cr500061m
https://doi.org/10.1021/cr500061m
https://doi.org/10.1021/cr500061m
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1002/ange.201001374
https://doi.org/10.1002/ange.201001374
https://doi.org/10.1002/ange.201001374
https://doi.org/10.1021/ja804852z
https://doi.org/10.1021/ja804852z
https://doi.org/10.1021/ja804852z
https://doi.org/10.1021/ja804852z
https://doi.org/10.1039/C6SC02555B
https://doi.org/10.1039/C6SC02555B
https://doi.org/10.1039/C6SC02555B
https://doi.org/10.1002/anie.201302525
https://doi.org/10.1002/anie.201302525
https://doi.org/10.1002/anie.201302525
https://doi.org/10.1002/anie.201302525
https://doi.org/10.1002/ange.201302525
https://doi.org/10.1002/ange.201302525
https://doi.org/10.1002/ange.201302525
https://doi.org/10.1063/1.1319529
https://doi.org/10.1063/1.1319529
https://doi.org/10.1063/1.1319529
https://doi.org/10.1063/1.1319529
https://doi.org/10.1063/1.1796529
https://doi.org/10.1063/1.1796529
https://doi.org/10.1063/1.1796529
https://doi.org/10.1063/1.1410322
https://doi.org/10.1063/1.1410322
https://doi.org/10.1063/1.1410322
https://doi.org/10.1063/1.1410322
https://doi.org/10.1021/acscatal.6b02221
https://doi.org/10.1021/acscatal.6b02221
https://doi.org/10.1021/acscatal.6b02221
https://doi.org/10.1016/j.jelechem.2004.10.026
https://doi.org/10.1016/j.jelechem.2004.10.026
https://doi.org/10.1016/j.jelechem.2004.10.026
https://doi.org/10.1016/j.jelechem.2004.10.026
https://doi.org/10.1038/nmat2490
https://doi.org/10.1038/nmat2490
https://doi.org/10.1038/nmat2490
https://doi.org/10.1039/C7RA05814D
https://doi.org/10.1039/C7RA05814D
https://doi.org/10.1039/C7RA05814D
https://doi.org/10.1039/C7RA05814D
https://doi.org/10.1021/jp013168v
https://doi.org/10.1021/jp013168v
https://doi.org/10.1021/jp013168v
https://doi.org/10.1016/j.electacta.2008.07.026
https://doi.org/10.1016/j.electacta.2008.07.026
https://doi.org/10.1016/j.electacta.2008.07.026
https://doi.org/10.1016/j.electacta.2008.07.026
https://doi.org/10.1039/c1jm10216h
https://doi.org/10.1002/admi.201601029
https://doi.org/10.1021/jp108305v
https://doi.org/10.1021/jp108305v
https://doi.org/10.1021/jp108305v
https://doi.org/10.1016/j.apcatb.2018.05.061
https://doi.org/10.1016/j.apcatb.2018.05.061
https://doi.org/10.1016/j.apcatb.2018.05.061
https://doi.org/10.1016/j.apcatb.2018.05.061
https://doi.org/10.1039/C8PP00424B
https://doi.org/10.1039/C8PP00424B
https://doi.org/10.1039/C8PP00424B
https://doi.org/10.1002/asia.201501336
https://doi.org/10.1002/asia.201501336
https://doi.org/10.1002/asia.201501336
https://doi.org/10.1016/j.electacta.2017.11.030
https://doi.org/10.1016/j.electacta.2017.11.030
https://doi.org/10.1016/j.electacta.2017.11.030
https://doi.org/10.1021/acs.jpcc.5b12050
https://doi.org/10.1021/acs.jpcc.5b12050
https://doi.org/10.1021/acs.jpcc.5b12050
https://doi.org/10.1039/C4CC04087B
https://doi.org/10.1039/C4CC04087B
https://doi.org/10.1021/acscatal.8b01190
https://doi.org/10.1021/acscatal.8b01190
https://doi.org/10.1021/acscatal.8b01190
https://doi.org/10.1021/la101752a
https://doi.org/10.1021/la101752a
https://doi.org/10.1021/la101752a
https://doi.org/10.1021/acscatal.5b00623
https://doi.org/10.1021/acscatal.5b00623
https://doi.org/10.1021/acscatal.5b00623
https://doi.org/10.1021/acscatal.5b00623
http://www.chemasianj.org


[63] H. Bian, N. T. Nguyen, J. Yoo, S. Hejazi, S. Mohajernia, J. Meller, E. Spieck-
er, H. Tsuchiya, O. Tomanec, B. E. Sanabria-Arenas, R. Zboril, Y. Y. Li, P.
Schmuki, ACS Appl. Mater. Interfaces 2018, 10, 18220 – 18226.

[64] B. Hvolbæk, T. V. W. Janssens, B. S. Clausen, H. Falsig, C. H. Christensen,

J. K. Nørskov, Nano Today 2007, 2, 14 – 18.
[65] G. Cha, M. Altomare, N. Truong Nguyen, N. Taccardi, K. Lee, P. Schmuki,

Chem. Asian J. 2017, 12, 314 – 323.

[66] M. Altomare, N. T. Nguyen, S. Hejazi, P. Schmuki, Adv. Funct. Mater.
2018, 28, 1704259.

Manuscript received: November 4, 2019
Revised manuscript received: December 1, 2019

Accepted manuscript online: December 2, 2019

Version of record online: January 7, 2020

Chem. Asian J. 2020, 15, 301 – 309 www.chemasianj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim309

Full Paper

https://doi.org/10.1021/acsami.8b03713
https://doi.org/10.1021/acsami.8b03713
https://doi.org/10.1021/acsami.8b03713
https://doi.org/10.1016/S1748-0132(07)70113-5
https://doi.org/10.1016/S1748-0132(07)70113-5
https://doi.org/10.1016/S1748-0132(07)70113-5
https://doi.org/10.1002/asia.201601356
https://doi.org/10.1002/asia.201601356
https://doi.org/10.1002/asia.201601356
https://doi.org/10.1002/adfm.201704259
https://doi.org/10.1002/adfm.201704259
http://www.chemasianj.org

