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ABSTRACT: The surface atomic structure and chemical state of Pt is consequential in a variety of surface-intensive devices. Herein
we present the direct interrelationship between the growth scheme of Pt films, the resulting atomic and electronic structure of Pt
species, and the consequent activity for methanol electro-oxidation in Pt/TiO, nanotube hybrid electrodes. X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) measurements were performed to relate the observed electro-
catalytic activity to the oxidation state and the atomic structure of the deposited Pt species. The atomic structure as well as the
oxidation state of the deposited Pt was found to depend on the pretreatment of the TiO, nanotube surfaces with electrodeposited
Cu. Pt growth through Cu replacement increases Pt dispersion, and a separation of surface Pt atoms beyond a threshold distance
from the TiO, substrate renders them metallic, rather than cationic. The increased dispersion and the metallic character of Pt results
in strongly enhanced electrocatalytic activity toward methanol oxidation. This study points to a general phenomenon whereby the
growth scheme and the substrate-to-surface-Pt distance dictates the chemical state of the surface Pt atoms, and thereby, the

performance of Pt-based surface-intensive devices.
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B INTRODUCTION

It is widely recognized that the development of fuel cells that
directly utilize renewable liquid fuels will require the design and
optimization of new catalytic materials as well as new protocols
that involve the modification of the currently used materials.">
One critical component in these systems is the catalyst—support-
ing material. As the commonly used carbon supporting materials
suffer from the weak dispersion of the catalyst on their surfaces as
well as its poor loading capacity, a plethora of efforts have been
devoted toward the search for better catalyst supporting materi-
als that tolerate these limitations. In this regard, titanium dioxide
is an attractive material as a support for metallic electrocatalysts
because of the strong nature of the metal—support interaction.’
Traditional fabrication processing routes of TiO, nanoarchitec-
tures include the thermal oxidation of titanium metal at very high
temperatures, template assembly, and colloidal methods.* How-
ever, high-temperature processes usually limit control over the
fine interfacial features of TiO, films which significantly affect
their properties.” Templated and colloidal synthesis routes
require subsequent careful assembly onto conductive substrates
as needed for device integration. Further, the resultant nanoma-
terials are prone to aggregation when the templates are etched
away.* It is only through recent development of metal oxide
etching processes that highly ordered TiO, nanotubular struc-
tures (TNT) were produced directly on Ti foil, resulting in a
structure that has all of the morphological benefits of traditional
TNT while also enjoying the advantages of vertically oriented
nanotubes with tunable height and diameter.” ™ Furthermore, this
synthesis protocol retains a metal back foil as an efficient electrical
contact, which is very useful for electrocatalysis.

As the Pt/TiO, system is stable over a wide range of pH values,"”
work has been conducted studying traditionally grown Pt-modified
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TiO, for applications including the methanol electro-oxidation
reaction, among others.'>'* Of particular interest is the work by
Tida and Igarashi indicating that the Pt-TiO, support interaction can
be employed to weaken the Pt-CO poisoning interaction."> How-
ever, it is still a challenge to achieve a high degree of dispersion of Pt
over TiO, surfaces as well as increasing the catalyst load.

As with the design of an efficient catalytic system, rational
design of beneficial metal—support interactions requires funda-
mental knowledge of the structure and the chemical nature of the
grown metal films on the support. Therefore, this study is aimed
at exploring galvanic replacement of a Cu precursor to improve
the dispersion and loading of Pt on TiO, nanotube surfaces as
well as exploring the fundamental structure—property relation-
ships of Pt-TiO, hybrid surfaces. The application of these
materials is then demonstrated for methanol electro-oxidation.
Specifically, we investigate transitions in the local atomic and
electronic structure of ultrathin Pt films as a function of the
method and the extent of film growth. We further investigate the
relationship between the atomic and electronic structure of Pt to
the activity of the resulting Pt-TiO, toward methanol oxidation.
We believe this work to be very important for both electro-
catalytic and photocatalytic applications and hope that this study
will open a new vista to explore more metal-TiO, combinations
for a diversity of various applications.

B EXPERIMENTAL SECTION

Fabrication of Hybrid Electrodes. Prior to anodization, tita-
nium foil samples were ultrasonically cleaned with acetone followed
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by a deionized (D.1.) water rinse. The anodization was performed in a
two-electrode electrochemical cell with titanium foil as the working
electrode and platinum foil as the counter electrode at room temperature
(approximately 22 °C) at 20 V for 7 h in an aqueous electrolyte
containing 0.2 M NH,F and 0.1 M H3PO,. An Agilent E3612A DC
power supply was used for potentiostatic anodization. Afterward, the
samples were rinsed thoroughly with deionized water and isopropyl
alcohol and then dried under nitrogen stream. Samples were not
annealed, resulting in amorphous TNT structures. Pt deposits were
formed by dipping in 1 mM H,PtCl at open circuit for ten minutes with
and without Cu precursor film. The Cu precursor, when present, was
potentiostatically grown at —0.5 V vs Ag/AgCl from a 10 mM CuSO,/
50 mM H,SO, solution for either 1 min or for 5 min.

Characterization of the Fabricated Electrodes. The fabri-
cated electrodes were examined using a Zeiss SEM Ultra60 field
emission scanning electron microscope (FESEM). X-ray photoelectron
spectroscopy (XPS) experiments were performed on the TiO, films
using a Thermo Scientific K-alpha XPS system where the binding energy
of all samples were calibrated to that of a Au reference sample. Pt L;-edge
EXAFS measurements were conducted at beamline X23A2 at the
National Synchrotron Light Source (NSLS), Brookhaven National La-
boratory. Measurements were made in glancing incidence fluorescence
mode. The k-space data was truncated by a standard Hanning function
before Fourier transforming to real space.

Electrochemical Measurements. The electrodes were electro-
chemically characterized by cyclic voltammetry (CV) using a Pine
WaveNow potentiostat in a three-electrode electrochemical cell with
Pt wire as a counter electrode and a Ag/AgCl reference electrode. CV
experiments were performed in 1 M H,SO, solution with 1 M CH;0H
ata scan rate of 50 mV/s. Current densities are plotted as a function of Ti
foil surface area before TNT growth.

B RESULTS

Samples were fabricated by exposing the TNT (3.7 um in
length and 90 nm in diameter) electrode to Pt** solutions with
and without the presence of Cu precursors on the surface. The
redox reaction of Pt*" with Cu® allowed Pt to grow in a highly
dispersed manner on the surface at the expense of the Cu, which
is partially dissolved. This method resulted in morphologies with
highly dispersed platinum coexisting with Cu/Pt. Scheme 1
portrays these microstructures in representative form, with Cu
(blue) and Pt (red) deposits. The scheme illustrates the disper-
sion of small Pt nuclei that results from spontaneous Pt growth
without Cu precursor. The increased dispersion which arises as a
result of Cu-mediated growth is shown as a continuous red film
coexisting with on-top Pt and Cu nuclei. 2D profile views of the
scheme are provided to clarify that residual Cu is present both as
an underlying film and as on-top nuclei. Cu-mediated growth is
preferable to the direct galvanic growth of Pt, which would result
in larger Pt nuclei. This type of redox replacement has been
performed in the past for noble metals replacing Cu,"*"” Ni,'*'®
and other metals on various substrates.

Figure 1 shows FESEM top-view images of the fabricated
electrodes. Figure 1A shows the as-grown TNT where highly
ordered hexagonal close packed cells can be seen. Figure 1B
shows the nanotubes after a 10 min immersion in the Pt solution
(1 mM H,PtCls) without any Cu precursor. Note the light-
colored deposits nucleating around the rims of the tubes. Cu
deposition for 1 min followed by the same 10 min immersion in
Pt solution (Figure 1C) resulted in coarsening of the tube walls
due to thicker intratubular deposits as well as some supra-tubular
nuclei 100—200 nm in size. Increasing the Cu deposition to

Scheme 1. Cartoon Showing 3D and Profile Representations
of TNT’s with Spontaneous Pt Growth and Cu-Mediated Pt
Growth; Note That Pt Deposits (red) Are Grown on Both Cu
(blue) and TiO, Sites in the Cu-Mediated Case
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Figure 1. FESEM top view image of the TiO, electrode: (A) as-
prepared, (B) after 10 min Pt exposure, (C) 1 min Cu growth replaced
by 10 min H,PtClg exposure, and (D) after S min Cu growth exposed to
10 min H,PtCls. EDS spectra were taken on tubular and supra-Cu
regions as represented by the ovals and squares, respectively.

S min, followed once again by 10 min Pt solution immersion,
(Figure 1D) appear to coarsen the TNT tubes further and
increase the size of the supra-tubular deposits. Localized energy
dispersive X-ray spectroscopy (EDS) analysis of the Pt-TiO,
sample grown via 1 min Cu precursor indicated that the supra-
tubular nuclei contained both Pt and Cu in a 2:1 atomic ratio, on
average, while the intratubular deposits showed a ratio of 5:1. For
the 5 min Cu growth, EDS indicated approximate Pt:Cu ratios of
4:1 on the nuclei and 1:1 on the tube sites.

To further investigate the surface composition and chemical
state of the fabricated electrodes, we performed XPS analyses.
Figure 2 shows the Pt 4f XPS spectra for the different Pt@TNT
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Figure 2. XPS spectra of platinized TiO, nanotube electrodes. Lines
indicate location of peaks for Pt reference foil.

electrodes. Lines at 71.1 eV and 74.4 eV indicate the location of
Pt foil reference peaks. The spectra for the spontaneously grown
Pt and the Pt after a 1 min Cu treatment are positively shifted
from that for the 5 min Cu treated electrode, indicating that Pt
exists in a cationic state. Specifically, the presence of a peak pair at
72.8 and 76.2 eV corresponds to 4f;/, and 4f5/, photoemission
from Pt*" species, while pairs in the ranges of 75.1—76.1 ¢V and
78.4—79.5 eV correspond to respective pairs from the Pt*"
species. The sample modified with electrodeposited Cu for 1 min
has a higher proportion of Pt*" compared to the spontaneously
grown sample. However, the sample modified with a 5 min Cu
deposition does not show significant signs of cationic species, exhib-
iting only one pair of peaks (71.1 and 74.4 eV) indicative of metallic
character. It is apparent that the chemical identity of Pt varies with
growth treatment. However, XPS does not provide the atomic
structure within the Pt deposits. Therefore, to characterize structure
of the deposits, X-ray absorption measurements were performed.

Figure 3 depicts the magnitude of the real-space modified
atomic radial distribution function, |y(r)|, of collected Pt L3-
edge EXAFS data for 3 treatments of Pt on TiO, tubes, and a Pt
reference. The inset provides the corresponding y (k) functions.
By examining the location of the lowest-coordination peak in real
space, it can be seen that spontaneously grown Pt is nonmetallic
in nature, with its first coordination shell located at 1.8 A (phase
corrections not corrected for). Deposits grown via Cu precursors
exhibit a first coordination shell characteristic of the metal
reference, located at 2.4 A.

To evaluate the electrocatalytic activity of the fabricated
electrodes, we carried out cyclic voltammetric (CV) studies in
1 M sulfuric acid with 1 M methanol, see Figure 4A. Note that the
methanol electro-oxidation currents were seen during the for-
ward sweep at 0.75 V and during the reverse sweep at 0.52 V for
all samples treated with Pt, with higher currents recorded for the
samples premodified with Cu layer. During the anodic scan, the
current increases due to dehydrogenation of methanol followed
by the oxidation of absorbed methanol residues, while in the
cathodic scan, the reoxidation of the residues is occurring. It is
important to note that the cyclic voltammogram for the Pt-
dipped TNT without any Cu modification is shown in 5x scale to
aid readability. Figure 4B displays the peak currents after normal-
ization to integrated Pt XPS peak area, which is proportional to
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Figure 3. Fourier transform of Pt L3-edge EXAFS data of TiO, samples
with and without varying Pt treatment methods. Inset shows k-space
spectra before Fourier transform.

the surface loading of Pt. The high electrocatalytic activity of Pt/
TiO, hybrid electrodes can be mainly attributed to the remark-
ably active platinum sites on the TiO, nanotube matrix. As
amorphous titania nanotubes have many OH groups on their
surfaces,”*" it is possible that these OH moieties help in the
conversion of CO poisoning species into CO,, leaving the active
sites on Pt clean for further electrocatalytic reactions in a similar
way to that which Ru is doing in the commercially used Pt—Ru/
C catalysts. In addition, the strong metal—support interaction
could be another reason for the observed enhanced electrocata-
lytic activity of methanol oxidation at Pt/TiO, hybrid electrodes.

B DISCUSSION

It is apparent that the dipping of the TiO, nanotube electrode
in H,PtClg solution resulted in the formation of intratube
deposits of Pt species (Figure 1A). This spontaneous growth
likely occurs through the immobilization of PtCls*~ at the
exposed OH sites on the TiO, surface. This would explain the
higher oxidation state for the spontaneously grown Pt species as
evidenced by XPS analysis (Figure 2). This interpretation is
further consistent with the EXAFS data for spontaneous growth,
showing a lower first coordination shell distance of R=1.8 A
compared to the 2.4 A coordination shell exhibited by the Pt
deposits resulting from Cu replacement (Figure.3). The pres-
ence of spontaneously grown Pt in the cationic form has many
implications on its catalytic properties. For example, Hayden et al.
showed very recently that the photocatalytic activity of the
system CdS/TiO, is superior to the system CdS/TiO,/Pt when
used to photoelectrochemically disinfect E-coli.® On the other
hand, Iwata et al. studied the charge carrier dynamics in TiO, and
Pt/TiO, materials and found very fast electron decay kinetics in
the Pt/TiO, system relative to the pure TiO, system.22 They
related this fast decay kinetics to the trapping of free electrons.
However, in both cases, no explanation was given based on the
electronic structure of Pt when attached to TiO,. Our present
results can clearly indicate the possibility of electron traps at the
Pt cationic sites indicating that Pt cations can act as an electron
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Figure 4. (A) Cyclic voltammograms of the electrodesin 1 M H,SO, +
1 M Methanol. (B) Forward peak current (Ip) values normalized to Pt
surface loading as measured by XPS.

sink. This finding is very important for the design of photoactive
material systems.

When Cu precursor is used, the intratubular deposits are
accompanied by some supra-tubular deposits, but in terms of Pt
surface area, the intratubular deposits dominate. EDS analysis
shows that, even in the case of lower precursor content, 10 min
are insufficient for Pt ions to replace all the intratube Cu. Increas-
ing the amount of Cu precursor deposition should, then, result in
topical Pt that is further away from the TiO, substrate and result
in diminishing Pt-TiO, metal—support interaction. The asser-
tion is supported by the XPS data when comparing the Pt oxida-
tion states between the samples. When surface Pt is relatively
closer to the support (1 min. Cu deposit case) it remains cationic
while the Pt which is further from the support (S min deposit
case) is metallic. We suggest that in the former case the under-
lying TiO, continues to immobilize PtCls>~ on the surface in
much the same way as with the spontaneous Pt deposition
scheme. In the latter case, the surface Pt is beyond the threshold
Pt-TiO, metal—support interaction distance. At the same time
the net atomic structure of Pt, as seen by EXAFS (Figure 3), for

both cases where it is grown through Cu replacement retains the
FCC-like structure characteristic of metallic Pt. This suggests
that while the Pt deposits resulting from 1 min Cu doses arrange
themselves as Pt metal, their surface chemistry is still dominated
by an oxidic character (as seen by XPS).

Finally, by normalizing the methanol oxidation currents to the
integrated XPS area for Pt, we get a measure of the reactivity per
unit Pt present on the surface (Figure 4B). This allows us to
relate performance to the local environment and oxidation state
of the as-grown deposits. While Cu replacement increases Pt
dispersion, growth beyond a threshold film thickness ensures a
predominance of metallic, rather than cationic, Pt on the surface.
We see clearly that Pt grown beyond this threshold metal—support
interaction distance retains metallic character and exhibits enhanced
electrocatalytic activity toward methanol oxidation.

B SUMMARY AND CONCLUSIONS

We demonstrated the platinization of titanium-foil-supported,
highly ordered, vertically oriented titania nanotube arrays (TNT)
by spontaneous growth and galvanic replacement of a Cu precur-
sor layer. We have tracked, using SEM, the formation increased
intratubular metal deposition. Spontaneously grown Pt exhibits
cationic local structure, limited dispersion and relatively low
activity for methanol electro-oxidation. With the predeposition
of Cu, the dispersion of surface Pt is significantly increased.
Increasing the metal—support distance, by increasing the thick-
ness of the Cu predeposited layer, the surface Pt is rendered
metallic Pt rather than cationic, which further increases the acti-
vity of Pt for methanol electro-oxidation.
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