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ABSTRACT
For polymer electrolyte fuel cell cathodes, highly durable supports are required to prevent catalyst degradation in supports. In this study, as
model Pt catalysts, 2–10wt% Pt was deposited on Magnéli-phase niobium-doped macroporous Ti4O7 (Nb–Ti4O7) mounted on glassy carbon
rods using the coaxial arc plasma deposition method. The morphologies of 2, 5, and 10wt% Pt catalysts showed the hemisphere fine
particles, islands with ca. 1.4 nm diameter and ca. 2.4 nm thickness, and films with ca. 3.3 nm thickness, respectively. During start/stop
accelerated durability tests (ADTs) of 5000 cycles following the Fuel Cell Commercialization Conference of Japan protocol, Pt was slightly
agglomerated; consequently, the morphologies of the 2, 5, and 10wt% Pt catalysts were island-like with 3.5 nm thickness, chain bead-like
with 4 nm thickness, and film-like with 4 nm thickness, respectively. This slight agglomeration led to good durability during the ADTs. Herein,
the oxygen reduction reaction (ORR) mass activity (MA) values at 0.9 V vs. reversible hydrogen electrode (RHE) of the 2, 5, and 10wt% Pt
catalysts were 79, 60, and 36A g�1

Pt after 5000 cycles ADT, respectively, which had declining ratios after 5000 cycles were 32%, 17%, and 0%,
respectively. The island-like and film-like Pt/Nb–Ti4O7 presented activity and durability comparable to a Pt/C catalyst, which was 42 A g�1

Pt

(0.9 V vs. RHE) with a 12% of declining ratio after the ADTs. The durability of the MA suggested that the different affinity caused by different
crystal faces led to the slight agglomeration of 2, 5, and 10wt%_Pt/Nb–Ti4O7 catalysts. These catalysts showed electrochemical surface areas
(ECSAs) of 36, 27, and 29m2 g−1 after the ADTs, with declining ratios as low as 20%, 6%, and 0%, respectively. All Pt/Nb–Ti4O7 catalysts
showed higher durability of the ECSAs than the Pt/C catalyst, which was 68m2 g−1 with a 30% declining ratio after the ADT. Different from
common Pt nanoparticle catalysts, which agglomerate into large spherical Pt particles, the slight agglomeration was caused by the
interconnection of the deposits and supplemented by a limited increase in the diameter or thickness. The island-like morphology of Pt with a
limited thickness presented both high durability and activity among the Pt/Oxide catalysts.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) have generated consid-
erable interest owing to their unique features, such as zero/low
emission and high efficiency.1 However, electrocatalysts durability is
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recognized as a limitation for their commercialization.2–5 Carbon is a
commonly used support for electrocatalysts in PEFCs owing to its
numerous advantages, including high specific surface area, high
conductivity, and commonly possessing functional groups that
enable surface deposition of catalytically active materials.6–11

However, the carbon supports used for PEFC cathodes undergo
electrochemical corrosion during operation12 caused by the
oxidization of carbon under high potentials (standard electrode
potential: 0.207V vs. reversible hydrogen electrode (RHE)).5 Thus,
carbon-free cathode catalysts are urgently needed.

Recently, several conductive metal oxides have been reported as
highly durable supports under high potentials for PEFCs. However,
some are unstable in the highly acidic environment of the proton
exchange membrane of PEFCs. Indium tin oxide,13 TiO2,14 and
Ti6O11

15 are stable in acidic environments. Reduced titanium oxides
possessing Magnéli phase structures (TinO2n¹1; 4 ¼ n ¼ 10),16,17

particularly Ti4O7, are some of the most interesting support
materials for PEFC cathodes because their high conductivity values
are similar to those of carbon materials17 and they are high in acidic
media.18,19 Magnéli-phase Ti4O7 is synthesized by reducing the
TiO2 precursor by H2 reduction,20 metallothermic,16 and carbother-
mal reduction.21 However, it is difficult to maintain the large surface
area using these high-temperature processes (approximately
1000 °C). We have previously reported a hydrothermal synthesis
of Nb–doped TiO2 nanoparticles for their application as PEFC
cathode supports.22 Their conductivity and surface area were
negatively correlated because enhanced conductivity was achieved
only by H2 reduction at higher temperatures, which increased the
agglomeration of primary particles, and thereby reduced the surface
area. Utilizing its high conductivity and large surface area, Nb–
doped/added TiOx has also been extensively used as a support in
PEFC cathodes.23–26 We have also reported a templated synthesis
of macroporous Magnéli-phase Ti6O11 as a potential support for
PEFC cathodes.15 A highly ordered porous structure with a Ti6O11

framework was obtained by the deposition of a TiO2 precursor
within a colloidal crystal template, followed by H2 reduction. The
templating process was advantageous for suppressing the agglom-
eration of the TiOx framework during H2 reduction at high
temperatures (800 °C). However, the Brunauer–Emmett–Teller
(BET) surface area of macroporous Ti6O11 was only 11m2 g¹1

owing to the agglomeration of the TiO2 precursor units deposited
outside of the template. Therefore, this synthetic method must be
optimized to achieve both high conductivity and a large surface
area.

From the aspect of durability and the oxygen reduction reaction
(ORR) activity, oxide supports are expected to enhance both the
mass and specific activities of Pt by strong metal support interaction
(SMSI). Recently, Mukerjee et al. emphasized both metal-metal
and metal-oxygen interactions to propose metal and metal oxide
interactions.27 Many studies have shown that the interaction between
Pt and titanium-oxide-based supports enhance both the mass activity
(MA) and durability of Pt.18,24,26–34 In our previous study on a
microporous Ti6O11 support, Pt nanoparticles were deposited it
using the coaxial arc plasma deposition (APD) method. Owing to
the high energy applied for Pt vaporization, Pt nanoparticles
deposited by APD possess unique properties, such as controllable
particle size,35,36 high activity,37,38 and high durability.38 In our
study, the Pt nanoparticles deposited by APD on the macroporous
Ti6O11 presented a relatively high specific activity (SA) of
6.01Am¹2 at 0.9V vs. RHE.15 However, although the high
durability of Pt/titanium-oxide-based catalysts have been commonly
reported, the explanations of this property being better than those of
Pt/C catalysts are typically the decreased oxidation of the titanium
oxides supports and the SMSI between the supports and the metal.
Moreover, the deterioration mechanism of the former catalyst has
not been fully revealed until now.

To determine the mechanism of deterioration of Pt/titanium-
oxide-based catalysts, herein, we studied the deterioration character-
istics of Pt supported on a macroporous Nb-doped Ti4O7 (Nb–
Ti4O7)39 support in acidic media. The Pt deposition was performed
by APD, wherein the number of arc plasma discharges was varied to
obtain distinct Pt loading amounts as model Pt/Nb–Ti4O7 catalysts.
Using the model catalysts, we examined the differences in the
physical and electrochemical properties of Pt at different loadings by
conducting accelerated durability tests (ADTs). The physical and
electrochemical characteristics of each Pt loading and the degrada-
tion mechanism of the Pt/Nb–Ti4O7 synthesized using the APD
method were analyzed.

2. Experimental

2.1 Materials
Tris(hydroxymethyl)aminomethane, (THAM, ACS reagent,

²99.8%, Sigma-Aldrich), tetraethyl orthosilicate, (TEOS,
²99.0%, Sigma-Aldrich), titanium tetrachloride (TiCl4, 16–17%
as Ti, FUJIFILM Wako Pure Chemical Corporation), concentrated
hydrochloric acid (HCl, 35.0–37.0%, FUJIFILM Wako Pure
Chemical Corporation), titanium(IV) tetrabutoxide (C16H36O4Ti,
TBOT, 97%, Sigma-Aldrich), niobium(V) pentachloride (NbCl5,
99%, Sigma-Aldrich) were used for the preparation of macroporous
Nb–TiO2 in the experiments. Electrolytes were prepared using
ultrapure water treated with Purelite (Organo Corporation) and
perchloric acid (HClO4, guaranteed reagent, FUJIFILM Wako Pure
Chemical Corporation). Isopropanol ((CH3)2CHOH, guaranteed
reagent, FUJIFILM Wako Pure Chemical Corporation), and Nafionμ

solution (5% Nafionμ dispersion solution DE521 CS type,
FUJIFILM Wako Pure Chemical Corporation) were used to prepare
the catalyst ink for the Pt/C catalyst. None of the reagents required
additional purification.

2.2 Synthesis of macroporous Nb–Ti4O7

Macroporous Nb–Ti4O7 was synthesized by thermal H2 reduction
of macroporous Nb–TiO2 in the presence of a silica template.
Macroporous Nb–TiO2 was prepared via seed-mediated templating
based on a previous study.40 A colloidal crystal template was
synthesized according to previously reported methods.41 Briefly, a
dispersion of silica nanospheres was obtained by heating an aqueous
solution of TEOS and THAM in 500mL of deionized water
(TEOS : THAM : H2O = 45 : 1 : 2780, molar ratio) at 80 °C for
24 h. A part of the solution (seed nanospheres) was transferred into
another aqueous solution containing THAM, followed by the
addition of TEOS in the above-stated molar ratio. The newly added
TEOS was consumed only by the particle growth of the seed
nanospheres. The particle size is calculated using the following
equation:

Diameterfinal

Diameterseed

� �3

� 1 ¼ MassTEOS,added

MassTEOS,seed
ð1Þ

The size of the silica nanospheres was maintained at 60 nm. After
evaporating the solvent at 50 °C and a subsequent heating at 550 °C
for 6 h, the colloidal crystal template was obtained.

A Ti-containing template was prepared by hydrolyzing TiCl4 in
the presence of the silica template. ATiCl4 stock solution (2M) was
prepared by mixing TiCl4 (2mL), deionized water (7mL), and conc.
HCl (20 µL) over an ice bath. The stock solution was diluted with
deionized water to prepare 15mM TiCl4 solution (33mL). The
colloidal crystal template (5.0 g) was added to the solution, and the
mixture was kept at 70 °C for 1 h without stirring. The Ti-containing
template was recovered by filtration, washed with deionized water,
and calcined at 550 °C for 30min.

TBOT (0.8mL) and 0.2M NbCl5 (120µL) were added to a
mixture of water (28mL) and conc. HCl (28mL). The Nb/Ti molar
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ratio was 0.01. The Ti-containing template (0.72 g) was added to the
solution, which was subsequently transferred into a 100-cm3 Teflon-
lined stainless-steel autoclave. The autoclave was capped tightly and
heated at 150 °C for 12 h. After cooling to 25 °C, the precipitate was
centrifuged, washed several times with deionized water and ethanol,
and dried under vacuum at 80 °C for 12 h.

Macroporous Nb–TiO2 with the unremoved template was heated
at 900 °C for 5 h in a tube furnace under H2 flow (200 cm3min¹1) to
reduce the Nb–TiO2 framework transfer to Nb–Ti4O7 inside the
template. The colloidal crystal template was removed by heating at
80 °C in aqueous 2M NaOH for 2 h, followed by centrifugation,
washing, and drying. Templates were also removed from Nb–TiO2

without H2 reduction to prepare macroporous Nb–TiO2 for
comparison with macroporous Nb–Ti4O7.

2.3 Preparation of Pt/Nb–Ti4O7 electrodes
Pt deposition on the surface of Nb–Ti4O7 mounted on a glassy

carbon (GC) rod was achieved using the APD method based on our
previous study.15 First, 4mg of Nb–Ti4O7 was suspended in 400 µL
1-hexanol (97%, FUJIFILM Wako Pure Chemical Corporation),
followed by sonication for 20min to prepare a Nb–Ti4O7 ink.
Subsequently, 10 µL Nb–Ti4O7 ink was dropped onto a GC rod
(] = 5.2mm, Tokai Carbon Co., Ltd.), and dried at 60 °C for 1 h
(denoted as Nb–Ti4O7/GC). Nb–Ti4O7/GC was placed in the
vacuum chamber of model APD-S (ADVANCE RIKO, Inc.), and Pt
was deposited under the following conditions: discharge voltage =
100V, condenser capacity = 1080 µF, pulse frequency = 3Hz, and
chamber pressure = 6.7 © 10¹3 Pa. The discharge energy was 5.4 J
per pulse. As the deposition rate under these conditions was
0.035 nm per pulse (average of 3000 pulses), the number of pulses
was set as 133 to deposit 2wt% Pt relative to Nb–Ti4O7 mounted on
the GC rod. Samples with Pt loadings of 2, 5, and 10wt% were
prepared by changing the number of pulses to 133, 332, and 663
shots, respectively (denoted as 2wt%_Pt/Nb–Ti4O7, 5wt%_Pt/Nb–
Ti4O7, and 10wt%_Pt/Nb–Ti4O7, respectively). The Pt loading
amount for APD was confirmed in a previous study using by
inductively coupled plasma atomic emission spectroscopy.15 The Pt
loading was adjusted based on the weight ratio of Nb–Ti4O7 on the
GC rod. Pt could not be deposited uniformly inside the pores of Nb–
Ti4O7 by APD because the deposition was in one direction.
Therefore, the morphology of the deposited Pt was observed using a
microscope.

Because the Pt/Nb–Ti4O7 catalysts could not be uniformly
dispersed using by ultrasonication, Nafionμ was not expected to be
uniformly covered on their surfaces. To reduce the interference on
the Pt surface, Nafionμ was not used for the preparation of the
Pt/Nb–Ti4O7/GC electrodes. A commercial Pt/C (TEC10E50E,
Tanaka Kikinzoku Kogyo) catalyst was used for comparison. Pt/C
was mounted on a GC rod using the same procedure as that for the
preparation of Nb–Ti4O7/GC, except that Nafionμ was dissolved in
the ink to prevent the peeling of Pt/C from the GC rod. To reduce
the interference by Nafionμ, the amount of Nafionμ added was
halved based on the Fuel Cell Commercialization Conference of
Japan (FCCJ) standard method.42

2.4 Physical characterization
Powder X-ray diffraction (XRD) patterns of the samples were

recorded on a Rigaku Ultima IV diffractometer with CuKA1
radiation (K = 0.15406 nm). The N2 adsorption-desorption isotherm
of macroporous Nb–Ti4O7 was measured using a MicrotracBEL
BELSORP-mini Instrument at ¹196 °C. The electrical resistance
of the macroporous Nb–Ti4O7 powder was measured using a
cylindrical cell in which circular electrodes were placed on both top
and bottom (Fig. S1a). The powdery sample was placed in the
cylinder, and a pressure of up to 60MPa was applied along the
longitudinal direction. DC resistivity was measured using a Hioki

RM3545 resistance meter. The conductivity (Q) is calculated as
follows:

· ¼ t

AR
ð2Þ

where t, A, and R are the thickness of the sample under a uniaxial
pressure, the area of the circular electrode (0.196 cm2), and the
measured resistance, respectively. Scanning transmission electron
microscopy (STEM) images were obtained using a Hitachi Cs-
corrected STEM HD-2700 microscope at an accelerating voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) was performed
on the Al mono using a PHI5000 VersaProbe II instrument. A
Gaussian–Lorentzian line shape with a Shirley background was used
for electron binding energy and asymmetry analysis. The peak areas
of the 4f7/2 and 4f5/2 components were fixed at 4 : 3, and a
theoretical spin-orbit splitting of 3.33 eV was used in the analysis.43

Photoemission spectra were calibrated against the C 1s peak, which
was used as the internal standard, and the binding energy of C 1s
was 284.8 eV. The spectra were deconvoluted into three fitted peak
components, qualitatively and quantitatively, based on the reported
peak position range.44–49

2.5 Electrochemical characterization
Electrochemical tests were performed using a glass three-

electrode cell in a Toho Technical Research PS08 potentiostat.
Aqueous 0.1M HClO4 (300mL) was used as the electrolyte. A GC
plate and RHE were used as the counter and reference electrodes,
respectively. Before evaluating the ORR activity, cyclic voltamme-
try was performed from 0.2 to 1.2V at a scan rate of 200mV s¹1 at
60 °C in 0.1M HClO4 under N2 saturation for 200 cycles as a pre-
treatment to obtain a clean surface.

ADT entailing potential scanning using a triangle wave with a
potential scan rate of 500mV s¹1 from 1.0 to 1.5V at 60 °C was
conducted using the start/stop cycle test recommended by the
FCCJ.42

Cyclic voltammograms (CVs) were recorded under pure nitrogen
flow at 60 °C at a scan rate of 50mV s¹1 from 0.05 to 1.2V to
evaluate the electrochemically active surface area (ECSA) based on
the mass of Pt. The ECSA of the Pt deposited on macroporous Nb–
Ti4O7 was calculated from the difference between the average
integrated charge of the hydrogen adsorption and desorption (QH)
waves from 0.05 to 0.4V in the CVs, and of the charging current of
the electrical double layer estimated at 0.39–0.41V. A conversion
factor (qH = 0.21mCcm¹2) was applied for monolayer adsorption
of hydrogen on the Pt surface was used to obtain the ECSA. Thus,
the ECSA is calculated using the following equation:50

ECSA ¼ QH

m� qH
ð3Þ

Here, m is the Pt loading mass. Cyclic voltammetry at a scan rate
of 5mV s¹1 in the range of 0.2–1.2V was performed in 0.1M
HClO4 under oxygen bubbling for over 30min prior to the
measurement to evaluate the ORR current density as a function of
potential. To obtain steady CVs, four voltammetric cycles were
performed, and the last cycle was used for evaluation.

3. Results and Discussion

3.1 Physical characterization of macroporous Nb–Ti4O7

support
The XRD patterns of macroporous Nb–TiO2 (post-template

removal) and Nb–Ti4O7 are shown in Fig. 1. The former support
consisted of anatase, rutile (major phase), and brookite phases,
which is consistent with a previous report.39 Peaks arising from
segregated Nb species were not observed, suggesting that Nb was
doped in the TiO2 framework. After H2 reduction, the crystal
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structure of the TiO2 framework changed to conductive Ti4O7 (major
phase) and C-Ti3O5 phases. Small peaks due to anatase TiO2

remained, probably owing to insufficient reduction of the Nb–
TiO2 framework present deep inside the template. Peaks indicative
of Nb species were not observed after reduction. Thus, we
concluded that Nb was incorporated in the frameworks of Ti4O7,
C-Ti3O5, and anatase; further analyses are required to elucidate the
conditions of Nb in the material.

Figure 2a shows the colloidal crystal template, indicating that the
size of the silica nanospheres is uniformly controlled at 60 nm. The
SEM and TEM images of macroporous Nb–Ti4O7 as shown in
Figs. 2b and 2c indicated that a well-ordered macroporous structure
is formed even after H2 reduction, as shown in Figs. 2b and 2c. In
contrast, in our previous study on macroporous Ti6O11,15 a well-
ordered porous structure was observed only in part. In this research,
the use of Ti-containing colloidal crystals contributed to the
deposition of Nb–TiO2 in the interstices of the silica nanospheres
of the colloidal crystal template; therefore, the physically confined
Nb–TiO2 framework could be converted into the reduced phases
without deformation of the nanostructure. The selected area electron
diffraction of macroporous Nb–Ti4O7 is shown in Fig. 2d. The
observation of a spot pattern, instead of a ring pattern, suggested that
the framework consisted of single crystal-like large crystallites,
which is advantageous for achieving high conductivity with low
boundary resistance. The size of the mesopores was measured to be
60 nm.

The N2 adsorption-desorption isotherms and the corresponding
Barrett–Joyner–Halenda (BJH) pore size distribution curves of
macroporous Nb–TiO2 and Nb–Ti4O7 are shown in Figs. 2e–2h. The
isotherms do not differ significantly, suggested that H2 reduction
marginally affects their macroporous structure. The BET surface

area of macroporous Nb–Ti4O7 was 46m2 g¹1, which is consid-
erably higher than those of macroporous Ti6O11 (11m2 g¹1,
determined in our previous study15) and other nanostructured
Ti4O7.18,19 The mean BJH pore size of macroporous Nb–Ti4O7

was 68 nm. The differences in the sizes measured by the different
methods, which are caused the measured SEM and TEM images, not
only including the pore diameters but also the diameters of the base
of the spherical caps, which is inevitable owing to image limitation,
therefore it is consistent with the pore sizes estimated from the SEM
and TEM images.

The conductivity of macroporous Nb–Ti4O7 as a function of the
uniaxial pressure is shown in Fig. S1b. The conductivity initially
increased with the decrease in the sample thickness due to the
uniaxial pressing and subsequently reached a constant value of
0.10 S cm¹1 at 60MPa. The initial filling rate of the sample in the
measuring fixture was 7%. Although the surface areas of the Nb–
TiOx nanoparticles from our previous study22 and macroporous Nb–
Ti4O7 were of similar orders, the latter had higher conductivity than
had the former by two orders. Figure S2 summarizes the relation-
ship between the conductivity and surface area of various reported

Figure 1. XRD patterns of (a) macroporous Nb–TiO2 and (b)
macroporous Nb–Ti4O7. Simulated diffraction peaks of (c) Ti4O7

(JCPDS 050-0787) and (d) C-Ti3O5 (JCPDS 076-1066). Peaks due to
rutile, anatase, and brookite are marked by R, A, B, respectively.
Peaks due to Ti4O7 and C-Ti3O5 are marked purple filled circles and
blue filled triangles, respectively.

Figure 2. SEM images of (a) colloidal crystal template and
(b) macroporous Nb–Ti4O7. (c) TEM image, (d) the corresponding
selected area electron diffraction pattern, (e, f ) N2 adsorption-
desorption isotherms, and (g, h) BJH pore size distribution curves of
(e, g) macroporous Nb–TiO2 and (f, h) macroporous Nb–Ti4O7.
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titanium-oxide-based supports.22,29,51–54 The details regarding the
published supports are provided in Table S1.

In addition, comparing with other metal oxide supports,29–54 the
high conductivity of macroporous Nb–Ti4O7 was similar to those of
Pt/Ta–SnO2¹D and Pt/Nb–SnO2¹D,53 for which it was reported that
the conductivity increased significantly by Pt deposition and that the
catalysts showed both high MA and SA are achieved. The low
conductivity of supports can be significantly improved after Pt
deposition (The Pt loadings of Pt/Ta–SnO2¹D and Pt/Nb–SnO2¹D

were 15.8wt% and 15.3wt%, respectively) to ensure the perform-
ance of the catalysts. Moreover, conductivity in the range of 0.01–
0.1 S cm¹1 is expected for oxide-supported Pt catalysts. Therefore,
the large surface area (46m2 g¹1) and the high conductivity
(0.10 S cm¹1) of macroporous Nb–Ti4O7 are sufficient for its use
as a support for PEFC cathodes.

3.2 Physical characterization of Pt/Nb–Ti4O7 catalysts
The annular dark field scanning transmission electron microsco-

py (ADF-STEM) images of the 2, 5, and 10wt%_Pt/Nb–Ti4O7

catalysts prior to the ADTs are shown in Figs. 3(a1), 3(b1), and
3(c1), respectively. In each sample, Pt was deposited on the surface
of a macroporous Nb–Ti4O7 support. Pt deposits were observed in
most parts of the supports, whereas Pt nanoparticles were absent in
some. Because Pt vapor was supplied from one direction in the
APD, it was difficult to cover the surface of each support uniformly
with Pt deposits. The presence of Pt deposits on most parts of the
supports suggests that Pt vapor diffused around the particles. The
shape, size, and density of Pt deposits depended on the number of
shots in APD. When the Pt loading was 2wt%, small nanoparticles
were deposited on the surface of the support (Figs. 3(a1), S3a, and

S3b), and they were disordered hemispheres in shape. Because of
the high energy applied in APD, the deposited Pt nanoparticles
possibly interacted strongly with the support to form the hemi-
spherical shape,55 a possible cause of the special morphology. The
average size of the hemispheres, which corresponded to the length
of the contact area between the Pt nanoparticles and the Nb–Ti4O7

support, was 1.4 nm (Fig. 3(a3)). A dense deposition of Pt
nanoparticles is expected to result in their fusion. When the Pt
loading was 5wt%, the shape changed from hemispherical to island-
like (Figs. 3(b1), S4a, and S4b), and tended to be film-like when the
loading was further increased to 10wt% (Figs. 3(c1), S5a, and S5b).
For these cases, it is appropriate to use the average particle diameter
to characterize the sizes of the island-like and film-like Pt deposits;
therefore, the average thickness was used instead. The average
thicknesses of the island-like 5wt%_Pt/Nb–Ti4O7 and film-like
10wt%_Pt/Nb–Ti4O7 catalysts were 2.4 and 3.3 nm, respectively
(Figs. 3(b3) and 3(c3)). This suggests that the Pt prepared by APD
extended horizontally without an increase in the thickness when the
Pt loading increased from 5 to 10wt%. Specifically, the flat area of
the island-like Pt deposits increased, whereas the thickness did not,
forming film-like Pt deposits. Therefore, the difference between the
5 and 10wt%_Pt/Nb–Ti4O7 catalysts is their ratio of the edge-to-
plane Pt deposits, with that of the former being larger than that of the
latter owing to the connection of the island-like Pt deposits in
10wt%_Pt/Nb–Ti4O7.

Figures 3(a2), 3(b2), and 3(c2) show the ADF-STEM images of
the Pt/Nb–Ti4O7 catalysts after the ADTs. As shown in Figs. 3(a2),
3(a3), S3c, and S3d, the Pt nanoparticles of 2wt%_Pt/Nb–Ti4O7

agglomerate, and the average particle size increases to 3.5 nm. In
5wt%_Pt/Nb–Ti4O7, because the loading amount of Pt was half of

(a1) (a2)

(b1) (b2)

(c1) (c2)

Figure 3. ADF-STEM images of Pt/Nb–Ti4O7. (a1) 2wt%_Pt/Nb–Ti4O7 images before electrochemical test, (a2) 2wt%_Pt/Nb–Ti4O7

images after electrochemical test, (b1) 5wt%_Pt/Nb–Ti4O7 images before electrochemical test, (b2) 5wt%_Pt/Nb–Ti4O7 images after
electrochemical test, (c1) 10wt%_Pt/Nb–Ti4O7 images before electrochemical test, (c2) 10wt%_Pt/Nb–Ti4O7 images after electrochemical
test, (a3, b3, c3) size distribution or thickness distribution of Pt deposits before/after electrochemical test.
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10wt%_Pt/Nb–Ti4O7, some island-like Pt deposits connect to form
chain bead-like Pt (Figs. 3(b2), S4c, and S4d). The thickness of the
Pt deposits in 5wt%_Pt/Nb–Ti4O7 increases slightly from 2.4 nm
to 4.0 nm as an average, as shown in Fig. 3(b3). As shown in
Figs. 3(c2), 3(c3), S5c, and S5d, because the Pt deposited in
10wt%_Pt/Nb–Ti4O7 is film-like, the morphology and the thickness
distribution change minimally during the ADTs. Figure 4 presents
that despite the slight increase in the thickness, neither large
particles nor thick films are formed, indicating that the Pt deposits
prepared by APD do not thicken to above a range to 4 nm and that
the island-like Pt deposits do not connect to form film-like Pt with a
large flat plane. This morphological feature might be attributed to
the strong interaction between Pt and Nb–Ti4O7 generated by APD.
This unique degradation/morphological change may be caused by
the surface energy of the crystal face, which leads to differences in
the affinity of Pt.56 Thus, the above characteristic grain growth of
Pt/Nb–Ti4O7 could be caused by the high Pt affinity of Nb–Ti4O7.57

Figures 5a–5d depicts the changes in the CVs of the elec-
trochemical properties of the catalysts during the ADTs, obtained at
a scan rate of 50mVs¹1 from 0.05 to 1.2V in 0.1M HClO4 at 60 °C.
The initial parts of the CVs of the Pt/Nb–Ti4O7 and Pt/C catalysts
are shown in Figs. S6a–S6d. Although all initial CVs of the
catalysts presented typical Pt behavior, the hydrogen adsorption/
desorption peaks of 2wt%_Pt/Nb–Ti4O7 were ambiguous owing to
the small amount of Pt. Its hydrogen adsorption peak was larger than
the hydrogen desorption peak, which is known as a hydrogen
spillover from Pt to the TiO2 support.58–60 Hydrogen spillover effect
can occur when the TiO2 support possesses rich and deficient
oxygen vacancies59 and Pt nanoparticles are covered with TiO2.60 In
the present experiments, Pt was deposited by coaxial APD to form
Pt/Nb–Ti4O7 in which the generated Pt ions are accelerated by a
strong magnetic field induced in the coaxial arc plasma gun and are
ejected toward the target substrate under vacuum. Miyazaki et al.
employed STEM–electron energy loss spectroscopy analysis and
determined that a GC substrate irradiated by Pt ions was damaged to
depths of approximately 15–17 nm from the substrate surface.61 In
this study, the Pt nanoparticles partially penetrated the Nb–Ti4O7

support, resulting in the formation of hemisphere/flat-type Pt
nanoparticles. Therefore, hydrogen spillover was observed in
2wt%_Pt/Nb–Ti4O7. The CVof 10wt%_Pt/Nb-Ti4O7 showed redox
peaks at a range to 0.31V, as presented in Figs. 5c and S6c. The
morphology of the Pt deposits became film-like on increasing the Pt
loading from 5 to 10wt%, suggesting that the Pt (100) plane had

extended. Pt (100) produced hydrogen adsorption-desorption peaks
at a range to 0.3V in 0.1M HClO4,62 in the CV of 10wt%_Pt/Nb–
Ti4O7. Conversely, hydrogen adsorption-desorption peaks were
observed at a range to 0.1V in the CV of 5wt%_Pt/Nb–Ti4O7,
caused by Pt (110) in 0.1M HClO4.62 Because the planar area of
5wt%_Pt/Nb–Ti4O7 was smaller than that of the 10wt% sample, the
ratio of the edge-to-plane of 5wt%_Pt/Nb–Ti4O7 was greater than
that of 10wt%. In other words, the ratio of Pt (110) to Pt (100) of
5wt%_Pt/Nb–Ti4O7 was higher than that of 10wt%. This difference
affects the ORR activity, which is discussed subsequently. As shown
in Figs. 5a–5d, the changes in the CV shapes of all Pt/Nb–Ti4O7

catalysts are comparatively lesser pronounced than that of Pt/C,
suggesting that the ECSAs of the Pt/Nb–Ti4O7 catalysts are
decreased to a small extent. Anomalous small anodic peaks are
observed at 0.6–0.65V vs. RHE in the CVs of 5 and 10wt%_Pt/
Nb–Ti4O7, as well as Pt/C, which are shown in Figs. 7a–7d. These
peaks do not arise at room temperature. Sleightholme et al.
established that these peaks increased with the increase in temper-
ature and suggested that their origin is the formation of oxygenated
species on the Pt surface.63

Figures 5e–5h show that the ECSAs of the catalysts decreases
during the ADT. The ECSAs without ADT of the Pt/Nb–Ti4O7

catalysts with Pt loadings of 2, 5, and 10wt% and Pt/C were
calculated to be 45, 29, 28, and 91m2 g¹1, respectively. Although
the ECSAs of 5 and 10wt%_Pt/Nb–Ti4O7 were relatively small, that
of 2wt%_Pt/Nb–Ti4O7 was comparable to those of other Pt-
supported titanium oxide-based catalysts. The small ECSAs of the
5 and 10wt%_Pt/Nb–Ti4O7 catalysts were responsible for the
formation of the island- and film-like Pt deposits (Figs. 3(b1),
3(c1), S4a, S4b, S5a, and S5b). The agglomeration of the Pt
nanoparticles significantly decreased the ECSA of Pt/C until 3000
cycles. The ECSA of 2wt%_Pt/Nb–Ti4O7 showed a slight decrease.
However, the decreasing ratio of the 2wt%_Pt/Nb–Ti4O7 ECSA
rapidly decreased compared to that of Pt/C in the initial stage of the
ADTs, as shown by the normalized catalyst ECSA changes in the
inset of Fig. 5. Because the Pt particle size of 2wt%_Pt/Nb–Ti4O7

was very small (average: 1.4 nm), it initially presented a propensity
for agglomeration during the ADT and subsequently became stable.
The 5 and 10wt%_Pt/Nb–Ti4O7 catalysts demonstrated excellent
ECSA stability, as shown in Figs. S7a–S7d. Overall, APD-deposited
Pt slightly agglomerates during the ADTs, and different from the Pt/
C catalyst, that Pt did not agglomerate into large-diameter spherical
particles but had a tendency to connect and form thin film. This
limited increase in the thickness reduced the decrease in the ECSA,
particularly of the 5 and 10wt%_Pt/Nb–Ti4O7 catalysts.

Figures 5i–5l present the changes in the platinum oxide reduction
peak potential (EPt–O Reduction) among the electrochemical properties
of the catalysts during the ADTs. EPt–O Reduction reflects the
adsorption energy for oxygenated species, which block the active
sites for the ORR.64,65 As shown in Figs. 5m–5p, before the ADTs,
all the Pt/Nb–Ti4O7 catalysts possess higher EPt–O Reduction than
Pt/C. The positive shift in EPt–O Reduction suggests a decrease in the
adsorption energy for the oxygenated species. The relationship
between this peak shift and the SA will be discussed subsequently.
As shown in Figs. 5i–5l and 5m–5p, the EPt–O Reduction of the
2wt%_Pt/Nb–Ti4O7 catalyst gradually shifts to a higher potential as
the particle size increases.64 However, the extent of the potential
shift is smaller than that of Pt/C. The 5 and 10wt%_Pt/Nb–Ti4O7

catalysts demonstrated excellent ECSA stability, as shown in
Figs. 5f and 5g. The changes in their CVs are minimal, indicating
that the EPt–O Reduction similarly do not shift remarkably.

Figure 6 shows the decrease in the ECSAs with the EPt–O Reduction

increase of each catalyst during the ADTs. The plots with the green
right-hand triangle and blue upper triangle are the initial and post-
ADT results, respectively. A similar relationship as found here was
observed in a previous study.64 From the viewpoint of the Pt particle

2 wt% Pt/Nb-Ti4O7
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Figure 4. The Pt deposit diameter/thickness of Pt/Nb–Ti4O7

before and after the electrochemical test.
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size, a larger ECSA implies a small particle size of Pt and strong
adsorption on oxygen to form stronger Pt–O bonds.6 The stronger
Pt–O bonds, in turn, cause a small shift in the EPt–OReduction, resulting
in a large ECSA and low EPt–O Reduction of Pt/C. For 2wt%_Pt/Nb–
Ti4O7 prior to the ADTs, although the average Pt particle size was
small (1.4 nm), the initial ECSA was approximately half that of
Pt/C, and a relatively high EPt–O Reduction was obtained. This was a
consequence of the hemispheric morphology of the deposited Pt
nanoparticles in 2wt%_Pt/Nb–Ti4O7, different from Pt/C, because
of the high discharge energy in APD and the high affinity. The
hemispheric morphology, in turn, decreased the ECSA because the
contact area between the Pt nanoparticles and support was not in
contact with the electrolyte. The relatively high EPt–O Reduction of the

2wt%_Pt/Nb–Ti4O7 catalyst resulted from the interaction between
the Pt nanoparticles and the Nb–Ti4O7 support. Because the Pt in 5
and 10wt%_Pt/Nb–Ti4O7 was deposited in the island-like and film-
like morphologies, respectively, their ECSAs were comparable. In
both 5 and 10wt%_Pt/Nb–Ti4O7, the surface of the contact interface
between the Pt deposits and the electrolyte was probably predom-
inantly Pt (100), resulting in their comparable EPt–O Reduction values.
As the ADTs progressed, the ECSA and EPt–O Reduction of 2wt%_Pt/
Nb–Ti4O7 and Pt/C changed simultaneously linearly. These
tendencies can be understood as the properties of the Pt nano-
particles.63 In contrast, the plots of 5 and 10wt%_Pt/Nb–Ti4O7

remained the same. This difference in behavior was a consequence
of the differences in the morphology of the deposited Pt.
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Figure 5. CVs of (a) 2wt%_Pt/Nb–Ti4O7, (b) 5wt%_Pt/Nb–Ti4O7, (c) 10wt%_Pt/Nb–Ti4O7, and (d) Pt/C during ADT; decrease in
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reduction peak shifts of (i) 2wt%_Pt/Nb–Ti4O7, ( j) 5wt%_Pt/Nb–Ti4O7, (k) 10wt%_Pt/Nb–Ti4O7, and (l) Pt/C during ADTs and the shifts in
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The Tafel plots of the MAs of catalysts during the ADTs are
shown in Figs. 7a–7d, Figs. S8a–S8d are the initial MAs. The
changes in the MA and SA at 0.9V vs. RHE with the cycle number
of the ADT are shown in Figs. 7e–7h and 7i–7l, respectively.
The order of the initial MAs for the ORR at 0.9V is 2wt%
(117Ag¹1) > 5wt% (72Ag¹1) > Pt/C (47Ag¹1) > 10wt%_Pt/
Nb–Ti4O7 (36Ag¹1), in Figs. S8a–S8d. The MAs of the 2 and
5wt%_Pt/Nb–Ti4O7 are sufficiently high, although the ECSAs are

small, suggesting that their SAs are substantially high. Herein,
before the ADTs, the Pt/C SA for the ORR is low because Pt
nanoparticles with a small particle size strongly adsorb oxygenated
species, as shown in Fig. S9, which also results in low EPt–O Reduction.
The SA of 2wt%_Pt/Nb–Ti4O7 was high, although its Pt particle
size was small, because the interaction between the Pt nanoparticles
and Nb–Ti4O7 enhanced the ORR activity via a mechanism similar
to that discussed in previous studies.18,24–29,32–35,37 In contrast, the
SA of 10wt%_Pt/Nb–Ti4O7 was approximately half that of the
2wt% catalyst, because of the large Pt (100) plane area of the former
on which the SA for the ORR is relatively low.62 Although the
EPt–O Reduction of 10wt%_Pt/Nb–Ti4O7 was higher than that of the
2wt% analogue, the smaller SA of the former was caused by its
morphology, which differs from that of 2wt%_Pt/Nb–Ti4O7 (film-
like vs. nanoparticles, respectively). The SA of the 5wt%_Pt/Nb–
Ti4O7 catalyst was comparable to that of the 2wt% analogue,
whereas its EPt–O Reduction was similar to that of 10wt%_Pt/Nb–
Ti4O7. Regarding the CV shapes, the ratio of Pt (110) to Pt (100) in
5wt%_Pt/Nb–Ti4O7 was greater than those of the 10wt% sample.
The ORR SA in 0.1M HClO4 increased in the order Pt (110) > Pt
(111) > Pt (100).62 The increase in the Pt (110) of 5wt%_Pt/Nb–
Ti4O7 causes an increase in the SA, as shown in Fig. 8.

As described above, the difference in the agglomeration among
the Pt/Nb–Ti4O7 catalysts may be caused by the differences in the
affinity. Sheng et al. reported a surface energy order of {111} <
{100} < {110} facet.56,66 Because the ratio of Pt (110) to Pt (100) in
5wt%_Nb–Ti4O7 is greater than that in 10wt%_Nb–Ti4O7 and the
latter had a large Pt (100) plane area, the surface energy followed the
order: 5wt% > 10wt% > 2wt%_Nb–Ti4O7. Moreover, a high sur-
face energy causes substrates to be held by bonds, and high-surface
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energy substrates are easily wetted.67 The low-energy 2wt%_Nb–
Ti4O7 was easier to agglomerate during the ADT than the other Pt/
Nb–Ti4O7 catalysts, and although the high-energy 5wt%_Nb–Ti4O7

did not have a film-like morphology that is relatively difficult to
agglomerate, its ECSA decline rate and morphological changes were
very limited. In addition, surface energy is positively correlated with
the catalytic activity,66,68 and it also could explain the high SA of
5wt%_Pt/Nb–Ti4O7.

Figure 7e during the ADTs, the MA of the 2wt%_Pt/Nb–Ti4O7

catalyst decreases significantly in the first 1000 cycles, following
which it remains virtually constant. As shown in Fig. 7i, although
the decrease in the SA of 2wt%_Pt/Nb–Ti4O7 is not substantial,
there is a significant decrease in its MA, which results from the
decrease in both the ECSA and SA. In contrast, despite the large
decrease in the ECSA of Pt/C (Fig. 5h), its MA decreases slightly
with each ADT cycle. This is caused by the SA of Pt/C increasing
with the Pt particle size increased due to agglomeration. In the
case of the carbon support, the agglomeration of Pt nanoparticles
decreases in the ECSA and shifts the EPt–O Reduction to a higher
potential, increasing the SA, as shown in Figs. 6 and 7l. For
2wt%_Pt/Nb–Ti4O7, the tendencies of the ECSA and EPt–O Reduction

with the ADT progress are similar to those of Pt/C, as shown in
Fig. 6. However, the change in the SA of 2wt%_Pt/Nb–Ti4O7 with
respect to the number of ADT cycles is dissimilar to that of Pt/C, is
the difference between the carbon- and oxide-based supports. The
SA of the 2wt%_Pt/Nb–Ti4O7 catalyst is high because of the strong
interaction between the Pt nanoparticles and the Nb–Ti4O7 support
when the Pt particle size is sufficiently small, presumably less than
2 nm. As the Pt particle size increases, the interaction weakens,
resulting in a gradual decrease in the SA. After 1000 ADT cycles,
both the ECSA and SA are virtually constant, and the SA is
comparable to that of the 5wt% sample. In comparison with Pt/C
and 2wt%_Pt/Nb–Ti4O7, 5 and 10wt%_Pt/Nb–Ti4O7 are consid-
erably more stable, although some fluctuations were observed in the
first 1000 cycles. Because the ECSAs of 5 and 10wt%_Pt/Nb–Ti4O7

were similar, their MAs were governed by the SAs. The slight
decrease in the SA of 5wt%_Pt/Nb–Ti4O7 resulted in a small
decrease in the MA. In contrast, in the case of 10wt%_Pt/Nb–Ti4O7,
the deterioration of both the SA and MA during the ADT was
negligible.

Additionally, Nie et al. reported the spatial heterogeneity of
electron transfer on a metallic nanoplate prism.69 They suggested
that the dipole moment and polarizability of intermediate species
can be modified when changing interfacial electric field according to
microkinetic models so that at its corner and edge dominate the local
enhancement in the electron transfer. In the experiments, 5wt%_Pt/
Nb–Ti4O7 deposited by APD presented an island-like shape Pt
(Figs. 3(b1), S4a, and S4b). Although the vertical projected area of
its Pt deposits was larger than that of 2wt%_Pt/Nb–Ti4O7, the
former had more remarkable edges. Furthermore, after the ADTs,
some island-like deposited Pt of 5wt%_Pt/Nb–Ti4O7 connected
to form chain-like Pt (Figs. 3(b2), S4c, and S4d). Thus, the Pt
aggregation in the ADTs leads to the formation of a relatively higher
proportion of edges and corners, which contribute to more ORR
current than on the basal site. This also explains that although the
MA and ECSA were not high as those of 2wt%_Pt/Nb–Ti4O7,
5wt%_Pt/Nb–Ti4O7 showed a similar SA, which was stable during
the ADTs.

Figure 8 shows the effect of the ADTs on the relationship
between the ECSA and SA of the catalysts. For comparison,
previous results are also plotted. The plots in green right-hand
triangles and blue upper triangles present the initial and post-ADT
results, respectively. The contour line of the MA of the initial Pt/C
(47Ag¹1 @ 0.9V) is shown.25,33 Herein, the curve was drawn
according to initial SA © ECSA = 47, which could be fitted with
the data of Pt/C catalysts. The plots located on the right-hand side of
the contour line indicated a larger MA of the initial Pt/C, revealing
that the 2 and 5wt%_Pt/Nb–Ti4O7 catalysts possessed larger MAs
than Pt/C in the initial stage. The tracks of each catalyst reflect its
electrochemical stability. The tracks of Pt/C gradually moved away
from the contour line, indicating that the MA of Pt/C gradually
decreased from its initial value. Because the tracks of 10wt%_Pt/
Nb–Ti4O7 are close to the contour line, its MA remains unchanged,
although it is consistently lower than that of Pt/C. The initial MAs
of 2 and 5wt%_Pt/Nb–Ti4O7 are higher than those of Pt/C. The
tracks of 2 and 5wt%_Pt/Nb–Ti4O7 are consistently on the right-
hand side of the contour line until 5000 cycles, demonstrating that
the MAs of these catalysts remained higher than the initial MA of
Pt/C, even after the ADT. After 5000 ADT cycles, although the SAs
of 2 and 5wt%_Pt/Nb–Ti4O7 were comparable, the difference in
their ECSAs remained, thereby resulting in the difference in their
MAs. Table 1 summarizes the initial electrochemical properties and
durability of the catalysts in comparison with previous results.

To investigate the differences in the electronic states of the Pt
deposits in the Pt/Nb–Ti4O7 and Pt/C catalysts before and after the
electrochemical tests, Pt 4f XPS spectra were recorded, which are
shown in Figs. 9a–9h. The center positions of the peaks of 2, 5, and
10wt%_Pt/Nb–Ti4O7 were shifted to lower energy side than that of
Pt/C. Therefore, the peak separation was performed to find the
specific features of the electronic states of Pt in the Pt/Nb–Ti4O7.
The metallic Pt was separated as an asymmetric line shape, whereas
the Pt oxides were distinguished by a symmetric line shape. Before
the electrochemical test, two peaks were observed in the Pt 4f
region, and each peak could be deconvoluted into several peaks
corresponding to Pt species in distinct electronic states (Pt0, Pt2+,
Pt4+). The valence states ratios are shown in Figs. 10a and 10b.

Figure 10a shows the percentages of Pt0, Pt2+, and Pt4+, deduced
from the XPS spectra before the electrochemical test. The ratios
of Pt0 in 5 and 10wt%_Pt/Nb–Ti4O7 were higher than those in
2wt%_Pt/Nb–Ti4O7 and Pt/C. This tendency can be explained by
the electron donation from the Nb–Ti4O7 support to the deposited Pt.
In contrast, a small Pt particle size (<2 nm) leads to higher
adsorption energy of the oxygenated species;6 therefore, the Pt
nanoparticles of 2wt%_Pt/Nb–Ti4O7 were partially oxidized in air
owing to their small particle sizes (average: 1.4 nm), resulting in a
smaller ratio of metallic Pt compared to those in 5 and 10wt%_Pt/
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Figure 8. Effects of ADT showing specific activity increase with
ECSA decreasing at 0.9Vof (a) 2wt%_Pt/Nb–Ti4O7, (b) 5wt%_Pt/
Nb–Ti4O7, (c) 10wt%_Pt/Nb–Ti4O7, (d) Pt/C in this work and in
Ref. 33, (e) Pt/oxide catalyst in Ref. 33, and (f ) Pt/oxide catalyst in
Ref. 25. The “green right-hand half ” triangles are the initial results,
and the “blue upper half ” triangles are after 5000 cycles of ADT.
The curve was drawn based on the data of Pt/C catalysts in this
study and in Ref. 33.
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Nb–Ti4O7. Overall, Pt deposits with a large ratio of metallic Pt on
Nb–Ti4O7 were successfully fabricated by APD.

Figure 10b shows the composition of the valence states of Pt in
the catalysts after the electrochemical test, calculated using the peak
separation of the Pt 4f XPS, as shown in Figs. 9a–9h. Compare with
the valence states ratio in Fig. 10a, the Pt valence state composition
in all of the Pt/Nb–Ti4O7 catalysts reaches a similar level,
presenting a large ratio of Pt0 and a few Pt oxides after the ADT.
Owing to the size of 2wt%_Pt/Nb–Ti4O7 increased, and the shape
transferred to the island-like, the adsorption energy would be
decreased and hard to be oxidized. The Pt0 ratios of the Pt/Nb–
Ti4O7 catalysts are larger than those of Pt/C, suggesting that the
interaction between Pt and Nb–Ti4O7 remains after the ADT.

Although smaller Pt nanoparticles are favorable for achieving a
large ECSA from the viewpoint of the MA, they are unstable even
when they strongly interact with the Nb–Ti4O7 support. A Pt deposit
with a thickness of approximately 4 nm is advantageous from the
perspective of stability because such Pt deposits prepared by APD
are stable. Pt nanoparticles with a diameter of approximately 4 nm or
island-like Pt deposits with a thickness of approximately 4 nm and
abundant edges, such as Pt (110), are beneficial for both the MA and
stability of Pt/Nb–Ti4O7 catalysts prepared by APD.

4. Conclusions

Highly active and durable Pt catalysts for the ORR are required to

enable the widespread use of PEFCs. As model Pt catalysts, 2, 5, and
10wt% Pt were deposited onto synthesized macroporous Nb–Ti4O7

support by APD method. The morphologies with 2, 5, and 10wt% Pt
loadings were fine hemispherical with particle size ca. 1.4 nm,
island-like with ca. 2.4 nm, and film-like with 3.3 nm thickness,
respectively. After 5000 cycles of the ADTs, large spherical Pt
particle agglomeration in any Pt/Nb–Ti4O7 catalyst; however, Pt was
formed as island-like with ca. 3.5 nm thickness, chain bead-like with
ca. 4 nm of thickness, and film-like with ca. 4 nm thickness,
respectively. The ECSAs of 2, 5, and 10wt% Pt/Nb–Ti4O7 were
36m2 g¹1 with 20% decrease ratio, 27m2 g¹1 with 6% decrease
ratio, and 29m2 g¹1 with no decrease respectively. All were more
durable than Pt/C, which possessed an ECSA of 68m2 g¹1 with
30% of decrease ratio after the ADTs. The MA at 0.9V vs. RHE was
declined 32%, 17%, and no decrease respectively after the ADT,
and 5wt% and 10wt% Pt/Nb–Ti4O7 presented good durability
compared with Pt/C, which decreased 12% after ADT. In addition,
the MAs after the ADTs were comparable to that of Pt/C (42A g�1

Pt ),
reaching 79, 60, and 36A g�1

Pt with 2, 5, and 10wt% Pt loadings,
respectively. Pt/Nb–Ti4O7 contained a relatively higher proportion
of metal Pt both before and after the electrochemical test than Pt/C.
The ADT results exhibited that the Pt deposits prepared via APD
became stable at a thickness of approximately 4 nm, and this slight
agglomeration, which might be caused by the different affinities of
the Pt deposits crystal faces on Nb–Ti4O7 by APD, led to their high
durability in the ADTs.

Table 1. Comparison with other Pt/metal oxides catalysts.

Support
Pt
wt%

Before ADT After ADT

ª / °C ADTECSA
m2 g¹1

MA
Ag¹1

SA
Am¹2 ECSA

m2 g¹1

MA
Ag¹1

SA
Am¹2

@ 0.9V vs. RHE @ 0.9V vs. RHE

This
study

Nb–Ti4O7 2 45 117 2.59 36 79 2.19 60 1.0–1.5V
500mV s¹1

(5k cyc)
5 29 72 2.51 27 60 2.23
10 28 36 1.29 29 36 1.26

Ketjen black 46.43 97 47 0.49 68 41 0.61
Ref. 25 Nb–TiO2 Fibers 40 ALD

cycles
14.74 2.1 1.6 0.6–1.0V

100mV s¹1

(30k cyc)
Ref. 26 TiO2 20 14.17 1.83 0.129 1.02 25 0.6–1.0V

25mV s¹1

(5k cyc)
TiO2–HT
HT = heat
treatment

10.22 1.01 0.099 3.69

TiO2–HFT
HFT = heat
treatment and
hydrofluoric
acid treatment

15.19 4.23 0.276

TiO2–FT
FT = directly
hydrofluoric
acid treatment

15.67 2.07 0.132

TiNbO2 13 0.65
TiNbO2–HFT 24 1.3

Ref. 29 TiOx 17.93 1.37 0.49 0.47 25 0.6–1.0V
25mV s¹1

(5k cyc)
18.03 0.97 0.35

Ref. 33 Nb–TiO2 20 42.5 70 1.65 25
Ref. 51 Nb–doped TiO2 20 30 5.3 0.85 26.4 3.6 20 1.2–0.2V

100mV s¹1

(1k cyc)
Ref. 54 Ti4O7 39.28 39.28 9.73
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The high affinity between Pt and Nb–Ti4O7 causes a limited
increase in the thickness. The different affinities and the high energy
of APD lead to distinct morphologies of the Pt deposits on Nb–
Ti4O7, and the different affinities of the Pt deposits crystal faces on
Nb–Ti4O7 by APD cause differences in the durability and activity of
Pt/Nb–Ti4O7. Additionally, the electron transfer of the different
morphologies and the SMSI between Pt and Nb–Ti4O7 might be
beneficial for the improvement in the activity and the durability.
Furthermore, it is suggested that among Pt/oxide catalysts, island-
shape Pt deposits with a limited thickness, possessing high density
and uniform deposition on the surface of the support, would
contribute to both durability and activity.
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