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Platinum-deposited titanium nitride (Pt/TiN) nanoparticle aggregates with high porosities were successfully prepared
via a self-assembly-assisted spray pyrolysis method. The addition of formic acid (HCOOH) had a significant influence
on the process, promoting the simultaneous formation of metallic Pt and reduction on the surface of the TiN support
material. Complete reduction of the Pt/TiN nanoparticle aggregates improved the catalytic activity. The electrochemical
surface area (ECSA) of Pt/TiN with HCOOH (Pt/TiN,,ucoon) was 87.15 mz/g-Pt, which was higher than that of Pt/TiN
without HCOOH (Pt/TiN,,;,.icoon)- The catalytic durability of Pt/TiN,,ycoon was twice that of Pt/TiN,,,icoown- An
effective strategy for obtaining carbon-free catalysts with high activities and durabilities was identified. © 2013 Ameri-

can Institute of Chemical Engineers AIChE J, 59: 2753-2760, 2013
Keywords: aerosols, catalysis, drying, electrochemistry, nanotechnology

Introduction

The development of new materials for use in polymer-
electrolyte fuel-cells (PEFCs) is important. PEFCs have
become one of the most promising energy sources because
they have advantages such as environmental friendliness and
high efficiency. A catalyst support with high-electrical con-
ductivity and good durability is necessary for a PEFC. Car-
bon black is the most commonly used catalyst support
material, as it has desirable characteristics such as high-elec-
tronic conductivity and a high-surface area.'® However, the
durability of a carbon-based catalyst is relatively low
because carbon is thermodynamically unstable under highly
acidic PEFC operating conditions.”® Alternative materials
with high porosities, high-electronic conductivities, and acid
resistance are, therefore, needed to replace carbon supports.

Titanium nitride (TiN) is known to have excellent resist-
ance under acidic conditions. Furthermore, the electronic
conductivity of TiN has been reported to be comparable to
or even higher than that of carbon black.” Recently, Kaki-
numa et al. succeeded in producing TiN-supported platinum
(Pt/TiN) catalyst nanoparticles using an ex sifu method."’
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The prepared Pt/TiN catalyst had good durability. However,
the electrochemical performance was unsatisfactory. In order
to increase the electrochemical performance, Pt/TiN was
restructured into a packed form using acetylene black, which
naturally has an agglomerated structure. This strategy
improved the electrochemically active surface area. How-
ever, acetylene black itself is a carbon black, and is unstable
under acidic conditions, which, therefore, again leads to du-
rability issues. The development of a strategy for producing
aggregated Pt/TiN without using carbon black is challenging.

An oxide layer of TiN nanoparticles and incomplete Pt
reduction are also reasons for the low-electrochemical per-
formances of Pt/TiN catalysts. As is widely known, the outer
surfaces of TiN nanoparticles are easily oxidized, and this
influences the interactions of Pt nanoparticles with a TiN
catalyst support, and decreases the catalyst activity. How-
ever, this issue has not yet been specifically addressed. In
this work, the effect of the addition of formic acid (HCOOH)
as a reducing agent to the precursor was evaluated in detail.
In previous research, we found that HCOOH can efficiently
reduce Ni nanoparticle surfaces in spray pyrolysis.''

Our group has also reported the effect of catalyst support
morphologies on electrocatalytic performances, using a self-
assembly-assisted spray pyrolysis method.'>™1° Self-assembly-
assisted spray pyrolysis is a promising method for the design
of nanostructured particles. This method efficiently produces a
dry powder from a nanoparticle sol and precursor solution,
and has potential advantages for many applications.'®!” The
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Figure 1. Overall experimental procedure for synthesis of Pt-deposited TiN aggregates by self-assembly-assisted

spray pyrolysis.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

obtained nanoparticle aggregates are on the submicrometer
scale, and are easier to handle than nanoparticles. In particu-
lar, submicrometer- or micrometer-scale catalysts with con-
trolled morphologies give better transport of reactants and
products from the active catalytic sites to the bulk of the fluid
than is obtained with nanometer-scale catalysts.

Based on this background, in this article, we describe self-
assembly-assisted spray pyrolysis for the preparation of Pt/
TiN nanoparticle aggregate catalysts with high porosities. The
porosities and densities of the TiN nanoparticle aggregates
were measured by in situ aerosol technology using a differen-
tial mobility analyzer (DMA) and aerosol particle mass
(APM) analyzer system. To the best of our knowledge, this is
the first examination of the physical properties of TiN nano-
particle aggregates in suspension. Given the important role
that such particles play in many industrial materials applica-
tions, we believe that the evaluation of the physicochemical
properties of nanoparticle materials is of great importance.

Experimental

Figure 1 shows the overall experimental procedure for the
synthesis of Pt-deposited TiN (Pt/TiN) nanoparticle aggregates
by self-assembly-assisted spray pyrolysis. Details of the pro-
cedure are as follows (1) TiN nanoparticles were mixed with
an H,PtCls-6H,0O precursor solution, (2) the obtained solution
was sprayed using an ultrasonic nebulizer, (3) the generated
droplets were introduced into a multistage furnace for self-or-
ganization of the TiN nanoparticles, followed by thermal
decomposition of the Pt precursor for Pt nanoparticle deposi-
tion on the TiN nanoparticle aggregates, and (4) the synthe-
sized particles were collected using an electrostatic
precipitator in order to determine their particle morphologies,
crystal structures, chemical components, electronic structures,
and catalytic activities as shown in Figure la. The densities
and porosities of the synthesized nanoparticle aggregates were
also investigated by in situ aerosol technology using a DMA-
APM system, as shown in Figure 1b.

Preparation of Pt/TiN catalyst

TiN nanoparticles synthesized using a plasma process
(Nishin Engineering, Inc., Tokyo, Japan) and an H,PtCl-
6H,0 dispersion were used as the starting solution. All of chem-
ical materials used in this work were dispersed in ultrapure-
water. The Pt/TiN nanoparticle aggregates were synthesized
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using a self-assembly-assisted spray pyrolysis process. The spray
pyrolysis apparatus consisted of an ultrasonic nebulizer (1.7
MHz, NE-U17, Omron Healthcare Co., Ltd., Kyoto, Japan) for
droplet generation and an electrical tubular furnace that had two
temperature zones, namely 120 and 600°C, as shown in Figure
2.8 In the low-temperature zone, the solvent evaporated from
the droplets, generating a composite of TiN nanoparticles and Pt
ions (Pt precursor). In the high-temperature zone, the Pt ions
were reduced. The precursor contained a mixture of a 0.5 wt %
TiN nanoparticle dispersion solution and an 8.0 wt %
H,PtCls-6H,O dispersion; the theoretical amount of added Pt
was 20 wt %, based on TiN, and was used in the generation of
Pt/TiN nanoparticle aggregate samples without HCOOH,
denoted by Pt/TiNyoncoou- The samples with HCOOH,
denoted by Pt/TiNy,ncoon, were obtained by adding 0.6 wt %
HCOOH, based on the TiN dispersion solution, to the precursor.
HCOOH was used to simultaneously reduce the oxygen bonded
on the TiN surfaces and Pt ions to Pt nanoparticles.

Density and porosity characterization

The porosities of the TiN nanoparticle aggregates were
obtained from density measurements. The prepared aggregates
were directly passed through a density measurement system.
This system consisted of a DMA (Model 3081, TSI, Inc.,
Minneapolis, USA), an APM (Model 3600, Kanomax, Inc.,
Osaka, Japan) and a condensation particle counter (Model
3022, TSI, Inc., Minneapolis, USA), as shown in Figure 2.
The function of the DMA and APM were explained in our
previous work.'” The DMA classifies the particles according
to their electrical mobilities Z,. The relationship between the
electrical mobility and mobility equivalent diameter of a parti-
cle d,, is given by the following equation

I’lé’CC
" 3, (1)
where n is the number of elementary charges per particle, e
is the unit electrical charge, C¢ is the Cunningham slip cor-
rection factor, and yu is the gas (nitrogen) viscosity. The mo-
bility equivalent particle diameter of a spherical particle is
the same as the diameter of the particle.

The APM classifies particles based on the mass-to-charge
ratio.”® The system consists of two rotating coaxial cylindri-
cal electrodes, with outer and inner radii of 52 and 50 mm,
respectively, and a length of 250 mm. The coaxial cylindri-
cal electrodes rotate at the same angular velocity w. A
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Figure 2. Schematic diagram of the experimental setup.

voltage V, is applied between the electrodes where the par-
ticles pass through. The properties of this method, such as
sensitivity or accuracy depend on the voltage and angular
velocity of the electrodes. The particles are classified by bal-
ancing the centrifugal and electrostatic forces. When these
forces are equal, particles will penetrate through the rotating
cylinders to the downstream detector. The balance between
the forces can be described by the following equation

@

where m is particle mass, o is the APM rotational speed, r
is the center radius, and E4py, is the magnitude of the elec-
tric field in the annular gap (r; and ry).

The effective particle density, p, is obtained from both the
electrical mobility equivalent diameter dj,, measured by the
DMA, and the mass m, measured by the APM, using the fol-
lowing equation

mw*r = neEapy = neV /rin (ry/r3)

p = m/(ndy/6) 3)

TiN nanoparticle aggregates of dia. 350 nm, classified
using the DMA, were introduced into the APM to obtain
their densities. The particle porosity is defined as the pore
space in a particle, and can vary from 0 to 100%. The parti-
cle porosity is stated as

p
ptr‘ue
where p is the effective density of the generated particles,

measured using the DMA-APM method, and py.. is the true
density of the dense particles.

p=1- “)
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Catalyst porosity is one of the most important factors in
electrocatalytic performance. The higher the catalyst porosity
is, the better the three-boundary phase among the catalyst,
gas phase, and electrolyte will be. This permeable layer
allows effective gas/water diffusion and proton/electron
transport to and from the catalytic sites. Although, nitrogen
adsorption/desorption is the method commonly used to mea-
sure particle density, a large amount of sample is necessary
for measurements using this method, and this is a problem
when dealing with small rate of samples production. Meas-
urements of particle effective densities using the DMA-
APM method, which only needs a small amount of sample
and can be performed in situ, is preferable for particles pre-
pared by some methods. If the theoretical density of the par-
ticle is known, the particle porosity can be calculated using
Eq. 4.

Pt/TiN material characterization

The morphologies of the catalyst particles were observed
using field-emission scanning electron microscopy (FE-SEM;
Hitachi, S-5000, 20 kV) and transmission electron micros-
copy (TEM; JEOL-JEM-2010, 200 kV). TEM observations
were also used for chemical mapping of catalyst particles,
which shows the elements contained in the particles and
their dispersion patterns. The electronic structures of the TiN
nanoparticles were observed using X-ray absorption fine-
structure (XAFS) spectroscopy. Measurements were con-
ducted at the BL27SU line in the Japan Synchrotron Radia-
tion Research Institute (JASRI) in Hyogo, Japan. The crystal
structures were determined using X-ray diffraction (XRD,
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Figure 3. (a) SEM image, (b) TEM image of TiN nanopartiéles, and (c) HR-TEM image of single-crystal TiN nanopar-

ticles.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Rigaku, RINT2000). The Pt contents in the catalysts were
measured using inductively coupled plasma-mass spectrome-
try (SII, SPS-3000).

Electrochemical characterization

Electrochemical characterizations of the prepared catalysts
were performed using cyclic voltammetry (CV) and rotating
disk electrode (RDE) measurements (Hokuto-denko, HR-301).
Catalyst ink was prepared using the procedure reported else-
where.'? The required amount of catalyst ink was transferred to
a polished glassy carbon disk (@ =15 mm, geometric area-
=0.196 cm®) and dried to form a thin catalyst layer. The
amounts of Pt on the glassy carbon were 7.5 and 5.6 ug-Pt/cm?®
for the Pt/TiN catalysts without and with the addition of
HCOOQOH, respectively. The measurements were performed at
room temperature (~25°C) using a freshly prepared 0.1 M
HCIO, electrolyte solution (Cica-reagent, Kanto Chemical Co.,
Inc., Japan). A nitrogen gas flow at 100 mL/min was passed
through the electrolyte solution for 30 min before each CV mea-
surement to deoxygenate the environment. The CV measure-
ments were obtained by scanning between 0 and 1.2 V vs. RHE
with a sweep rate of 100 mV/s. The saturating gas was switched
to oxygen for the RDE measurements, and the electrolyte was
saturated using the same conditions as those for the CV meas-
urements. The rotation rates were controlled at 400, 900, 1600,
2500, and 3600 rpm to collect data for Koutecky—Levich plots.
Measurements were carried out at 10 mV/s sweep rates in a typ-
ical polarization program of 0.2 V — 1.2 V. The background
current was measured by running an oxygen-reduction reaction
(ORR) sweep profile, without any rotation, in nitrogen-gas-
purged 0.1 M HCIO, before the ORR measurement to eliminate
any contributions from capacitive current.

Results and Discussion

Measurements of density and porosity using DMA-APM
system

The FE-SEM and TEM images in Figure 3a—c show the
morphological structure of the TiN nanoparticles. It can be
seen that the TiN nanoparticles are cubic and of size around
40 nm; aggregate particles are formed from these nanopar-
ticles. The cubic shape of the primary particles results in a
lot of space between particles in the aggregated form; there-
fore, the aggregates have high porosity. The high-magnifica-
tion TEM image in Figure 3c shows the appearance of
amorphous areas on the particle surfaces, indicating that the
TiN surfaces were oxidized, forming TiON.

The FE-SEM image of monodispersed TiN particle aggre-
gates classified as 350-nm particles using DMA is shown in
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Figure 4. The obtained aggregates were spherical although
they consisted of cubic primary particles. This figure also
shows the plots of APM outlet concentration as a function of
response voltage. The APM rotational speed was kept con-
stant at 1500 rpm, and the peak response voltage that corre-
sponded to the maximum APM outlet concentration of the
350 nm TiN particles was 458.0 V. This voltage corresponds
to a measured density of 1292.2 kg/m3, calculated using Eqgs.
2 and 3. The measured density of the TiN nanoparticle
aggregates was much less than that of the theoretical (bulk)
density of TiN, 5400 kg/ms, which indicates that in the TiN
nanoparticle aggregates, there are many empty spaces among
the primary particles. The porosity of the aggregate particles,
calculated using Eq. 4 was 76.21%.

Figure 5 shows XAFS spectra of TiN and TiO, samples.
Unlike other analytical methods, XAFS analysis can detect
specific elements in the particle surface and the bulk form,
and these are shown as a total electron yield Figure 5a and b
and fluorescence yield (Figure 5c and d), respectively. The
Ti 2p XAFS spectra of a TiN sample in the surface and in
the bulk are shown in Figure 5a and c. TiO, particles were
also investigated under the same conditions to examine the
oxidation level of the TiN sample. The spectra show a com-
plex structure split by a spin-orbit interaction of the Ti 2p
levels, with two main features around 460 and 465 eV. The
spectrum of the TiN surface shows rather sharp structures
similar to those of the TiO, spectra; these are characteristic
of transition-metal oxides with large intra-atomic interac-
tions. This provides evidence of the formation of TiO, on
the surfaces of the TiN nanoparticles. The Ti 2p XAFS spec-
trum of bulk TiN presents a much broader structure and is
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Figure 5. XAFS spectra of TiN and TiO, samples: total
electron yield analysis (a) TiN sample, (b)
TiO, sample; fluorescence yield analysis (c)
TiN sample, and (d) TiO, sample.

different from that of the TiO, spectrum. This spectrum cor-
responds to the previously reported spectrum of TiN.?!

Morphological characteristics of Pt/TiN catalysts

The morphology of the Pt/TiN catalyst prepared with the
addition of HCOOH is presented in Figure 6a and b; the fig-
ure shows that the prepared catalyst had a spherical aggre-
gate morphology with many pores on the surface. Figure 6¢
shows the chemical mapping of Pt/TiNy/mcoon; it can be
seen that Pt nanoparticles, represented in yellow, were dis-
persed uniformly on the TiN surface. A detailed examination
of the Pt nanoparticle dispersion was performed using TEM,

and the image is shown in Figure 7a. The image confirms a
homogeneous distribution of Pt nanoparticles of average size
2.15 nm, as shown in the histogram in Figure 7b. In the cat-
alyst formation process, HCOOH addition is the first step in
Pt ion reduction and oxygen reduction on the surfaces of the
TiN nanoparticles. The completion of Pt ion reduction to Pt
nanoparticles was achieved simultaneously with the forma-
tion of catalyst particles, using a spray pyrolysis process. Pt
nanoparticles are trapped between compacted TiN nanopar-
ticles, inhibiting Pt particle growth. These phenomena
explain the formation of well-dispersed and agglomeration-
free Pt nanoparticles.

Figure 8 shows the XRD patterns of Pt/TiNy/, ncoon and
Pt/TiNy,ucoon- The diffraction peaks of Pt were observed at
39°, 46°, and 68° (20), corresponding to the (111), (200),
and (220) crystalline planes, respectively (JCPDS Card no.
4-0802), with a face-centered-cubic crystal structure. The
XRD patterns also had sharp peaks around 36°, 42°, 61°,
74°, and 78° (20), which correspond to the diffraction peaks
of highly crystalline TiN. It is clear that the reduction of
H,PtCls-6H,0, and the oxidized surfaces of TiN by high-
temperature spray pyrolysis was achieved under a nitrogen
atmosphere. The addition of HCOOH plays an important
role in the TiN crystallinity. The TiN crystal intensity
obtained with the addition of HCOOH was bigger than those
obtained without HCOOH addition. This is because the pre-
reduction treatment using HCOOH successfully cleaned the
TiN surface, leaving pure TiN particles, and, during XRD
characterization, the real Ti and N atoms arrangement in the
crystal can be measured without any disturbance from O
atoms.

Electrochemical characterization of Pt/TiN catalysts

The electrochemical characteristics of the prepared Pt/TiN
catalysts are presented as CV and ORR polarization curves.
Figure 9a shows the typical hydrogen adsorption/desorption

u-[wua

Figure 6. Images of Pt/TiN catalyst aggregate: (a) SEM, (b) TEM, and (c) chemical mapping of Pt/TiN catalyst.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. (a) Pt dispersion on TiN surface, and (b) Pt nanoparticle size distribution.

characteristics of Pt/TiN catalysts with and without the addi-
tion of HCOOH. The ECSA values of Pt in the working
electrode were about 63.51 and 87.15 m?/g-Pt under the ini-
tial condition (10 cycles) for Pt/TiNy/o-ncoon and Pt/TiNy,
Hcoon, respectively, calculated using the hydrogen adsorp-
tion charge (Qp-adsorpion) area. Both of ECSA value for Pt/
TiNW/O-HCOOH and Pt/rin/HCOOH were hlgher than that of
Pt/TiN prepared via liquid phase method (58 m?/g-Pt) under
the initial condition. The ECSA value for Pt/TiNymcooun
alone was also higher than that of modified Pt/TiN which
was composited with acetylene black (79.2 mz/g-Pt).10 The
formation of self-assembly Pt/TiN nanoparticle aggregates
with its well-developed agglomerate structure could support
the electrical conductivity between TiN particles without
sacrificing its porosity. More active Pt surface area was pre-
sented in this morphology due to the easier access of fuel
gas flow through the catalyst.

The durabilities of both prepared catalysts were analyzed
up to 1000 cycles, as shown in Figure 9b. Figure 9c shows
that the ECSA of Pt/TiNy,ucoon Was more stable than that
of Pt/TiNy/o-icoon; the total degradation values from 10 to
1000 cycles were 36.7% and 60.9% for Pt/TiNy,ucoon and
Pt/TiNy/o-ncoon, respectively. The ECSA of Pt/TiNy.
ncoon Was lower than that of Pt/TiNy,ucoon as a result of
incomplete Pt reduction, and of oxygen atoms remaining on
the TiN surfaces; this accelerates PtO formation and lowers
the electrocatalytic activity. The incomplete reduction of Pt
ions also decreased the amount of active Pt catalyst, and
chloride ions remaining in the catalyst could act as

v V TiN JCPDS: 38-1420
o Pt JCPDS:4-0802

w/o HCOOH

Intensity (a.u.)

(b)
w/ HCOOH

20 30 40 50 60 70 80
20 (degree)
Figure 8. XRD patterns for Pt/TiN catalysts: (a) without

HCOOH, and (b) with HCOOH.
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impurities during catalytic activity measurements. This phe-
nomenon explains the low durability of the Pt/TiNy/-ncooun
catalyst, which was twice as low as that of Pt/TiNw/ucoon-
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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However, it should be noted that the appropriate amount of
HCOOH is a requirement which can only be used to enhance
the electrocatalytic activity. Figure S1 (Supporting Informa-
tion) shows the enhancement of CV polarization curve with
the increase of HCOOH concentration from 0.15 wt % to 0.6
wt %. However, further increment of HCOOH concentration,
up to 1.8 wt %, leads to the extreme degradation of catalyst
performance. High amount of HCOOH increases the precur-
sor acidity, which results in some TiN nanoparticle agglom-
eration and sedimentation in a precursor. This aggregated
TiN nanoparticle cannot be sprayed, and the concentration of
TiN nanoparticle in the droplet is decreased. As a result, dur-
ing reduction process, the Pt nanoparticles tend to agglomer-
ate on the surface of small size of TiN nanoparticle
aggregates, due to the smaller surface area. It shows that the
optimum concentration of HCOOH for enhancing the elec-
trocatalytic performance was existed.

The ORR polarization curves of Pt/TiNymcoon and Pt/
TiNyoncoon recorded at different rotational speeds are
shown in Figure 10a and b, respectively; these were used to
obtain Koutecky-Levich plots. The target potential for the
calculation of the mass activity and specific activity was
E=0.85 V. The mass activity and specific activity were
evaluated from the Koutecky-Levich plots using the limiting
current method. The Pt mass activity values were calculated
by normalizing the Pt loading of the disk electrode, and the
specific activity values were estimated by calculating the
mass-specific activities and normalizing them to the Pt
ECSA. The mass activity values of the Pt/TiNyucoon and

Pt/TiNy/0ncoon catalysts under the initial conditions (10
cycles) were 496.90 and 224.51 mA/mg-Pt, respectively,
whereas their specific activity values were 570.14 and
353.52 ,uA/cmz-Pt, respectively, as summarized in Table 1.
The mass and specific activities of the Pt/TiNyucoon cata-
lyst were higher than those of Pt/TiNy,o ncoon after the sta-
bility tests (1000 cycles). The ORR currents were degraded
by 79.5% and 86.8% for Pt/TiNW/HCOOH and P[/Tin/o_
Hcoown, respectively, as shown in Figure 10c. From the cata-
Iytic performance results, it is clear that the addition of
HCOOH has a significant influence on the reduction of Pt
ions and the TiN surfaces. Oxide-free TiN surfaces enhance
the electrocatalytic performance. This investigation clearly
indicates that the design/engineering and complete reduction
of the -catalyst/substrate material are very important in
achieving high performance.

Conclusions

This study demonstrated a facile strategy for controlling the
morphologies of high-porosity Pt/TiN nanoparticle aggregates
and simultaneously reducing Pt ions and oxidized TiN surfa-
ces to increase the electrochemical activity of the catalyst.
The addition of HCOOH increases the ECSA of the Pt/TiN
catalyst to 87.15 mz/g-Pt and its durability is twice that of Pt/
TiN without HCOOH addition. The combination of simplicity
of preparation and excellent electrochemical properties make
this a promising method for the preparation of carbon-free
catalysts for high-performance fuel-cell applications.

Table 1. Catalyst Characterization Results for Pt/TiN with HCOOH

Pt loading Pt size Pt amount on RDE ECSA Mass activity
Sample (Wt%) (nm) (ug-Pt/cm?) (m?*/g-Pt) (mA/mg-Pt)
Pt/TiNy/mcoon 15 3 5.6 87.15 496.90
Pt/TiNy/0-ncoon 19.8 5 7.5 63.51 224.51
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