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Inexpensive gram scale synthesis of porous Ti,O, for high
performance polymer electrolyte fuel cell electrodes

More than 2 grams of porous Ti,O, support for high
performance fuel cell electrodes was synthesized in a
single reaction via a novel and inexpensive route. The
durability after depositing platinum nanoparticles is
among the highest of the state-of-the-art Pt/oxide
catalysts.
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As a fuel cell catalyst support, more than 2 g of Magnéli phase TizO,
fine-particles were synthesized in a single reaction via an inexpen-
sive route. The single-cell performance reached that of commercial
carbon-supported platinum, with an excellent load cycle durability,
one of the highest ever reported for oxide-supported platinum
catalysts.

Following the commercialization of polymer electrolyte fuel cell
(PEFC)-powered passenger vehicles in the 2010s, they remain a
niche market despite the longer travel distances (>500 km)
and higher power density compared with battery-driven electric
vehicles." The high cost of platinum-based catalysts has been
assumed to present the highest barrier to widespread use.”
Currently, platinum-based nanoparticle catalysts are supported
on conductive carbon black to maximize the “active” platinum
surface area where the three reactants, i.e. gases, protons, and
electrons, can access the platinum surface simultaneously.
Carbon black is an excellent support material, delivering: (1)
a high Brunauer-Emmett-Teller surface area, Sggr, of above
100 m*> g~ % and (2) high electrical conductivity, ¢, of above
1S cm™! at low compression pressures, typically below 10 MPa.
The low cost is another advantage, although additional costs
are required to protect the material from oxidation.® Several
oxide materials, including titanium dioxides,*® titanium
suboxides,”” and tin dioxides,®® have been developed as sup-
port materials because they are stable in PEFC cathodes, where
four times higher platinum loading is currently needed com-
pared with the anodes.'® However, both the Sger and ¢ values of
the oxides are generally insufficient; the values are often one or
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even two orders of magnitude lower than those of carbon black,
reducing the cell performance. Recently, He et al. successfully
prepared antimony-doped tin dioxide with an exceptionally
high ¢ of 6.2 S cm " without disclosing the compression
pressure, while the Sgpr was below 50 m* g~ *.° The preparation
of oxide supports exceeding both thresholds (1) and (2) is a
major challenge. Magnéli phase titanium suboxides, with a
composition that can be expressed as Ti,0,,_1, are well known
as conductive oxides with a maximum ¢ at n = 4."* The highest
Sger of a Ti, O, support for PEFCs remains low, at 26 m* g~ *.” In
this study, fine Ti O, particles were synthesized as supports in
an attempt to meet these challenging targets. The particles were
synthesized from titanium oxysulfate (TiOSO,) and polyethy-
lene glycol with an average molecular weight of 360-440
(PEG400) via a carbothermal reduction reaction. This route
was originally reported by the Nazar group, and uses conductive
Ti,O; as a lithium sulfur battery cathode, with the Ti,O,
synthesized from titanium ethoxide and PEG400.'> We selected
TiOSO, as it is stable in air and easy to handle, making it more
suited to the mass production of Ti,O; than titanium ethoxide
or other titanium sources that react readily with moisture in the
air. The details of the catalyst synthesis and characterization
are described in S1 and S2, ESL.{

After optimizing the precursor composition and annealing
conditions (S3, ESIt), fine Ti O, particles were synthesized as
shown in Fig. 1(a). Submicron particles formed aggregates with
a broad pore size distribution (S4, ESIt). Magnéli phase Ti,O; is
generally synthesized at higher temperatures, typically 1323 K
or above, and for much longer durations."® The PEG400-derived
carbon species produced a reductive atmosphere and thus the
annealing temperature and duration were successfully sup-
pressed to 1240 K and 3 h, respectively, yielding a high Sggr
of 172 m”> g~ '. When commercial TiO, powders were annealed
under the flow of an identical gas mixture, 10% v/v H,/Ar, a
higher temperature of 1323 K and longer duration of 6 h was
needed to obtain much larger particle sizes of Ti,O; powders,
Ti,O,-L, as shown in Fig. 1(b). The composition can be easily

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Field emission-scanning electron microscopy (FE-SEM) images of (a) Ti4O; particles synthesized from titanium oxysulfate/polyethylene glycol
mixture and (b) Ti;O; powders synthesized from commercial TiO,, Ti4O5-L. (c) A transmission electron microscopy (TEM) image, (d) an N, adsorption/
desorption isotherm, and (e) Ti 2p and Pt 4f X-ray photoelectron (XP) spectra of 20% w/w Pt/Ti,O5 catalyst. The inset in (c) shows the high-resolution TEM
(HR-TEM) image. For reference, a Ti 2p spectrum of Ti;O7 and a Pt 4f spectrum of commercial Pt/C are shown by the dashed curves in (e).

controlled to yield the further reduced Ti;Os and Ti,O; phases
by controlling the annealing temperature and starting material
of the present carbothermal reduction route, respectively (S3,
ESIT). The batch size, i.e., the mass of Ti,O, per annealing, was
also easily increased to more than 2 g by simply increasing the
mass of the precursor mixture (S3, ESIT).

Platinum nanoparticles were supported on the Ti O, parti-
cles using a recently reported ethanol reduction method."* The
transmission electron microscopy (TEM) images of 20% w/w Pt/
Ti O, are shown in Fig. 1(c). Platinum particles of less than
10 nm in diameter were highly dispersed on the Ti,O; support.
The HR-TEM image shown in the inset indicates that platinum
nanoparticles were in direct contact with the Ti O, particles.
The N, adsorption-desorption isotherm is displayed in
Fig. 1(d). A type IIb isotherm with a H3 hysteresis loop was
observed according to the classification by Rouquerol et al.'®
and no plateau appears at a high relative pressure, P/P,. It is a
typical isotherm for porous materials in which pores originate
from the space between aggregates;'>'® in this case, the aggre-
gates were composed of the fine Pt/Ti O, particles.

The surface chemical states of the Pt/Ti,O; catalysts were
investigated using X-ray photoelectron spectroscopy (XPS)
and their Ti 2p and Pt 4f spectra are displayed in Fig. 1(e).
The Ti 2p and Pt 4f core levels split into Ti 2p;,,/Ti 2p4/, and Pt
af,,/Pt 4fs),, as shown by doublets in the spectra. The Ti,O,
supports displayed a Ti 2p;/, peak at approximately 459 eV in
Fig. 1(e), which was assigned to Ti*" in TiO,."” No clear peaks
from Ti** were observed in the Ti 2p spectrum of TisO,
indicating that the surface of Ti,O, was oxidized to form a thin
layer of TiO,_,.° The corresponding Raman spectrum showed
rutile TiO, with oxygen vacancies (S3, ESIt), and agreed well

This journal is © The Royal Society of Chemistry 2021

with these XPS analyses. The Hwang group also reported that
the Ti,O surface was oxidized to form a rutile TiO, layer."® The
Ti 2p;,, peak shifted to higher binding energy regions after
platinum nanoparticles were supported, as shown in Fig. 1(e),
indicating that the electron density of titanium decreased. The
Pt 4f spectrum of Pt/Ti,O, showed lower Pt 4f;,, peak binding
energy compared with that of commercial Pt/C, indicating that
the electron density of platinum nanoparticles was higher in Pt/
Ti,O; than Pt/C. The Ti 2p and Pt 4f spectra presented in
Fig. 1(e) indicate that the electrons from the titanium atoms in
Ti,O, supports were transferred to the platinum atoms. These
results were in good agreement with previous oxide-supported
platinum catalysts, in which strong metal-support interactions
(SMSIs) were reported to enhance oxygen reduction reaction
(ORR) activity."® The SMSI was enhanced by increasing plati-
num fraction, wp, (S5, ESIT).

Both the platinum particle size, dp,, and the chemically
active surface area of platinum nanoparticles in Pt/Ti O, Scsa,
were evaluated using a CO pulse method and the electroche-
mically active platinum surface area, Sgcsa, was evaluated using
CO stripping voltammetry. The results are summarized in
Table 1. As wp, decreased, dp. decreased and Scgga increased,
indicating that the platinum nanoparticles were highly dis-
persed on Ti,O,. Indeed, the corresponding XRD peaks were
too broad to calculate the crystallite size when wp, < 20% w/w
(S6, ESIT). The Sgcsa displayed a similar trend to wp, when
compared with Scsa, indicating that the protons and electrons
could access the surface of small platinum nanoparticles. At
Wpe = 5% W/W, Sgcsa was larger than Scsy suggesting the
presence of small platinum particles which were insensitive
to the CO pulse method. These Pt/Ti,O, catalysts exhibited
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Fig. 2 (i)j — V curves of five membrane electrode assemblies (MEAs) fabricated using 46% w/w Pt/C and Pt/Ti4O; with four different platinum fractions,

Wpy, Of 5%, 10%, 20%, and 30% w/w in the cathode. The Pt/C was used in the

anode of all MEAs. (ii) j—V curves of three MEAs fabricated using Pt/C in the

anode and 20% w/w Pt/Ti4O5 in the cathode, 20% w/w Pt/Ti4O5 in both the anode and the cathode, and 20% w/w platinum on Ti4O; powder as shown in
Fig. 1(b), Pt/Ti4O,-L in both the anode and cathode. The platinum loading at the anode and cathode was at 0.2 and 0.5 mgp; cm ™2, respectively.

excellent ORR activity in a single cell cathode, as shown in
Fig. 2(i). Membrane electrode assemblies (MEAs) were fabri-
cated using commercial Pt/C at the anode and Pt/Ti,O; or Pt/C
at the cathode, and then the current density versus voltage (j-V)
curves were obtained at 353 K. These curves were separately
interpreted at V> 0.8 Vand V < 0.8 V. At V > 0.8 V, the curves
were analyzed using eqn (1) to reveal the ORR kinetics in a
single cell:*°

V=V — blog(j) — jRA (1)

where V° = V' + b log(j,), V' (V) is the reversible cell voltage,
b (V dec) is the Tafel slope, j, (mA cm ?) is the exchange
current density for ORR, R (Q) represents the resistance includ-
ing the ohmic losses and the diffusion losses in both the gas
phase and thin Nafion films covering the Pt/Ti,O, or Pt/C, and
A is the catalyst layer area, 4.84 cm®. As b changes at approxi-
mately V= 0.8 V,*" only the data at V > 0.8 V were analyzed. The
results of the least-squares fitting of eqn (1) to those data
shown in the inset of Fig. 2(i) are summarized in Table 1.
Although Sgcsa monotonously increased with a decrease in wpy,
V° was similar at wp, < 20% w/w, indicative of the similar
activation losses. These different trends in Sgcsa and V° could
be from the difference in a half cell and a single cell; protons
were abundant in the former in which aqueous 0.1 mol dm*
HCIO, electrolyte was utilized whereas protons should be
transported across the catalyst layer composed of Nafion and
Pt/Ti,O, in the latter. When wp, decreased at a constant
platinum loading, the catalyst layer thickness increased to
increase the ohmic loss; thus, the active surface area was
formed only near the membrane side at lower wp.. Indeed, RA
increased significantly with a decrease in wp,, indicating the

increased thickness. As b values were similar at around
0.06 V decade !, which is typical of platinum,*" except for 5%
w/w Pt/Ti O, the ORR proceeded under a similar mechanism
in Pt/Ti,O; with wp, > 10% w/w and Pt/C. The slightly larger b
of 5% w/w Pt/Ti;O, originates from the larger catalyst layer
thickness, which restricts oxygen and proton transport, as they
both increase b.>> The mass activity, i,,, evaluated at V + IR = 0.85 V°
was maximized at wp, = 10% w/w, resulting in 404 A g, *. However,
V dropped significantly at V < 0.8 V for wp, < 10% w/w owing to the
high RA caused by the larger catalyst layer thickness at lower wp.
Therefore, the optimum wp, was 20% w/w and the performance was
almost the same as that of commercial 46% w/w Pt/C. Then, an MEA
was prepared using the optimum 20% w/w Pt/Ti,O, for both the
anode and cathode and the j - V curves are shown in Fig. 2(ii). The
performance was almost the same as that of the MEA with a Pt/C
anode. The results from Fig. 2(i) and (ii) indicate that the optimum
20% w/w Pt/Ti,O, catalyzed both the anode hydrogen oxidation
reaction (HOR) and cathode ORR and that the HOR/ORR perfor-
mances were similar to those of commercial Pt/C. When the large-
sized Ti,O,L powder shown in Fig. 1(b) was used as a support under
identical conditions, much lower V was obtained at any j owing to
the high ohmic loss, even after optimizing the platinum loading in
both the anode and cathode (S7, ESIt); the maximum j was only
0.74 A cm™?, as shown by a dash-dotted curve in Fig. 2(ii). Further,
the V° of the MEA employing Pt/Ti,O,-L was much lower than that of
other MEAs, as shown in Table 1, indicating that a small active
surface area was formed in the catalyst layer with Pt/Ti,O,-L as the
platinum particles located near the gas diffusion layer side could not
be utilized and ORR occurs only on those near the membrane side
in the thicker catalyst layers.”® The single-cell performance delivered
from the current Pt/Ti,O, particles displayed by the dashed curve in

Table1 Platinum particle size, dpt, and chemically active platinum surface area, Scsa, both obtained using a CO pulse method, electrochemically active
platinum surface area obtained using CO stripping voltammetry, Secsa, and kinetic parameters obtained from the least squares fitting of eqn (1) to current

density versus cell voltage (j-V) curves at V > 0.8 V in Fig. 2(i) and (ii)

Catalyst dp, (nm) Scsa (m* gpe ) Spcsa (M® gpy ') v (V) b (Vdec™) RA (Q em?) im (A gpi ")
30% w/w Pt/Ti O, 6.8 40.8 32.7 0.970 £+ 0.000 0.061 £+ 0.000 0.146 £ 0.001 185

20% w/w Pt/Ti O 4.2 66.0 58.2 0.983 £+ 0.001 0.059 4+ 0.001 0.157 £ 0.002 351

10% w/w Pt/Ti O, 3.4 82.0 116.0 0.986 + 0.001 0.059 + 0.000 0.172 £ 0.001 404

5% w/w Pt/Ti, O, 2.1 131.6 210.9 0.985 £ 0.009 0.074 £+ 0.005 0.222 £ 0.023 166

46% w/w Pt/C N/A N/A 88.3 0.961 £+ 0.001 0.053 4+ 0.001 0.094 £ 0.003 245

20% w/w Pt/Ti,O5-L N/A N/A N/A 0.926 £+ 0.005 0.065 £+ 0.004 0.347 £ 0.066 28
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Fig. 2(ii) was at least partly responsible for the high ¢ of Ti,O,
particles, as shown in Fig. S10 (S7, ESIt). The o exceeded 1 S cm™ ' at
a low compression pressure of 6 MPa, and the value was only one
order of magnitude lower than that of the commercial carbon black,
Ketjen black EC600JD, at any pressure. The small particle size
increases the tensile strain, distorting the lattice and thereby increas-
ing the number of oxygen vacancies. A large number of oxygen
vacancies was introduced to the surface of small Ti,O; particles (S3,
ESIt) to enhance o, which is known to be increased by the
incorporation of oxygen vacancies.** The durability over the load
cycles for vehicles is shown in Fig. S12 (S8, ESIt). The V did not
change at any j after 10 000 cycles, indicating that neither HOR nor
ORR performance changed over the 10000 cycles. Commercial
SnO,-supported platinum displayed much lower durability. In
Table S1 (S8, ESIt), the load cycle durability of platinum or
platinum-—cobalt supported on oxide catalysts reported to date is
summarized. The changes in V atj = 1.0 A cm™ > during the cycles,
which was previously utilized by Ramani group,” were used as a
measure of durability as high loads are needed in vehicles. The load
cycle durability of the present Pt/Ti,O; is among the highest of the
state-of-the-art Pt/oxide catalysts,”>® indicating that Ti O, stabilized
the platinum nanoparticles well. Although the mechanism is still
under investigation, one of the reasons may be the SMSI, as
platinum nanoparticles are in contact with Ti,O, with a large surface
area; a Sggr close to normal carbon black and among the highest in
oxide supports reported to date, 172 m> g~ .

In summary, Magnéli phase Ti, O, particles were synthesized
via carbothermal reduction to yield high ¢ and Sggr values of
1.2 S cm™' at low compression pressure (6 MPa) and
172 m® g, respectively. The precursors are low-cost, stable
in air, and easy to handle and to increase the mass of Ti,O;
more than 2 g were synthesized at once. The resulting Ti O
particles supported the platinum nanoparticles to display SMSI
between the platinum and Ti O,. The optimized 20% w/w Pt/
Ti O, exhibited excellent HOR/ORR performances in a single
cell, almost the same as those of commercial Pt/C. The load
cycle durability was the highest among the state-of-the-art
platinum/oxide catalysts, with no change in the cell perfor-
mance after 10 000 voltage cycles.
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