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CTpyKTypHbIE MCCIIEOB HU JIBTEPH THBHBIX M TEpPH JIOB
VISl TIPOTOHHO-OOMEHHBIX TOIUTMBHBIX 27eMeHToB (PEMFC)

ITpoBeneHsl CUHTE3 U UCCIIENOB HUE JIETUPOB HHOTO HHOOUEM ME30IOPHCTOrO OKCHJL
T H TiOg2, KOTOpBIl HcHonb3yeTcs K K MOAAEPXKUB IOIMUI M TepH 1K T JIU3 TOp K -
TON B TOIUIUBHBIX 3JIEMEHT X C IOTMMEpHBIM MeMOp HHbM dnekTporautoM (PEMFC).
Cunte3 Nb;Tiy—,O2 (1 1ee NTO) Obul BBIIIOJTHEH ABYMS P 3IMYHBIMH MeTox MH: 1) mo-
BEPXHOCTHBIM OC XJIEHHUEeM IIpu KOMH THOH Temmep Type (it x = 0,1 u 0,005), 2) TBep-
no¢ 3HoM pe kumeit npu 700 u 1000 °C (mmst x = 0,1). PenTreHomuep KUMOHHBIA H JTH3
IOK 3 JI, YTO CHHTE3UPOB HHBIE [OPOIIKU CONEPXK T TONBKO cTpyKTypHble TiO2 ¢ 3b1 —

H T 3 4 pyruwl. Jucdp KUMOHHBIE NUKH, IPUH JIeX LIMe coeauHeHusM Nb, OTCyTCTBO-
B JIM, YTO CBHAETENIbCTBYET O BHeipeHHU Nb B CTpyKTypy 3THX ¢ 3. DKCIEpUMEHTHI 110
Iup KIMU PEHTTEHOBCKUX JIydell M 10 KOMOMH LIMOHHOMY P CCESHHIO CBeT IIOK 3 JIH,
yro jerupoB Hue Nb npensTcTByeT ¢ 30BOMY Ilepexoqy H T 3—pyTwi. BHeapenue H Ho-
4 cTul B Me3onopucTbiii M Tepu J1 NTO ¢ ucnosb3oB HEEM METOIUKH MONUOT  IPOUCXO-
IUT P BHOMEPHO, UTO CJIefyeT U3 H OMIONEeHUil C IOMOLIBIO CK HUPYIOLIEH 31eKTPOHHON
mukpockornuu (SEM). [Insg Beisichenust poau Nb B GOKMpOB HUM ¢ 30BOrO Iepexoin

H T 3—pyTi Obuth npoBeneHbl XAS sKkcnepuMeHTHl H Kp gx nontomenus Nb u Ti (K-
Kp ). M3 9TUX I HHBIX ClIEyeT, 4YTO HOHbl HUOOHS H XOIATCS B H HOCTPYKTYPUPOB HHOM
TiO2 B 3 pSOHOM COCTOSIHUM +5.
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The Structural Study of Alternative Support Materials for PEMFC

Mesoporous niobium-doped titanium oxide (NTO) was synthesized and investigated as
a cathode catalyst support material for polymer electrolyte membrane fuel cells (PEMFC).
We prepared the NTO support by two different methods: 1) room-temperature synthesis
of Nb;Ti;—;O2 (z = 0.1, 0.005) via surfactant templating and 2) high-temperature syn-
thesis (700 and 1000 °C) of NbgTi;_,0O2 (x = 0.1). The XRD analysis revealed only
the presence of anatase and rutile TiO2 phase in the synthesized support powder. The
existence of any peaks belonging to Nb compounds was not observed, indicating that Nb
is incorporated in the lattice. The X-ray diffraction and Raman scattering measurements
revealed anatase-to-rutile phase transition hindering due to Nb doping. Pt nanoparticles
were dispersed in the mesoporous NTO support by the polyol method and characterized
by the scanning electron microscopy. The Pt particle sizes, interatomic distances, and
distribution were found by XRD, XAS, and SEM. To better understand the role played
by the dopant atoms in inhibiting both phase transformation to rutile and grain growth,
XAS measurements were performed at the Nb K and Ti K absorption edges. The XAS
analysis results indicate that niobium atoms are incorporated into nanostructured TiOg
with +5 valence state.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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1. INTRODUCTION

Carbon type materials (e. g., Vulcan XC-72) are typical catalyst support mate-
rials for PEMFCs due to their large surface area, high electrical conductivity and
well-developed pore structure. However, corrosion of the carbon supports was
observed under PEMFC operating conditions. The electrochemical corrosion of
the carbon support causes agglomeration and sintering of the Pt catalyst particles,
resulting in a decreased electrochemical surface area of the catalyst. These effects
result in a rapid degradation of the Pt catalyst and thus shorten the lifetime of
PEMFC, which is limiting for most of its projected applications. This problem
has initiated a lot of research in the last few years aimed at finding an appropriate
replacement for carbon supports [1-4].

Titanium dioxide (TiO2) is a widely used material with a variety of po-
tential applications in catalysis, photovoltaics, water splitting and gas sensors.
TiO2 possesses good mechanical resistance and stability in acidic and oxidative
environments. These properties suggest that TiO2 may be considered as an alter-
native catalyst support. However, its low electrical conductivity prevents its use
in fuel cells. TiOq exists in three crystalline forms: the most common types are
rutile and anatase. Among three phases, rutile is thermodynamically stable at high
temperatures. Anatase and brookite crystalline structures undergo a phase tran-
sition above 600 °C and are converted into rutile crystalline phase. The anatase
phase of titania is usually stabilized by cation addition. It is desirable for fuel
cell catalysts due to a better catalytic activity for oxidizing organic compounds
compared to the rutile and brookite structures.

For the latter, niobium seems to be a very promising doping species in TiO2
which according to a number of previous reports [5, 6] gives rise to shallow donor
states mostly attributed to mixed Nb4d-Ti3d states located 0.02-0.03 eV below
the conduction-band minimum. These states can be ascribed to substitutional
doping in TiOg, resulting in an increase of electron conductivity. Moreover,
doping of TiO, with Nb slows down the anatase-to-rutile phase transformation
preventing growth of the particles, and that might lead to the enhancement of the
specific surface area of the catalyst support [7-8].

Recently, S.Y. Huang et al. [1] showed that the conductivity of Nb-doped
anatase (synthesized via a template-assisted method) increases with temperature.



However, the rutile phase was observed above 600 °C and the particle sizes in-
creased rapidly (the particle size of the rutile phase is always larger than that of
the anatase). Consequently, the active phase and particle size are the important
parameters that influence catalytic activity, stability, specific surface, etc., which
are the main properties of the TiOy support. In this work, we focus on the prepa-
ration of a thermally stable, mesoporous anatase support for the electrocatalyst
and determine the structure of the catalyst by temperature-dependent (700 and
1000 °C) X-ray diffraction, absorption and Raman scattering studies.

2. EXPERIMENTAL

2.1. Preparation of Nb,Ti;_,0Oy (NTO) Support. High-temperature syn-
thesis: NbOs and TiO, sintered at high temperatures to form NTO support
were synthesized through the modified sol-gel procedure proposed by Fuentes et
al. [9]. The samples were prepared using titanium IV butoxide, niobium ethoxide
and Cetyl trimethylammonium bromide (CTAB). The precursors were mixed by
magnetic stirring in hydrochloric acid and ethanol. The relative amounts of Nb:Ti
were chosen to produce a material with the required stoichiometry. The resulting
solid was transferred to the solution of DI water and NH4OH under continuous
stirring and kept for 48 h. The sample was calcined at 400 °C for 2 h. The
sample was further calcined at 700 and 1000 °C for 2 h.

The room-temperature synthesis route for NTO via a surfactant templating
method was described by Garcia et al. [5]. NTO was prepared using titanium IV
butoxide, niobium ethoxide, and octadecylamine. The precursors were mixed by
magnetic stirring in dehydrated ethanol. Next, deionized water was added to the
solution, and the gel was aged for 48 h. The resulting gel was filtered and dried
at 100 °C in a vacuum oven for 12 h.

2.2. Synthesis of Pt/Nb, Ti;_,.O- Electrocatalyst. Pt was deposited by the
polyol method. 200 mg of the NTO powder was suspended in 60 ml of ethylene
glycol and dispersed by sonication. The second solution of 100 mg hexachloro-
platinate (H2PtClg - 6H20) dissolved in 10 ml ethylene glycol was prepared and
added drop-wise to the first solution under stirring. After stirring for 30 minutes,

Table 1. Pt supported on NTO catalysts, prepared by different synthesis methods

Samples Preparation Heating temperature, °C
A Pt/Nbg.1Tio.902 700
. Sol-gel
B Pt/Nbg.1Tig.9O2 1000
C Pt/Nbg.1Tig.902 Low-temperature —
D Pt/Nbg.005Ti0.99502 | surfactant-templating method —




the solution was heated to 140 °C for 3 h under reflux. Finally, when the solution
was cooled down, it was filtered and dried at 80 °C overnight. Table 1 shows
details of the catalust synthesis.

2.3. Characterization Measurement. The X-ray data were collected between
20 and 90 (26) at room temperature using a Philips X’PERT PRO MRD using
step sizes of 0.08 and 30 s of counting time. The measured diffraction patterns
were refined by the Rietveld method using the MAUD software.

The Raman spectra were recorded using an Yvon Jobin Horiba (XploRA)
spectrometer. The measurement was performed with a diode laser source (785 nm)
and an incident power of 40 mW.

X-ray absorption spectroscopy (XAS) at Pt Ls-edge was done at beam lines
BLO7A of the National Synchrotron Radiation Research Center, Hsinchu, Tai-
wan [10]. The data fitting was done using the software package IFEFFIT.

The morphology of the catalyst was examined by scanning electron mi-
croscopy (SEM) using a high-resolution thermally aided field emission SEM
(Zeiss, LEO 1530 Gemini).

3. RESULTS AND DISCUSSION

3.1. XRD and Raman Measurements of the Synthesized Catalyst. Fig-
ure 1,a shows the XRD patterns of Pt supported on the NTO catalysts. In all
XRD patterns, sharp well-defined peaks of the Pt nanopaticles can be detected.
The diffraction reflections for both the anatase and the rutile phase are observed
in sample A, B. Additionally, the spectrum reveals small peaks representing ti-
tanium niobium oxide (TiNbsO7) that are usually seen in the samples treated at
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Fig. 1. X-ray diffraction patterns (a) and Raman spectra (b) of Pt/Nb doped TiO2



high temperatures [9]. No niobium oxide phases were detected in the sample.
The refined lattice parameters of anatase are a = 3.797 A and ¢ = 9.533 A at
sample B. These values are higher compared with those of pure anatase (JCPDS
21-1272) indicating that niobium substitutionally replaces some Ti sites in the
lattice of the TiO5 structure.

The XRD patterns of sample A show the mixture of anatase (66.7 wt. %) and
rutile (15.2 wt. %) phases. It confirms that Nb doping prevents the anatase-to-
pure-rutile phase transformation. The diffraction patterns of sample B reveal the
most intense peak of the rutile (76.7 wt. %) phase. In the XRD patterns of the
room temperature synthesis, weaker anatase and rutile peaks appear at 25.3° and
54.5°, respectively. The XRD analysis results of particle sizes are presented in
Table 2. It is well known that the particle size is a crucial factor for the catalytic
activity of a catalyst support. It has been found that the rutile and anatase particle
sizes of PNTO calcined at 700 °C are much smaller than those of the sample
after calcination at 1000 °C.

Table 2. Fit results of XRD patterns for Pt supported NTO catalysts

Synthesized samples Particle size, nm Ryp, %
Platinum | Anatase | Rutile

A Pt/Nbg.1Tip.9O02 10.7 20.3 26.6 9.4

B Pt/Nbg.1Tig.002 10.0 119.8 258.8 12.3

C Pt/Nbg.1Tig.902 5.8 — — 114

D Pt/Nbg.005Ti0.99502 8.5 — — 10.9

The evolution of Raman spectra for Pt/NTO electrode is shown in Fig. 1, b.
The qualitative phase composition of the samples obtained from the XRD studies
was confirmed by the Raman spectra. In the Raman spectra of sample A the
strongest band of anatase appears at 149 cm™!, weaker bands can be detected
at 202, 396, 531, and 649 cm~! [11], and rutile peaks are observed at 237 and
410 cm~!. Comparing the reference Raman spectra, it is clear that the bands shift
towards higher wave numbers. The Raman shifts observed are due to the doping
and temperature. In the case of sample B, the Raman bands of rutile phase are
observed at 251, 416, and 598 cm~' [12], and a small anatase peak appears at
168 cm~!. The strong background signals in the Raman spectra of sample C are
from amorphous TiO,. The Raman scattering results of samples C, D correspond
to amorphous TiOs.

3.2. XAS Measurements. The normalized Nb K-edge spectra of high-
temperature synthesized Pt/NTO electrodes are presented in Fig. 2,a. The XANES
spectra of TiOs samples doped with Nb are almost identical. The absorption of
the XANES region is related to the site symmetry, coordination, and the oxidation



states of the central atoms. The Nb K-edge XANES spectra arise from 1s—4d
electronic transition and are characterized by a weak pre-edge absorption shoulder
at 19895 eV [13]. This weak pre-edge absorption shoulder is also visible in the
XANES spectra of reference compound NbsOs, indicating that Nb ions are dis-
persed in the titanium dioxide with oxidation state +5. The pre-edge absorption
shoulder can be reasonably associated with the presence of a distorted coordina-
tion environment of the Nb atoms. The analogy between the absorption shoulder
of NbyOs and Nb-doped titania XANES spectra suggests that in high-temperature
synthesized samples, the Nb atoms are located in distorted octahedral sites.

In order to maintain the equilibrium of charges, the extrapositive charge due
to Nb>+ may be compensated by the creation of an equivalent amount of Ti%*t
ions, or by the presence of vacancies in the cation sites. Figure 2,5 shows
the Ti K-edge XANES spectra of samples A, B and reference spectra of TiO;
rutile and anatase. The spectrum of sample A is very similar to the spectra
of the reference anatase sample; the spectrum of sample B is similar to those of
rutile. No other formations of titania were observed in the XANES spectra, which
suggests that charge compensation of our samples is achieved by the formation of
Ti vacancies. A Ti K-edge XANES spectrum is usually divided into two regions.
The region above approximately 4980 eV is assigned to the well-understood
dipole-allowed 1s — np(n > 4) transitions; the so-called pre-edge peaks lie
below 4980 eV [14]. The XANES spectrum at the Ti K-edge shows several
well-defined pre-edge peaks. The Pt/NTO electrodes gave three small pre-edge
peaks named A, As, and B (Fig. 2, b) which can be assigned to the octahedrally
coordinated titanium atoms of anatase and rutile with high crystallite. These
pre-edge peaks correspond to 1s transitions to the ty, and e, bands, which arise
dominantly from the hybridization of Ti 3d and 4p orbitals on different sites in
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- Reference rutile TiO,
—e— Pt/Nby ; Ti( 9O,_700 °C
—o— Reference anataseI TiO,
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18980 19000 19020 19040 19060 4960 4970 4980 4990 5000 5010 5020
Energy, eV Energy, eV

Normalized absorption

Normalized absorption

Fig. 2. Normalized Nb K-edge XANES spectra (a) and normalized Ti K-edge XANES
spectra (b) of samples A and B



the conduction band region [15]. The position of the pre-edge peaks from the
Pt/NTO electrodes is very close to that of the reference anatase and rutile. This
is clear evidence that Ti is present as Ti*T and in a six-fold coordinated site.

Figure 3,a shows the XANES region of the spectra at the Pt Ls-edge for
Pt/NTO electrodes. All catalysts appear significantly oxidized as indicated by
their pronounced white-line intensities and show a spectrum very similar to that
of the bulk metallic platinum reference foil. The metallic spectrum exhibits two
bands at 11581 and 11595 eV immediately after the white-line region.

The parameter N is 12 in typical bulk fcc structures, but decreases as the
surface-to-volume atomic ratio increases [16]. For small particles, the average first
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Fig. 3. XANES spectra at Pt L3-edge for various samples (a). Fourier transformed EXAFS
spectrum of 14 wt. % Pt/Nb,Ti1—,O2 measured at the Pt Lz-edge (11564 eV) (b)



Table 3. Structural data obtained using XAS analysis at the Pt L3-edge

Synthesized samples Bonds | R, [A] N a2, [A?]

A Pt/Nbg.1Tip.002 Pt—Pt 2.758 | 8.9 0.0012
B Pt/Nbg.1Tip.9O2 Pt-Pt 2759 |93 0.0014
C Pt/Nbg.1Tig.9O2 Pt—Pt 2.741 5.9 0.0044

D Pt/Nbo.go5Tio.99502 Pt—Pt 2.756 8.6 0.0035

Note. R—interatomic distances, N — coordination num-
ber, 0> — Debay—Waller factor.

shell coordination number is reduced, as the atoms on the particle surface do not
have the full number of neighbors. The surface-to-volume ratio and the number
of distorted sites at the surface increase as the particle size decreases, a reduction
in the magnitude of the FT peaks of nanoparticles is generally observed [17]. In
Fig. 3, it can be seen that the main features of the spectra of the Pt nanoparticles
show variation with a decrease in the particle size. Thus, we can say that sample
C has the smallest particle size compared with other samples. It is confirmed
by the XRD analysis results (Table 2) and XAS fitting results (Table 3). All
Pt L3-edge EXAFS data were fitted using a least-squares process in the Artemis
program, which is a subroutine of IFEFFIT. The fit used only the first shell
analysis Pt-Pt scattering path.

A summary of the EXAFS fitting is provided in Table 3 for Pt nanoparticles
in the indicated electrodes. No major changes in the Pt bond distance (R) are
observed as a function of potential or electrolyte. The Pt—Pt distances are 2.76 A
at high-temperature synthesis, which are similar to that of the bulk platinum. At
room-temperature synthesis, the fit shows that the Pt—Pt distances are 2.74 and
2.75 A, which are smaller than that of the bulk platinum. These indicate that
the platinum cluster decreases. The coordination numbers are correlated with the
particle sizes, which correspond to the particle size of sample C, smaller than
for other electrodes. The coordination number of 9.3 for sample B indicates the
presence of large platinum particles.

3.3. Catalyst Characterization by SEM. Figure 4 shows SEM images of the
electrodes used in this work. The same Pt precursor solution was used to load Pt
onto the various supports. Figure4,a—d, gives the SEM images of sample A, B,
C, and D, respectively.

As can be seen from Fig. 4, the Pt/NTO electrodes clearly show the meso-
porous character. As shown in Fig. 4, a, Pt particles are homogeneously dispersed
on the NTO support surface. On the support of sample B the Pt nanoparticles were
agglomerated, resulting in an inhomogeneous distribution (Fig.4,5). In contrast,
no apparent Pt nanoparticles could be identified in Fig.4,c and d, presumably
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Fig. 4. SEM images of sample A (a), sample B (b), sample C (¢), and sample D (d)

because the nanoparticles of sample C and D were the smallest compared with
those of other samples and thus invisible under SEM imaging.

4. CONCLUSIONS

This work presents the preparation of mesoporous Nb-doped TiOy support
materials by two chemical methods and their characterization by XRD, Raman,
XAS, and SEM. The NTO support Pt catalysts were successfully prepared using
the polyol method and characterized by the SEM technique.

The XRD and Raman results for Pt/ Nbg 1 Tig 9O catalysts, which were syn-
thesized at high temperatures, indicate the presence of anatase, rutile and their
absence in niobium oxide structures. Nb doping has been confirmed by the XRD
and XAS measurement results. The addition of niobium during the synthesis
stabilized the anatase form of TiOy, which is confirmed by the main anatase
structure (66.7 wt. %) observed at 700 °C calcination temperature. The transfor-
mation of anatase into rutile at high temperatures is more kinetically hindered by



Nb doping. We observed Nb ions segregated from the grains, forming TiNb,O~»
oxidized species at 1000 °C calcinations. Amorphous TiOy was observed in the
XRD, Raman patterns of sample C and D.

The platinum particle sizes of the high-temperature synthesis were higher
than those of the room-temperature synthesis. The shell coordination number of
the XAS measurement confirmed the results of the particle sizes of the XRD re-
finement. As determined by the Rietveld refinement for Pt/Nbg 1 Tig 9O2 catalysts
calcined at 700 °C, the particle size of anatase is 20.3 nm and that of rutile is
26.6 nm.

The XAS spectra as compared with the standard compounds show that Nb
atoms are dispersed in TiOy crystal structure as Nb®>t, which may be ascribed to
the charge compensating defects introduced by one Ti vacancy per four Nb° .

Consequently, among our prepared four samples, Pt/Nbg 1Tig.9O2 powder
heat treated at 700 °C was selected for further electrochemical investigation due to
its mesoporous structure, stability at high temperatures, optimum particle size and
good dispersivity of Pt nanoparticles, which are required for a material serving
as a catalyst support for PEMFC applications. The sol-gel method combined
with high-temperature calcination is considered to be a promising technique for
Nb-doped TiOs.
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