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Highly dispersed TiO, was deposited on O-functionalized and N-doped carbon nanotubes by
chemical vapour deposition to tackle the carbon corrosion problem. Very low Ti loadings of

about 1 wt.% were applied to minimize the negative influence of TiO, as a semiconductor on
the high conductivity of carbon materials. Both N doping and TiO, coating facilitate strong
metal-support interactions and favour the formation of small Pt particles. N doping improved
the intrinsic catalytic activity of the carbon support and enhanced the conductivity due to the
removal of surface oxygen groups, while the negative effect of TiO, on conductivity is
counterbalanced by its promoting effect on metal-support interactions leading to enhanced

overall

catalytic performance.

Pt/TiO,/NCNT showed the highest ORR activity, and

significantly outperformed Pt/NCNT in electrochemical stability tests.

Introduction

The electrocatalytic oxygen reduction reaction (ORR) is a
major challenge for the application of fuel cells. Pt/C as the
state-of-the-art electrocatalyst suffers from stability problems
during long-term operation due to carbon corrosion and
insufficient metal-support interactions.! The corrosion of
carbon is often caused by surface oxidation, for example, by
H,0, produced as intermediate during the ORR.* ® The
decomposition of surface oxygen species under reaction
conditions leads to the removal of surface carbon atoms, and
new oxygen species can form on the carbon surface
subsequently. Metal species on carbon surfaces can enhance the
rate of corrosion of carbon by catalyzing the decomposition of
surface oxygen groups.” Alternatively, metal species like Pt
also catalyze the oxidation of carbon black and promote the
formation of surface oxygen species.> ® Hence, metal species
accelerate carbon corrosion by driving oxygen reactions in both
directions. As to metal-support interactions, a strong interaction
is often preferred in catalysis. On the one hand, the electronic
structure of supported metal particles can be modified by the
strong interaction and on the other hand, strong interactions can
reduce the mobility of supported metal nanoparticles and
prevent them from sintering.

The degradation of carbon is a major cause for the loss of the
active surface area of carbon-supported Pt catalysts, which
occurs through migration/agglomeration or dissolution (and
possible re-deposition) of Pt.”® Hence, it is necessary to search
for alternative supports that are resistant against
electrochemical corrosion and stable over a sufficiently long
period of time. Furthermore, it is highly desirable to find
support materials that promote strong metal-support
interactions, which can improve the stability of Pt nanoparticles
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and modify their electronic structure favorably for
electrocatalysis. Nevertheless, the electronic conductivity and
surface area of the support should not be compromised.

TiO, is an interesting candidate as support for Pt due to its high
corrosion resistance.’® As an oxide, TiO, favors strong metal-
support interactions.* However, the intrinsic conductivity of
TiO, as a semiconductor is insufficient for electrocatalysis.
Although the conductivity of TiO, can be improved by
introducing oxygen vacancies*? or doping with nitrogen,® it is
still significantly lower than carbon materials. Recently,
carbon-coated anatase TiO, was used as support for Pt
nanoparticles used in the ORR.™ ® However, the carbon-
dominated surface of the composite did not address the above-
mentioned major problems with carbon materials.

Carbon nanotubes (CNTs) have proved to be a promising
support material in electrocatalysis due to their unique structure
and superior conductivity.*®*® Nitrogen-doped CNTs (NCNTSs)
used as noble metal-free electrocatalysts exhibited superior
activities in the ORR under alkaline conditions.*® 2° The doping
with nitrogen can be achieved by various methods with NH3
post-treatment as the most common one.?! When used as
support NCNTs promote metal dispersion?? and modify the
electronic structure of support nanoparticles.?® Pt nanoparticles
on NCNTs exhibited a high catalytic activity for the ORR,
which was attributed to strong metal-support interactions
between Pt and N.2* Very recently, the composite of NCNTs
and mesoporous TiO, was used as support for Pt, and
accelerated stress tests disclosed that the catalyst was more
stable than Pt/C in the ORR under acidic conditions.

In this work, highly dispersed TiO, with about 1 wt.% Ti
loading was coated on oxygen-functionalized and nitrogen-
doped CNTs, and the obtained composite was used as support
for Pt nanoparticles used in the ORR under acidic conditions.
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Pt/TiO,/NCNT showed a higher ORR activity than PtYNCNT
and superior long-term stability compared to both Pt/NCNT and
standard commercial Pt/C catalyst.

Experimental

TiO, coating on CNTSs

As-received CNTs (inner diameter 2-6 nm, outer diameter 13-
16 nm, BET surface area 280 m? g, Bayer AG, Leverkusen,
Germany) were purified by washing in 1.5 M HNO; under
stirring for 72 h at room temperature to remove the residual
growth catalysts used in their synthesis. The acid-washed CNTs
were then functionalized by HNO; vapor treatment at 200 °C
for 72 h to introduce oxygen-containing functional groups.?
Nitrogen-doped CNTs (NCNTs) were obtained by post-
treatment of the oxygen-functionalized CNTs (OCNTSs) at 600
°C for 6 h under flowing ammonia (10 vol % NH; in He) at a
flow rate of 50 sccm. The obtained OCNTs and NCNTs were
used as substrates for the deposition of TiO,.

The deposition of TiO, on OCNTs and NCNTs was achieved by
chemical vapor deposition in a fixed-bed reactor using TiCl, (>
99.0%, Fluka) as Ti precursor. In a typical experiment, about 100 mg
of OCNTs or NCNTSs were loaded into a vertical quartz tube reactor,
and 20 pl of TiCl, were added into the sublimation chamber under
helium flow at room temperature. The reactor was heated to 200 °C
at 10 K min™ using a resistance heating wire, and the sublimation
chamber was heated to 60 °C in an oven. Simultaneously, helium
(purity 99.9999%, 25 sccm) was passed through the sublimation
chamber and synthetic air (20.5% O, in N,, 25 sccm) was introduced
to the reactor. The sublimation finished within about 1 h as indicated
by an online mass spectrometer. Subsequently, the reactor was
heated to 300 °C at 10 K min™ under the same flow conditions, and
the sample was calcined for 2 h before cooling to room temperature.
The flow rates were adjusted by mass flow controllers. The obtained
TiO,-coated CNT samples are denoted as TiO,JOCNT and
TiO,/NCNT, respectively.

Deposition of Pt nanoparticles

Colloidal Pt nanoparticles were synthesized by a modified
ethylene glycol method.?” In a typical experiment, 0.45 g of
H,PtClgx6H,0 (Aldrich) were dissolved in 250 ml of ethylene
glycol (99.8%, Aldrich). A solution of NaOH in ethylene glycol
(1.0 M) was dropped into the H,PtClg solution until the pH
reached 12. The obtained mixture was stirred at room
temperature for 24 h, and then refluxed at 160 °C for 3 h in an
inert atmosphere. The obtained dark brown Pt colloid was
stored at room temperature in air for further applications.

For the deposition of Pt, 200 mg of the support materials
(OCNTs, NCNTs, TiO,/OCNT and TiO,/NCNT) were mixed
with 40 ml of the Pt colloid, and the pH of the mixture was
adjusted to 2 by adding 1.0 M HCI in ethylene glycol. The
mixture was refluxed at 160 °C for 1.5 h before cooling to room
temperature. After filtration, washing with ethanol, and drying
at 60 °C in air, the obtained catalysts were reduced at 300 °C
for 1 h under flowing hydrogen and were ground in an agate
mortar before further tests. A commercial Pt/C catalyst
purchased from E-TEK was used for comparison.

Characterization

X-ray diffraction (XRD) was performed using a PANalytical
theta-theta powder diffractometer with a Cu Ko source. Scans
were run from 10 to 80° with a step width of 0.03° and a
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collection time of 20 s per step. Elemental analysis was carried
out with an ICP-OES instrument (PU701) from Philips-
Unicam. X-ray photoelectron spectroscopy (XPS)
measurements were carried out in an ultra-high vacuum (UHV)
set-up equipped with a monochromatic Al Ka X-ray source
(1486.6 eV; anode operating at 14.5 kV and 45 mA) and a high
resolution Gammadata-Scienta SES 2002 analyzer. The base
pressure in the measurement chamber was maintained at about
7 x 10'° mbar. The XP spectra were recorded in the fixed
transmission mode with a pass energy of 200 eV resulting in an
overall energy resolution better than 0.5 eV. Charging effects
were compensated by applying a flood gun.

Electrochemical tests

Electrochemical measurements were performed in a
conventional three-electrode cell using glassy carbon (& 4 mm;
HTW, Germany) modified with the catalysts as the working
electrode, Ag/AgCl/3 M KCI as the reference electrode and
platinum as the counter electrode. The reference electrode was
calibrated with respect to the reversible hydrogen electrode
(RHE). Prior to the experiments, the glassy carbon electrode
was polished on polishing cloth using different alumina pastes
(3.0-0.05 um) to obtain a mirror-like surface followed by
ultrasonic cleaning in water. For preparation of the working
electrode, 5.0 mg of the catalyst were dispersed ultrasonically
for 30 min in a mixture of water (490 pl), ethanol (490 pl) and
Nafion® (5 %, 20 ul). 5.3 pl of the resulting catalyst suspension
were dropped onto a polished glassy carbon electrode to obtain
a catalyst loading of 210 pg cm™ The electrode was dried in air
at room temperature before the measurements.

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
measurements were carried out in aqueous 0.1 M HCIO, using
an Autolab potentiostat/galvanostat (PGSTAT12, Eco Chemie,
Utrecht, The Netherlands). All oxygen reduction experiments
were carried out at room temperature at a scan rate of 10 mV s
after purging the electrolyte with argon or oxygen for 20 min.
Before each measurement, the catalyst was scanned in Ar-
saturated electrolyte and the obtained background
voltammogram was subtracted from the one recorded in the O,-
saturated electrolyte.

Results and discussion

The TiO, coating on CNTs was achieved by chemical vapor
deposition, which is especially suitable for deposition of thin
films or nanoparticles of low loadings. The XRD patterns of the
TiO,/OCNT and TiO,/NCNT samples are shown in Figure 1.
Only three diffraction peaks can be observed at about 26.0, 42.8
and 53.3°, which can be assigned to the (002), (100)/(101) and
(004) reflections of functionalized CNTs, respectively.?® The
peaks shifted slightly to smaller 20 in comparison to graphite
due to the slight distortion caused by the introduction of oxygen
and nitrogen atoms as well as defects in the carbon lattice.?> *°
Diffraction peaks of TiO, of any polymorphs were not detected
indicating that the TiO, coating was below the XRD detection
limit due to the small crystallite size. Similar results were
observed for TiO, deposited on silica, where TiO, appeared to
be in form of a thin film or islands.®

This journal is © The Royal Society of Chemistry 2012
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Figure 1. XRD patterns of TiO,/OCNT and TiO,/NCNT.

After the deposition of Pt nanoparticles on the CNT and
TiO,/CNT supports, the contents of Ti and Pt in the samples
were determined by ICP-OES (Table 1). The Ti contents were
151 wt% and 094 wt% in Pt/TiO,/JOCNT and
Pt/TiO,/NCNT, respectively. TiCl, used as precursor is highly
unstable upon contact with air or water. The high yield of Ti on
OCNTs is obviously related to the surface oxygen groups,
which facilitate the hydrolysis of TiCl, and its conversion to
TiO, from the gas phase. As to Pt deposited from the liquid
phase, the loadings are similar on all the substrates
demonstrating the high reproducibility of the colloidal method
used for Pt deposition.

Table 1. Metal contents determined by elemental analysis and
average Pt particle size derived from XRD studies.

Ti loadin Pt loadin dpt
Sample W) - w) - (m)
Pt/OCNT - 7.92 7.9
PYNCNT - 7.99 5.1
Pt/TiO,/OCNT 1.51 7.92 5.7
Pt/TiO,/NCNT 0.94 7.95 4.8

Figure 2 shows the XRD patterns of the samples after Pt
deposition. In addition to the graphitic carbon peaks, three new
reflections originating from Pt nanoparticles can be observed at
20 = 39.8, 46.1 and 67.7° corresponding to the characteristic Pt
(111), (200) and (220) peaks, respectively.®? The average
crystallite size of the Pt nanoparticles derived by Scherrer
equation using the Pt (111), (200) and (220) peaks ranged from
4.8to 7.9 nm (Table 1). The Pt/NCNT sample exhibited smaller
Pt particle sizes than the P/OCNT sample due to the strong
interaction between Pt and N species, which is in good
agreement with literature results.’* * As compared to inert
surface of carbon materials, oxides like TiO, facilitate strong
metal-support interactions. Hence, the TiO, coating led to a
decrease of the Pt particle size. Both Pt/TiO,/JOCNT and
Pt/TiO,/NCNT showed smaller Pt particle sizes than the
corresponding catalysts without TiO,, i.e., Pt/OCNT and
Pt/NCNT. The smallest Pt particle size was observed for
Pt/TiO,/NCNT with both nitrogen and TiO, being present. The
results disclose that both N and TiO, enable strong interactions
and even a small amount on the carbon surface exhibit
significant effects on supported particles.

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

PU/TiO /NCNT
PU/TIO JOCNT
PUNCNT

Intensity (a. u.)

Pt/OCNT

T T T T T T

10 20 30 40 50 60 70

2 Theta (°)
Figure 2. XRD patterns of the supported Pt catalysts with about
8 wt.% Pt loading.

Figure 3 shows representative scanning transmission electron
microscopy (STEM) images of the four samples. It can be seen
that Pt nanoparticles are homogeneously dispersed on the
surface of carbon nanotubes. Corresponding size distributions
of Pt nanoparticles are given in the insets. The particle size of
Pt on NCNTs is smaller than that on OCNTSs in accordance
with the XRD results. As shown in the TEM images and Ti
mapping in Figure 4, TiO, species are also highly dispersed on
the surface of the nanotubes in Pt/TiO,/JOCNT and
Pt/TiO,/NCNT despite of its extremely low loadings in both
samples.

Figure 3. STEM images of Pt/OCNT (a), Pt/NCNT (b),
Pt/TiO,/OCNT (c) and Pt/TiO/NCNT (d). Inset: histogram of
Pt particles.
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Figure 4. TEM images and corresponding Ti mapping of
Pt/TiO,/OCNT (a and b) and Pt/TiO,/NCNT (c and d). Scale
bar: 50 nm.

The surface chemistry of the samples was investigated by high-
resolution XPS. In the survey spectra of the samples C, O, N, Ti
and Pt were detected without other impurities. The region
spectra were normalized to the intensity of the C 1s peak at
284.5 eV. The XP C 1s and O 1s spectra of all the samples were
measured (not shown). No significant differences were
observed in the C 1s spectra of the samples. The O 1s region
composes of three major contributions including oxygen in
metal oxide at 530.2 eV, oxygen in C=0O at 531.2 eV and
oxygen in C-O at 533.1 eV.?* ** Figure 5 shows the normalized
N 1s spectra of Pt/NCNT and Pt/TiO,/NCNT. It can be seen
that the N 1s peak of Pt/TiO,/NCNT is quite similar to that of
Pt/NCNT with only a slight decrease in intensity. Hence, it can
be assumed that the TiO, coating is much thinner than the
escape depth of photoelectrons in XPS pointing to its high
dispersion at the low Ti loading of 0.94 wt.%.

The XP Ti 2p spectra of the Pt/TiO,/OCNT and Pt/TiOo/NCNT
samples are shown in Figure 6. The two peaks at 459.2 and
464.9 eV in both samples can be assigned to Ti 2ps, and Ti
2Py, respectively.®> % The peak separation between the Ti
2py> and Ti 2psp, lines is 5.7 eV, which is consistent with the
+4 oxidation state of Ti.®” Since the spectra are normalized, the
significantly higher intensity of Ti peaks in Pt/TiO,/OCNT than
in Pt/TiO,/NCNT can be attributed to a considerably higher Ti
loading, which is in good agreement with elemental analysis.
Moreover, no evident interaction between Ti and N atoms was
observed in the Ti 2p spectrum of the Pt/TiO,/NCNT sample
suggesting that nitrogen species were not significantly affected
by the TiO, coating. Figure 7 shows the XP Pt 4f spectra of the
supported Pt samples. The Pt 4f;, and 4f;, peaks were
observed at binding energies of 71.2 eV and 74.5 eV,
respectively, with a peak separation of 3.3 eV. This result
indicates that Pt is mostly in the metallic state on the supports.*®
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Figure 7. XP Pt 4f spectra of different catalysts.
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Figure 8 shows the cyclic voltammograms of Pt in argon-
saturated 0.1 M HCIO, recorded at a scan rate of 100 mV s™.
Characteristic Pt features were clearly visible in the
voltammograms of all the samples, notably, the hydrogen
adsorption and desorption peaks in the potential range from -
0.05 to 0.37 V. The electrochemically active surface areas
(ECSA) of Pt determined from the average of the area under the
adsorption and desorption waves were 24.9 m?/g (Pt/OCNT),
50.9 m%g (Pt/NCNT), 40.6 m?g (PUTiO,/OCNT) and 42.6
m?/g (Pt/TiO,/NCNT). We attribute the low ECSA of PYOCNT
compared to Pt/NCNT to the lower conductivity of OCNT
compared to NCNT, and the stronger interaction between Pt
and N which minimizes the agglomeration of Pt nanoparticles
on NCNTs resulting in a higher dispersion of the Pt
nanoparticles on NCNTSs, which is consistent with the XRD and
STEM results. One would expect that the deposition of TiO, on
OCNT would lead to a lower conductivity and hence a lower
ECSA of Pt/TiO,/OCNT than Pt/OCNT. On the contrary, the
ECSA of PY/TiO,/JOCNT (40.6 m?/g) was higher than that of
Pt/OCNT (24.9 m?/g), which can be attributed to the strong
metal-support interaction in Pt/TiO,/OCNT favoring high Pt
dispersion and charge transfer.

4
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Figure 8. Cyclic voltammograms of the supported Pt catalysts
measured in argon-saturated 0.1 M HCIO, at a scan rate of 100
mV s™,

The electrochemical activities of the supported Pt catalysts in
the ORR were investigated by linear sweep voltammetry in
oxygen-saturated 0.1 M HCIO,. Background corrected linear
sweep voltammograms recorded at 10 mV s are shown in
Figure 9. It is worth to note that a relatively low Pt loading of
around 8 wt% was applied for all the samples in order to
investigate the effect of the support. Due to the low loading, the
samples did not show uniform diffusion limited currents.
However, the difference between the samples is clearly
distinguishable. Pt/OCNT exhibited the lowest ORR activity
indicated by the most negative onset potential. The TiO,
coating on OCNTSs improved the ORR performance of the Pt
catalysts, and the onset potential of Pt/TiO,/OCNT is clearly
higher than that of Pt/OCNT. A negative effect is often
expected for the TiO, deposition due to its low conductivity as
a semiconductor. However, thanks to the extremely low Ti
loading and high dispersion, the negative effect was
counterbalanced by the positive effect of the TiO, coating, that
is, enhanced interaction with Pt and improved dispersion as
well as charge transfer. Hence, the overall effect of the TiO,

This journal is © The Royal Society of Chemistry 2012
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coating is positive as disclosed by the significantly improved
ORR activities (Figure 9). NCNTSs are expected to enhance the
catalytic activity for the ORR owing to their intrinsic catalytic
activity, high electronic conductivity, high dispersion of
supported Pt particles and strong metal-support interactions. As
expected, PYNCNT exhibited a higher onset potential than
Pt/OCNT, and Pt/TiO,/NCNT showed the best ORR
performance as indicated by the most positive onset potential
and the highest catalytic current (Figure 9). We have shown
that TiO, in CNT/TiO, composites (weight ratio 1:3) caused the
decrease of ORR activity while improving stability.?® Hence,
both nitrogen and TiO, can improve ORR activity, whereas
TiO, improves ORR activity only at low loading and high
degree of dispersion.

00] |—PUOCNT

D —— Pt/NCNT

£ — Pt/TiO,/OCNT
< —— Pt/TiO,/NCNT|
E -051 2

2

iz

=

(5]
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Figure 9. Linear sweep voltammograms of Pt catalysts on
various supports measured in oxygen-saturated 0.1 M HCIO, at
a scan rate of 10 mV s™ and a rotation rate of 400 rpm. A
relatively low Pt loading of ca. 8wt % was applied to
investigate the support effect.

Pt/NCNT and Pt/TiO,/NCNT were selected for electrochemical
stability studies and compared with a commercial Pt/C (20
wt.% Pt) catalyst. The stability measurements were carried out
at a constant potential of 0.76 V for 60 h in 0.1 M HCIQOy,
which was exposed to air during the measurement. The current
after the initial 5 h was set at 100 % performance for a better
comparison. The corresponding current-time
chronoamperometric responses are shown in Figure 10. It can
be seen that P/NCNT exhibited a slower decrease in current
than commercial Pt/C, which can be attributed to the structural
difference of the supports. NCNTs with ordered graphitic
structure are more stable than the amorphous carbon black. In
contrast, the Pt/TiO,/NCNT sample showed a very slow
deactivation in the first 20 h and much slower decrease of
reduction current in the following hours. Hence, the small
amount of TiO, as interlayer between carbon and Pt can
tremendously enhance the electrochemical stability of Pt
nanoparticles on carbon supports.
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Figure 10. Current-time chronoamperometric response of
Pt/NCNT, Pt/TiO,/NCNT and commercial Pt/C at 0.76 V vs
RHE in air-saturated 0.1 M HCIQO,.

Conclusions

The coating of CNTs with highly dispersed TiO, was achieved
by chemical vapor deposition using TiCl, as precursor. The
high dispersion of TiO, with about 1 wt.% Ti loading was
confirmed by XRD, XPS and TEM studies. Both the nitrogen
doping and the TiO, coating facilitate strong metal-support
interactions and favor the formation of small Pt nanoparticles.
The doping of nitrogen improved the conductivity of the carbon
support through the removal of surface oxygen groups.
Nitrogen species are also intrinsically active for the ORR. Due
to the low loading and high dispersion, TiO, as a
semiconducting oxide showed only a limited negative influence
on the high conductivity of carbon materials. Instead, TiO,
exhibited a strong promoting effect by enhancing metal-support
interactions. The Pt particles are smaller after nitrogen doping
and TiO, coating. As a result, the overall ORR activity and
stability under acidic conditions was enhanced by nitrogen
doping and TiO, coating. Pt/TiO,/NCNT showed the highest
ORR activity, and significantly outperformed Pt/NCNT in
electrochemical stability tests.
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