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Abstract: Composites consisting of carbon nanotubes (CNTs) grown directly on
oxygen-deficient anatase TiO2 (TiO2-5) were synthesized by a two-step chemical vapor
deposition (CVD) method and applied in photocatalytic hydrogen production from aqueous
methanol solutions using photodeposited Pt as the co-catalyst. Thermogravimetry coupled
with mass spectroscopy, X-ray diffraction, scanning electron microscopy, photocurrent
analysis, X-ray photoelectron spectroscopy, and (scanning) transmission electron
microscopy were performed to investigate the physical and (photo)chemical properties of
the synthesized CNT-TiO2-s composites before and after photocatalytic methanol
reforming. The initial photocatalytic activity of TiO2> was found to be significantly
improved in the presence of oxygen vacancies. An optimized amount (~7.2 wt%) of CNTs
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grown on the TiO2-s surface led to a highly effective stabilization of the photocatalytic
performance of TiO2-5, which is attributed to the improved dispersion and stability of the
photodeposited Pt co-catalyst nanoparticles and enhanced separation efficiency of
photogenerated electron-hole pairs, rendering the photocatalysts less prone to deactivation.

Keywords: carbon nanotubes; TiO2; oxygen deficiency; photocatalytic hydrogen
production; platinum co-catalyst; stability

1. Introduction

Photocatalytic production of hydrogen by water splitting is considered to be a promising route
toward efficient conversion of solar energy [1,2]. One of the key issues in solar water-splitting is the
development of efficient and stable systems for light-driven reduction of protons to hydrogen. Among
other materials, titanium dioxide (TiO2) is comprehensively studied as a photocatalyst for hydrogen
production due to its relatively negative position in the conduction band edge allowing for proton
reduction, low cost, high stability and the possibility of further functionalization [3-8].

One of the commonly observed and applied features for TiOz is that its activity can be significantly
enhanced by surface and/or bulk defects resulting from, for example, the introduction of heteroatoms
or the removal of lattice oxygen [3,4,6]. Doping with metallic (Nb, Ag, Pt, W, Mn, efc.) and/or
non-metallic (C, N, P, F, efc.) heteroatoms has been proven to be one effective route and is thus widely
used in practice [9—12]. Recently, hydrogenation, i.e., reduction in hydrogen, was found to be another
efficient route to create defects and to obtain oxygen-deficient TiO2 (TiO2-5) [6,13]. As compared to
the doping method, hydrogenation of TiO2 seems to be more promising due to its high efficiency and
easy operation. For example, in photodegradation reactions, significantly higher activity can be
achieved over TiO2-s than pristine TiO2 [5,6,8]. In photocatalytic water splitting, the efficiency of
TiO2-5 is rather moderate [14], and further improvement of the activity and stability is required.

Compositing TiO2 with carbon nanomaterials, such as carbon nanotubes (CNTs) and
graphene [15,16], was reported to be an effective tool for enhancing the efficiency of the separation of
photogenerated electron-hole (e -4") pairs because of the excellent electric conductivity of carbon
nanomaterials, which resulted in more active and more stable photocatalyst for dye degradation and
water splitting [15-19]. Nevertheless, most of the preparation of carbon-TiO2 composites was in the
context of physical mixing, either in solution [18,19] or via mechanical routes [20], and thus, the
photocatalytic performance of TiO2 was only limitedly improved due to the insufficient electronic
contact between the TiO2 and the carbon nanoparticles. Therefore, in order to further increase the
photocatalytic performance, it is necessary to improve the junction quality between carbon
nanomaterials and TiO2, which requires more delicately designed preparation strategies.

In this work, a two-step chemical vapor deposition (CVD) approach was applied in the synthesis of
CNT-TiO2-5 composites [21]. As compared to those prepared by physical mixing [18-20], composites
in this work consist of CNTs grown directly on anatase TiO: particles and are able to significantly
improve the electronic contact between the CNTs and TiO:2 particles [21]. Furthermore, the oxygen
deficiency of TiO2, which is created prior to and during the CNT synthesis under reducing atmosphere,
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can contribute to the separation of photogenerated e -A" pairs. As a result, the CNT-TiO2-5 composite
synthesized under optimal conditions displayed significantly improved performance stability in the
photocatalytic production of hydrogen from aqueous methanol solutions.

2. Results and Discussion

2.1. Physicochemical Properties

The time for the CVD growth of CNTs was varied from 5 min to 60 min in order to obtain different
carbon contents on TiO2-s. The synthesized CNT-TiO2-5 composites with a growth time of 5, 15 and
60 min were denoted as CNT-TiO2-5-5, CNT-TiO2-5-15 and CNT-TiO2-5-60, respectively. In the case
of CNT growth with a shorter time than 60 min, additional treatment in He was performed, aiming at
an identical duration of 60 min at 550 °C for all of the samples. The applied reducing atmosphere prior
to and during the CNT growth is known to form oxygen-deficient TiO2-s [21]. For comparison,
pristine TiO2 was subjected to the same preparation procedure, except that CoH4 in the CNT growth
step was replaced by He. The resulting sample was designated as TiO2-s.
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Figure 1. TG (solid lines) and DTG (dashed lines) curves for the CNT-TiO2-s composites.
Black: CNT-Ti02-5-5 (5, five minutes); red: CNT-TiO2-5-15; blue: CNT-Ti102-5-60.

To determine the amount and the thermal stability of CNTs synthesized by the method used, TG
analysis in synthetic air was performed with the obtained CNT-TiO2-s composites. The TG and
differential TG (DTG) curves for the CNT-TiO2-s composites are shown in Figure 1. It can be seen
that the weight loss of the CNT-TiO2-5-15 and CNT-TiO2-5-60 composites mainly occurred in the
temperature range between 400 and 550 °C (Figure 1), which is characteristic for the combustion of
CNTs in air [22]. Correspondingly, DTG curves that are typical for CNT combustion were observed
for these CNT-TiO2-s composites, as well. No significant weight loss was detected at temperatures
above 550 °C, indicating the complete total oxidation of CNTs at lower temperatures. The main DTG
peak was found to be at much lower temperatures for CNT-TiO2-5-5 than the other CNT-TiO2-5
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composites, which is attributed to the presence of poorly crystallized carbon, e.g., amorphous carbon
and carbon deposition due to the incomplete decomposition of C2H4 on the TiO2-s surface [23].

CNT contents of the CNT-TiO2-s composites were determined based on the calibrated weight loss,
and the results are summarized in Table 1. It can be seen that the CNT content in the CNT-TiO2-5
composites increased with growth time, which is also reflected in the DTG curves (Figure 1) and the

mass spectrometry (MS) profiles of m/z 44 corresponding to COz2 resulting from the CNT combustion
(Figure S1).
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Figure 2. XRD patterns of pristine TiO2 (a), TiO2-5 (b), CNT-TiO2-5-5 (¢), CNT-TiO2-5-15 (d)
and CNT-TiO2-5-60 (e).

Table 1. CNT contents (derived from the weight loss in TG analysis), BET surface areas

and the average H: evolution rates (with Pt co-catalyst) before and after resuming the
reaction (71 and r2).

Catalyst C (Wt%) BET (m?>g') 7 (mmol h™") r» (mmol h™")
Pristine TiO; - 104 13.4 42
TiO2-5 - 92 18.2 6.2
CNT-TiO2-5-5 1.4 73 8.2 2.6
CNT-TiO2-5-15 7.2 79 9.7 8.1
CNT-TiO-5-60 19.3 71 6.8 6.5

The BET surface areas of pristine TiO2, TiO2-5 and the CNT-TiO2-s composites are summarized in
Table 1. TiO2-s and the CNT-TiO2-s composites show clearly lower BET surface areas than the
pristine TiO2, due to the agglomeration of TiO2 particles at high temperatures [21]. However, no
significant difference of particle size was observed between TiO2 and TiO2-s by SEM (Figure S2),
indicating that the agglomeration was limited to a small extent. In the CNT-TiO2-s composites, the
covering of TiO2 by CNTs leads to an additional loss of accessible surface area. XRD patterns shown
in Figure 2 revealed that the pure anatase phase is present in oxygen-deficient TiO2-5 and all of the
CNT-TiO2-5 composites [24]. Clear CNT diffraction peaks were not observed in any of the
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CNT-TiO2-5 composites, probably due to the insufficiently crystalline structure of the CNTs
synthesized at relatively low temperature.

SEM images in Figure 3 show the morphologies of the CNT-TiO2-5 composites with varied growth
time. It can be seen that CNTs were hardly detected in CNT-TiO2-5-5 (Figure 3A). Well-defined CNTs
can be clearly observed on TiO2-s by extending the growth time to 15 min (CNT-TiO2-5-15,
Figure 3B), whereas a growth time of 60 min (CNT-TiO2-5-60) led to TiO2-s fully covered by CNTs,
as shown in Figure 3C. Although the length of CNTs in CNT-TiO2-5-60 is significantly greater than
that in CNT-TiO2-5-15, due to a longer growth time, all of the observed CNTs have a diameter of
around 40-50 nm and were homogeneously grown on the surface of the TiO2-5 particles. It is supposed
that the TiO2 particles are also bridged by CNTs in the micro-scale range [25], because uniformly
distributed Fe nanoparticles (indicated by the absence of clear FeOx reflections in the XRD pattern of
CVD-synthesized FeOx/T102 catalyst in Figure S3) serving as the catalyst for CNT growth form on the
surface of TiO2 [21,26]. As a consequence, a different performance from that of TiO2 and TiO2-s can

be expected for the CNT-TiO2-5 composites in photocatalysis.

Figure 3. SEM images for CNT-TiO2-s composites with a growth time of 5 min (A),
15 min (B) and 60 min (C). The inserted images were taken at a higher magnification.
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2.2. Photocatalytic Performance

The activities of CNT-TiO2-5 composites were tested in the photocatalytic production of hydrogen
from aqueous methanol solutions. Pristine TiO2 and TiO2-s were examined for comparison. In the
presence of photocatalysts with Pt co-catalyst, the following reactions can occur in the photocatalytic
system [27,28]:

2H" + 2¢”—H2

(1)

CH3OH + H20 + 6h*—CO2 + 6H" )
CH3OH + 4h*—CO + 4H* 3)
CH3OH + 2A"—CH20 + 2H" (4)
CH;0H + H20 + 44" —HCOOH + 4H" (5)
CH30H + 4"—HCHO + 2H'+ ¢” (TiO2) (6)

Notably, Reaction 6 (injection of the second electron, from the methoxy radical formed upon
one-hole oxidation of methanol, into the conduction band of TiOz2) is likely to occur in our system, as
corroborated by the photocurrent multiplication effect observed upon the addition of methanol (see
Figure S2).

In the control experiments (Figure S4), only a negligible amount of H> (with a H2 evolution rate
smaller than 0.002 mmol h™!) was evolved under UV illumination in pure water, and the addition of
methanol into the reaction system did not essentially increase the H2 evolution rates (remaining smaller
than 0.5 mmol h™"). Subsequently, Pt was deposited under UV irradiation following the protocol by
Ohtani and coworkers using H2PtCls as the precursor [29,30]. It was confirmed that the complete
photoreduction of the precursor to the metallic state and thorough deposition onto the catalyst surface
occur in a short time [30], which is corroboratedin this work by the short induction period (less than 5
min) for all of the tested catalysts (Figure 4). Afterwards, drastically enhanced H2 evolution was
observed for the photocatalysts used, demonstrating the importance of co-catalyst in this reaction. The
amounts of evolved Hz for pristine TiO2, TiO2-s and all of the CNT-TiO2-s composites with Pt co-
catalyst are displayed as a function of time (the Pt precursor was added into the reaction system at
Time 0) in Figure 4.

In the first hour, the pristine TiO2 showed high activity in terms of evolved Hz, and the introduction
of oxygen deficiency further improved the hydrogen productivity of TiO2 (Figure 4 and
Figure S4) [6,13]. However, both the pristine TiO2 and the TiO2-s photocatalysts were deactivated
rapidly (Figure S4), probably due to the build-up of surface contaminates from the reaction, blocking
the photoabsorption. In contrast, CNT-TiO2-5-15 and CNT-TiO2-5-60 as photocatalysts have clearly
lower initial activities, but much higher stabilities in photocatalytic H2 production (Figure 4 and
Figure S4). On the one hand, the presence of CNTs leads to poorer photoabsorption of TiO2-s due to
partial blocking of UV light by CNTs, as indicated by the lowered incident photon-to-current
efficiency (IPCE) in Figure S5, and consequently lower overall photocatalytic activity of CNT-TiO2-5



Catalysts 2015, 5 276

composites, especially for CNT-TiO2-5-60 [19]. On the other hand, the presence of CNTs facilitates
the separation of photogenerated e -4* pairs in TiO2-s [17], which prohibits the oxidation of active
oxygen-deficient Ti species and consequently leads to higher stability [15,31]. The CNT-TiO2-5-5
composite, however, showed no substantial improvement in terms of hydrogen productivity, probably
due to the presence of a relatively large amount of poorly crystallized carbon (Figure 1) on the surface
of TiO2-s, deteriorating the IPCE (Figure S5) [20].
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Figure 4. Evolved H2 amount as a function of reaction time for different photocatalysts in
photocatalytic hydrogen production. The reactions were carried out in aqueous methanol
solutions (50 mL methanol in 500 mL pure water) using 0.2 g catalyst (pristine TiOz2,
TiO2-5 or CNT-Ti102-5 composites). Before the reaction, 0.1 wt% Pt was photodeposited on
the photocatalyst as the co-catalyst. The irradiation lamp was switched off after 1 h, and
the reactor was purged with Ar for ca. 5 min to remove all of the evolved gaseous species.
Then, the reaction was resumed, and the evolved H> amount was re-measured.

After resuming the reactions, lower activities in terms of Hz productivity were observed for all the
photocatalysts, which can be ascribed to the adsorbed intermediates of methanol reforming, blocking
the surface active sites at TiO2 or TiO2-s (see the discussion below) [28,32]. Nevertheless, a nearly
linear accumulation of H2 was achieved over all of the photocatalysts, indicating more stable
photocatalytic performance. As compared to the pristine TiO2, TiO2-s still demonstrated a higher
activity, implying the importance of oxygen deficiency in this reaction [4,5]. Most importantly,
CNT-TiO2-5-15 and CNT-TiO2-5-60 showed even higher H2 productivity than TiO2-5. By comparing
the average H> evolution rates before and after resuming the reaction (71 and 2 values in Table 1,
respectively), we notice a decrease of activity by ca. 65% for TiO2-s, whereas there is only a decrease
by ca. 15% for CNT-TiO2-5-15 and less than 5% for CNT-Ti02-5-60. This observation clearly proves
the beneficial effect of CNTs on the stability of photocatalytic performance and suggests that the
presence of CNTs allows for efficient hydrogen evolution, even in the presence of surface
contamination by carbon-containing reaction intermediates and products (see Reactions 1-6 above).
Similar to the reaction before resuming, the highest photocatalytic activity was observed over
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CNT-TiO2-5-15 among the three composites, whereas a detrimental influence resulting from poorly
crystallized carbon or excess CNTs on TiO2-5s was observed, as shown by the slower H2 accumulation
trends (Figure 4) and average H: evolution rates (72 values in Table 1) for CNT-TiO2-5-5 and
CNT-Ti02-5-60. As a preliminary conclusion, the results imply that high-performance CNT-TiO2-5
composites for photocatalytic hydrogen production can be obtained by delicately controlling the
content of CNTs on the TiO2-s surface, in which a balance is achieved between two factors related to
the presence of CNTs: the improved charge separation and stability and the diminished
light absorption.

It is worth mentioning that the doping effect of Fe, as reported in the literature [33,34], is not
possible in the CNT-TiO2-s composites, because the temperature used for the preparation and
treatment of Fe/Ti0:2 is not high enough to achieve the diffusion of Fe into the TiO2 bulk [35]. In
addition, the growth catalyst particles remaining in CNTs after purification are typically covered by
several carbon layers and, therefore, separated from the TiO: particles [22,36,37].

2.3. XPS and (S)TEM of the Photocatalysts after Reactions

In order to gain further insight into the factors governing the photoactivity of our samples, after
photocatalytic reactions, the surface chemistry of three representative photocatalysts, i.e., TiO2-s,
CNT-TiO2-5-15 and CNT-Ti02-5-60, was examined by XPS. In all three samples, Ti, O, C and Pt were
detected. Both the Ti 2p and O 1s spectra were found to be in typical binding energy positions for TiO2
and without a clear shift between samples (Figure 5A,B), indicating that CNTs on the surface did not
change the chemical environment of Ti and O. Nevertheless, their intensities varied significantly
between different samples, that is, the Ti 2p and O Is for CNT-TiO2-5-60 photocatalyst have clearly
lower intensities than the corresponding ones for the TiO2-s and CNT-TiO2-5-15 photocatalyst, which is
due to the presence of CNTs covering the TiO2-s particles. Oxygen-deficient Ti species, e.g., Ti**, were
not detected in any of the samples, presumably due to the very low amount and the complexity of the
photocatalysts (e.g., the presence of adsorbed intermediate species on the surface).

A) Ti 2 B} O1s 5304ev {CYC1s 2854 eV D) Pt 4f
(A) Ti2p 4sp2ev (8 4o St oy @) 712eV
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Figure 5. XP Ti 2p (A), O Is (B), C 1s (C) and Pt 4f (D) spectra for TiO2-s (a),
CNT-TiO2-5-15 (b) and CNT-TiO2-5-60 (c) with photodeposited Pt (0.1 wt%) after
photocatalytic reactions.
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Table 2. Surface compositions (in atomic percent, at%) of the photocatalysts after
reactions derived from the quantitative XPS studies. Platinum (0.1 wt%) was
photodeposited as the co-catalyst.

Catalyst C (0) Ti Pt
TiOz-5 20.34 55.03 24.47 0.16
CNT-TiOz-5-15 31.94 4722 20.52 0.32
CNT-TiO2-5-60 5481 32.08 12.76 0.35

Both the intensity and binding energy positions of C Is spectra were found to vary significantly
between different samples (Figure 5C). A major contribution at 285.4 eV was observed in the C 1s
spectrum of the TiO2-s photocatalyst, mainly due to the carbon contamination during the storage and
transfer of the samples upon contact with air. However, a minor contribution of the adsorbed carbon
species from the photocatalytic reaction in aqueous methanol solution cannot be fully excluded [38].
Similar surface carbon content was observed for pristine TiO2 photocatalyst by XPS (Figure S6 and
Table S1). In the case of the CNT-TiO2-s-15 photocatalyst, in addition to the contribution at
285.4 eV, a second peak positioning at 284.4 eV was observed, as well, and is characteristic for carbon in
CNTs [22], which led to an overall double-peak C 1s spectrum. A more intense C 1s spectrum with a
shifted peak center at ca. 284.4 eV was recorded for CNT-Ti0O2-5-60, indicating that CNTs are the
predominant carbon species. The major 4f72 peaks for Pt in all three samples were found to be at
71.2 eV and attributed to Pt in the metallic state (Figure 5D), indicating a complete photoreduction of
the Pt precursor [22]. A much lower Pt intensity was observed on TiO2-s than on the two
CNT-TiO2-s-based photocatalysts, which can be ascribed to the covering of Pt nanoparticles by very
fine titania particles, being less visible in the surface-sensitive XPS measurements. The relatively more
severe agglomeration of Pt nanoparticles on TiO2-s than on CNT-TiO2-s composites is believed to be
responsible for the lower Pt intensity.

Quantitative analysis of the XPS spectra yielded surface compositions for the three photocatalysts
as summarized in Table 2. As compared to TiO2-s, a significantly higher amount of carbon was found
on the surface of CNT-Ti0O2-s photocatalysts, obviously due to the grown CNTs. Increasing the CNT
growth time led to the increase of surface carbon content and, meanwhile, the decrease of surface O
and Ti contents, implying that the TiO2-s surface was more completely covered, which is in
accordance with the SEM results (Figure 3). Notably, significantly higher Pt contents were observed
on CNT-TiO2-5 composites than on TiO2-5, demonstrating the advantage of CNT-TiO2-5 composites as
a support for photodeposited Pt nanoparticles [22]. Obviously, the amount and morphology of Pt
nanoparticles and their coupling with the light-absorbing TiO2-s plays a crucial role in photocatalytic
hydrogen evolution, particularly in the presence of surface contamination by reaction
intermediates/products. Therefore, a closer analysis of the size and distribution of the Pt nanoparticles
was carried out.

STEM and TEM analysis revealed that the photodeposited Pt nanoparticles were dispersed
uniformly on the surface of TiO2-s and CNT-TiO2-5-15 (Figures 6A,B and S7), whereas Pt
nanoparticles on CNT-Ti02-5-60 were observed to agglomerate more severely (Figures 6C and S8). A
statistical analysis of particle size was conducted over the TiO2-s and CNT-TiO2-5-15 photocatalysts
by measuring the size of ca. 100 Pt nanoparticles in representative TEM images, and the histograms
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yielded are shown in Figure 6D. It can be seen that a relatively smaller mean particle size with a
narrower size distribution was obtained for Pt nanoparticles on CNT-TiO2-5-15 than on TiO2-s,
showing the relevance of the presence of CNTs, which is in agreement with the higher surface
concentration of Pt on CNT-TiO2-5-15 than on TiO2-5, as demonstrated by the quantitative XPS
analysis (Table 2).

C

0
Pton CNT-TiO, -15
(2.2+0.4 nm) ] D

Pton TiQ, |
(2.740.5 nm}

Count

Particle size (nm)

Figure 6. Representative STEM images for TiO2-5 (A), CNT-TiO2-5-15 (B) and
CNT-TiO2-5-60 (C) with photodeposited Pt nanoparticles and after photocatalytic
reactions; particle size distributions of the Pt nanoparticles on CNT-TiO2-5-15 and on
TiO2-5 (D); TEM image of the CNT-TiO2-5-15 with photodeposited Pt nanoparticles (E);
HRTEM image of Pt nanoparticle on CNT-TiO2-s-15 (F); HRTEM image of
well-structured CNTs bridging two TiO2-; particles in CNT-TiO2-5-15 (G).

The TEM image in Figure 6E shows that Pt nanoparticles in the CNT-TiO2-5-15 photocatalyst are
dispersed on both TiO2-s particles and CNTs without significant preference. The high-resolution TEM
(HRTEM) image in Figure 6F shows the typical morphology of a Pt nanoparticle. Well-formed CNTs
connecting the TiO2-s particles were also detected in the TEM analysis (Figures 6E and G). A poorly
crystalline structure was observed in CNTs with a larger diameter and greater length (Figure 6E),
whereas a highly crystalline structure was formed for CNTs with a shorter length and smaller
diameters (Figure 6E,G). The latter is supposed to play a vital role in the transfer and separation of
photogenerated e -4* pairs [15,17,31].

According to the STEM and TEM results for CNT-TiO2-5-60, it is clear that increasing the growth
time led to the formation of longer and large-diameter CNTs, which had a negative influence on the
dispersion of the photodeposited Pt nanoparticles (Figures 6C and S8). Specifically, Pt nanoparticles
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form larger agglomerates on the long and large-diameter CNTs far from TiO2-s particles. A large
amount of surface defects on these less crystalline CNTs [39], which act as strong anchoring sites for
Pt nanoparticles [22], was suggested to be the reason. This is in agreement with the fact that a higher
surface Pt concentration was detected on CNT-Ti02-5-60 by XPS (Figure 5B and Table 2) in spite of a
more severe particle agglomeration (Figure 6C). Nevertheless, these Pt nanoparticles on the long and
large-diameter CNTs are supposed to contribute negligibly in photocatalytic reactions. On the one
hand, the size of the CNTs prohibits the intimate contact between Pt nanoparticles and the neighboring
TiO2-s particles serving as photocatalytically active sites. On the other hand, the long and large-
diameter CNTs with poor crystallinity (Figure S8) are not expected to efficiently collect and transfer
the photogenerated electrons [15,17,31], which impairs the subsequent functioning of Pt nanoparticles
as co-catalyst to a large extent [40]. As a consequence, significantly lower activity in photocatalytic
hydrogen production was observed for CNT-TiO2-5-60 than for CNT-TiO2-5-15 (Figure 4), in which the
good crystallinity of CNTs and the optimized distribution of Pt nanoparticles yielded composite
photocatalysts with optimized electron transfer to hydrogen-evolving surface catalytic sites on Pt,
enhancing thusly the charge separation and rendering the photocatalyst less prone to deactivation due
to the presence of methanol decomposition products.

3. Experimental Section
3.1. Materials and Sample Preparation

Commercial anatase TiO2 (Sachtleben Chemie) with a specific surface area of ca. 100 m? g”! was
used as the starting material. The CNT-TiO2-5s composites were obtained via a two-step CVD method,
which was described elsewhere [21]. Iron oxide (with a nominal Fe loading of 2 wt%) supported on
TiO2 was synthesized in a vertically positioned CVD reactor using ferrocene (Merck, 98%) as the Fe
precursor [41]. Reduction of the obtained FeO./TiO2 composites was performed at 550 °C in flowing
H> (50 vol% Ha in He, 100 mL min') to obtain metallic Fe and TiO>-s simultaneously. At the same
temperature, CVD growth of CNTs was subsequently carried out using the supported Fe as the catalyst
and a mixture of C2Hs and Hz (57 vol% C2Ha, 43 vol% Haz, 100 mL min') as the gas feed [23]. The
growth time was varied from 5 to 60 min in order to obtain different carbon contents on TiO2-5. Prior
to any further use, the synthesized CNT-TiO2-s composites were purified by washing in diluted
HNO:3 solution [22].

3.2. Physicochemical Characterization

Static N2 physisorption experiments were performed in a Quantachrome Autosorb-1-MP setup.
Samples were degassed at 200 °C for 2 h before the measurements. The adsorption-desorption
isotherm data were recorded in the relative pressure range of 0.05—1. The specific surface area was
calculated according to the BET equation, assuming that the area covered by one N2 molecule is 0.162 nm?.
Thermogravimetric (TG) analysis was performed in synthetic air (20.5 vol% Oz in N2) using a Cahn
TG 2131 thermobalance in order to examine both the thermal stability and the achieved amount of the
synthesized carbon on TiO2-s. The samples were heated up to 800 °C at a ramp of 2 °C min'. The
evolved gas species resulting from the carbon combustion were monitored by a coupled mass
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spectrometer in the exhaust stream. The calibrated weight loss was used to determine the carbon
content of each CNT-TiOz2-s composite.

X-ray diffraction was measured using a PANalytical MPD diffractometer equipped with Cu Ka
radiation, a secondary graphite monochromator and 0.04 rad incident/secondary beam Soller slits.
Measurement conditions were 45 kV, 40 mA, 0.5° divergence slit and 0.2-mm receiving slit width. A
step width of 0.015° and 20-s scanning time were applied in all of the measurements. A
high-resolution thermal field emission scanning electron microscope (SEM, Zeiss, LEO 1530 Gemini)
was used to investigate the morphology of the CNT-TiO2-s samples. The SEM images were acquired
using an acceleration voltage of 20 kV. Transmission electron microscopy (TEM) and scanning TEM
(STEM) measurements were carried out with a Jeol JEM-2200FS instrument operated at 200 kV. The
specimens for TEM and STEM were prepared by ultrasonically dispersing the powder samples in
ethanol and dropping the suspension on a carbon-coated Au grid.

X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultrahigh vacuum
setup equipped with a high resolution Gammadata Scienta SES 2002 analyzer and a monochromatic Al
Ko X-ray source (1486.6 eV, operated at 14.1 kV and 30 mA). The spectra were acquired at 200 eV
pass energy (high pass energy mode) at a pressure of 3.5 to 6 x 107'® mbar. Charging effects during
the measurements were mediated by applying a flood gun (SPECS). The CASA XPS program was
employed in the analysis of XP spectra. Calibration of the measured data was performed by
positioning the main Ti 2p peak at 459.2 eV for TiO2. Quantitative analysis was performed based on
the C 1s, O 1s, Ti 2p and Pt 4f spectra after Shirley background subtraction and by taking the atomic
sensitivity factor (ASF) of each element into account, which is consistent with our previous work [22].

3.3. Photocatalytic and Photoelectrochemical Measurements

Photocatalytic hydrogen production was performed in a double-walled inner irradiation-type quartz
reactor connected to a closed gas circulation system. The reaction temperature was maintained at 10 °C
with a double-walled quartz jacket filled with a flow of cooling water from a thermostat (Lauda) to
prevent any thermal effect. A 350-W Hg mid-pressure immersion lamp (Peschl UV-Consulting, 700 W,
operated at 50% power) was used as the light source for irradiation. Argon was used as the carrier gas,

and a continuous flow of 50 mL min!

was applied. The evolved gas mixture was analyzed using an
online multi-channel analyzer (Emerson) equipped with a thermal conductivity detector for hydrogen.
In a typical run, 0.2 g of photocatalyst (TiO2, TiO2-s or CNT-TiO2-5 composites) powders were added
and suspended in aqueous methanol solution (50 mL of methanol in 500 mL of pure water), where
methanol was acting as a sacrificial reagent for H2 production. Before irradiation, the whole system,
including the photocatalyst, was rinsed with Ar to completely remove dissolved air. Afterwards, Pt
(a nominal loading of 0.1 wt%) as the co-catalyst was loaded onto the photocatalysts by in situ
photoreduction of the H2PtCls precursor (0.42 mg), and the photocatalytic methanol reforming was
initiated by switching on the UV lamp. After 1 h of reaction, the irradiation lamp was switched off, and
the reactor was purged with Ar. The complete removal of all of the evolved gaseous species was
indicated by the detector signal down to the baseline level. Then, the reaction was resumed by

switching on the UV lamp, and the evolved H2 amount was re-measured. Control experiments were
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performed in either pure water or a water-methanol mixture under UV irradiation and in the presence
of photocatalysts (i.e., pristine TiO2, TiO2-5 or CNT-Ti1O2-5-60) without Pt co-catalyst.

The protocol for the preparation of electrodes for photocurrent measurements was described
elsewhere [42]. Briefly, a suspension containing 100 mg of powder sample in 1 mL of ethanol was
sonicated for 15 min and then evenly deposited onto ITO glass by doctor blading using scotch tape as
the frame and spacer. The electrode was then dried at 80 °C, pressed for 3 min at a pressure of
200 kg cm 2 and heated in flowing He (100 mL min ") at 400 °C for 60 min in order to achieve a good
contact. The photoelectrochemical setup for photocurrent measurements consisted of a SP-300
BioLogic potentiostat and a three-electrode cell using a Pt counter electrode and an Ag/AgCl reference
electrode. The photoelectrodes were pressed against an O-ring of the cell, leaving an irradiated area of
0.5 cm?. The electrodes were irradiated from the backside (through the ITO glass) using a tunable
monochromatic light source (Instytut Fotonowy) equipped with a 150-W Xenon lamp and a grating
monochromator with a bandwidth of ca. 10 nm. Appropriate cut-off filters were used in order to
eliminate second-order diffraction radiation. The photocurrent was firstly recorded in a phosphate
buffer (pH 7.0) at 0.5 V vs. Ag/AgCl. The measurements were repeated after the addition of 2 mL
methanol, and the corresponding IPCE (incident photon-to-current efficiency) values were calculated
for each sample.

4. Conclusions

CNT-TiO2-5 composites consisting of CNTs directly grown on TiO2-s3, i.e., oxygen-deficient TiO2,
were successfully synthesized via a two-step CVD method. The amount of CNTs can be precisely
controlled by varying the growth time. CNTs were found to be uniformly grown on the surface of
TiO2-s particles without altering the crystalline structure.

In the photocatalytic production of hydrogen using Pt as the co-catalyst, TiO2-s showed a
significantly higher activity than pristine TiOz, due to the presence of oxygen vacancies, but strongly
deactivated in the absence of CNTs. In contrast, a certain amount of CNTs can effectively stabilize the
photocatalytic activity of TiO2-s due to the beneficial effects of CNTs on the separation of
photogenerated e -A" pairs and on the dispersion and anchoring of photodeposited Pt nanoparticles
acting as co-catalyst. An excess amount of CNTs was found to deteriorate the activity of TiO2-s, which
is attributed to the blocking of light absorption by CNTs fully covering the surface of TiO2-s and to the
agglomeration of the photodeposited Pt nanoparticles at long and large CNTs. While attempts to
enhance the initial photocatalytic activity of hydrogen evolving systems are indispensable, the present
study highlights the crucial importance of functional stability as a key factor in the development of
viable solar hydrogen production schemes and demonstrates that CNT-TiO2-s composite
photocatalysts with high performance stability can be obtained by growing short and small-diameter
CNTs on the surface of TiO2-s.
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