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he discovery of photoelectrochemical
Tsplitting of water on titanium dioxide
(TiO,) by Fujishima and Honda in
1972 has initiated a considerable boom of
semiconductor-based photocatalyst research.’
Despite the nearly 40 years history of the
topic, TiO, and its derivatives are still in the
mainstream of the studies because of
their availability, low cost, good and tun-
able photocatalytic activity, and photo-
stability enabling versatile applications in a
number of different fields such as air
purification,”® wastewater treatment,**
hydrogen generation,® 8 and antimicrobial
coatings,”'® among many others. A great
deal of photocatalyst research has been
carried out to customize the electronic band
structure of the semiconducting materials
for a specific chemical process."'? In the
case of water cleavage, the goal has always
been to find materials with band structure,
allowing high energy transitions needed for
the electrons/holes in reductive/oxidative
processes, yet having it low enough to
enable electron—hole pair generation with
optical photons preferable in the visible
spectrum. In the case of pristine TiO,, one
drawback is the too large band gap of Eg ~
3.2 eV, which restricts applications mainly
with UV photons.'?
Asahi et al.'® reported that nitrogen dop-
ing can decrease the band gap of n-type
TiO, due to the mixing of N 2p states with O
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ABSTRACT We report the synthesis of N-doped Ti0, nanofibers and high photocatalytic
efficiency in generating hydrogen from ethanol —water mixtures under UV-A and UV-B irradiation.

Titanate nanofibers synthesized by hydrothermal method are annealed in air and/or ammonia to

achieve N-doped anatase fibers. Depending on the synthesis route, either interstitial N atoms or new

N—Ti bonds appear in the lattice, resulting in slight lattice expansion as shown by XPS and HR-TEM

analysis, respectively. These nanofibers were then used as support for Pd and Pt nanoparticles

deposited with wet impregnation followed by calcination and reduction. In the hydrogen generation

tests, the N-doped samples were clearly outperforming their undoped counterparts, showing

remarkable efficiency not only under UV-B but also with UV-A illumination. When 100 mg of catalyst

(N-doped Ti0, nanofiber decorated with Pt nanoparticles) was applied to 1 L of water—ethanol
mixture, the H, evolution rates were as high as 700 xmol/h (UV-A) and 2250 smol/h (UV-B)

corresponding to photo energy conversion percentages of ~3.6 and ~12.3%, respectively.

KEYWORDS: hydrogen production - photocatalysis - nanowire - nitrogen-doped

anatase

2p states and shown photodegradation of
methylene blue and gaseous acetaldehyde
with photons of the visible spectrum. As it
has been demonstrated later, substitution
of O in the lattice with C leads to a similar
result.'"'>'* A further improvement of
photocatalytic performance can be ob-
tained by decorating the n-type semicon-
ducting TiO, and its derivatives with metals
of large work function®>*'%'*=17 or with
other semiconducting materials'®2° hav-
ing different band structure (p-type doping,
nearly intrinsic behavior or much smaller
band gap). In the former case, a Schottky
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Figure 1. TEM images of (a) pristine TiO, NF, (b) N-TiO,(A) NF, and (c) N-TiO,(B) NF. Panels in the bottom right corners show
high-magnification images of the lattice with the corresponding fast Fourier transformed pattern of each sample.

interface forms between the metal nanoparticle and
the n-type TiO,, while in the latter one, a p—n junction
might evolve at the interface. As both types of junc-
tions have rectifying electrical transport behavior,
efficient charge separation of the photogenerated
electron—hole pairs is achieved, which disables the
undesired electron—hole recombination.?’ 2

In the present study, we are combining the efforts of
lattice doping and metal nanoparticle decoration with
the recent achievements of titanate/titania nanofiber
synthesis?®?” in order to develop novel and efficient
photocatalyst materials that are easy to produce even
in industrial quantities. The reason for applying nano-
fiber-based catalysts is the versatility of postprocessing
such materials because with the elongated nanoparti-
cles it is relatively simple to form large area films,
coatings, and porous membranes as well as compo-
sites with polymers,?>?” all which would be practical in
the chemical processes listed above.~ ' Accordingly,
here we report on the synthesis of nitrogen-doped
TiO, nanofibers (N-TiO, NFs) and their metal (Pt and
Pd)-decorated derivatives and demonstrate for the first
time an ultraefficient H, generation from water—
ethanol mixtures under UV-A and UV-B irradiation. To
our best knowledge, this is the first study to use N-TiO,
NFs and its metal-decorated derivatives for hydrogen
generation.

RESULTS AND DISCUSSION

We report here two kinds of nitrogen-doped TiO,
nanofibers, referred as N-TiO,(A) NF and N-TiO,(B) NF,
synthesized using different calcination methods:
N-TiO,(A) NF is synthesized by the calcination of
H,_.Na,Ti,0,,,; nanofibers at 600 °C in ammonia
gas flow (50 mL/min, 2% NHs in N, buffer) for 15 h,
while N-TiO,(B) NF is synthesized also from
H>_,Na,Ti,0,,,1 but in two subsequent calcination
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steps: first, calcined in air at 600 °C for 12 h to form
TiO, anatase nanofibers, followed by a second calcina-
tion step in ammonia gas (50 mL/min, 2% NHs in N,
buffer) at the same temperature for 3 h.

After the annealing processes, both products have
different colors than the undoped material. While the
undoped material is a white powder, N-TiO,(A) NFs are
bluish and N-TiO,(B) NFs appear as a pale gray color
(see the Supporting Information, Figure S1). High-
resolution TEM images of pristine TiO, NF and nitro-
gen-doped TiO, nanofibers (Figure 1) show that the
calcination processes were sufficient to form a highly
crystalline anatase structure with both routes. An
increased d spacing for the (101) crystal plane is
observed only for the N-TiO,(A) samples, suggesting
that the one-step calcination method resulted in in-
corporation of interstitial N atoms into the lattice,*®
while the two-step calcination method introduced the
nitrogen atoms onto substitutional locations. In
N-TiO,(A) NFs (titanate annealed in NH3 at 600 °C for
15 h), the change of (101) spacing is from 3.41to 3.46 A;
however, in N-TiO,(B) NFs, no considerable expansion
of the lattice is visible (Figure 1).

The two different high-temperature treatments in
NHj3 result in nitrogen doping of the raw materials as
calculated from N 1s XPS spectra (Table 1). The N 1s
component at 397.8 eV of N-TiO, (A) NF can be
assigned to interstitial nitrogen atoms (N/Ti ratio of
0.0111), while the peak at 396.3 eV of N-TiO, (B) NF is
due to substitutional nitrogen (formed Ti—N bond, N/Ti
ratio of 0.0021).>° The other components with higher
binding energies (>399.0 eV) detected for each sample
correspond to decomposition products of NHsz mol-
ecules and/or other surface contamination. The differ-
ence in the N/Ti atomic ratios measured for the
interstitial and substitutional nitrogen is reasonable
considering the different synthesis condition. It is
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TABLE 1. XPS Peak Positions, Element Concentration, and N/Ti Ratio in TiO, NF, N-TiO,(A) NF, and N-TiO,(B) NF Samples

N 1s peak position and concentration (the

sample corresponding N/Ti ratio)

Ti0, NF not detected 399.0 eV; 400.4 eV;
0.08 at % 0.30 at %

(0.0031) (0.0118)
N-Ti0,(A) NF 397.8 eV; 400.6 eV; 4019 eV;
0.28 at % 0.19 at % 0.08 at %

(0.0111) (0.0076) (0.0031)
N-Ti0,(B) NF 3963 eV; 3993 eV; 401.2 eV;
0.05 at % 0.18 at % 0.11 at %

(0.0021) (0.0072) (0.0044)

Ti 2p;/, peak position

and concentration 0 1s peak position and concentration

458.5 eV; 529.7 eV; 530.7 eV; 531.7 eV;
25.47 at % 50.87 at % 4.02 at % 3.28 at %
458.5 eV; 529.7 eV; 530.6 €V; 531.8 eV;
2524 at % 48.62 at % 6.05 at % 1.85 at %
458.5 eV; 529.8 eV; 531.1¢V; 532.1¢V;
25.08 at % 50.18 at % 4471 at % 141 at %
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Figure 2. TEM images of (a) N-TiO,(A)-Pd NF, (b) N-TiO,(A)-Pt NF, (c) N-TiO,(B)-Pd NF, and (d) N-TiO,(B)-Pt NF. In each case,
metal loading is ~1.0 wt %. Insets show histograms of the corresponding metal nanoparticle size distributions.

important to point out that a significant amount of
sodium ions (Na atom concentration: 8.54 at %) was
found in the samples probably due to limited ion
exchange in the interior of the initial sodium titanate
(Na,Ti, 0,y 1) nanofibers. The presence of Na™ ions
on the surface may influence water molecule adsorp-
tion and lead to pH change at the catalyst/aqueous
solution interface, thus changing electrochemical po-
tentials in water splitting reactions, and can also be
an additional source of charge carriers enhancing or
inhibiting photochemical excitation effect. The XPS
results on the N content of the samples are consistent
with the HR-TEM analysis because the considerable
amount of interstitial N atoms may indeed contribute
to the expansion of the lattice.

The average -potentials of original TiO, NF, N-TiO,-
(A) NF, and N-TiO,(B) NF measured on powders dis-
persed in ethanol are —10.14, —18.02, and —16.32 mV,
respectively. The somewhat lower potential values
(calculated with the Henry equation from the electro-
phoretic mobility) for the N-doped samples compared
to the original TiO, NFs suggests slight accumulation of
additional negative charge on the surface as a conse-
quence of nitrogen doping.>°

The as-prepared N-doped TiO, nanofibers were
finally decorated with Pt and Pd nanoparticles (1 wt %
each sample) by wet impregnation with Pt- and Pd-
acetylacetonate in acetone followed by drying, ther-
mal decomposition in air at 300 °C for 2 h, and
reduction in H, flow at 500 °C for 4 h (for details, see
Supporting Information). The anatase crystalline
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structure is left intact during the metal nanoparticle
deposition step as verified by X-ray diffraction
(Figure S2). Furthermore, the weak and broadened
reflections of Pd(111) and Pt(111) at 26 ~ 40.0° and
Pt(200) at 260 ~ 46.5° indicate the presence of small
nanosized metal particles in the samples (Figure S3).
Analysis of the metal-decorated nanofibers with
transmission electron microscopy (TEM) shows that
the deposited metal nanoparticles are well-dispersed
on the surface (Figure 2). The average size of Pt
nanoparticles is considerably smaller than that mea-
sured for Pd on both types of supporting surfaces
(1.4 £ 0.3 nm on N-TiO5(A) and 1.9 & 0.3 nm on
N-TiO,(B) for Pt; and 4.7 & 1.4 nm on N-TiO,(A) and
5.9 4+ 1.2 nm on N-TiO,(B) NF for Pd). The particle size is
determined by several factors as decomposition of the
noble metal source compounds, seed formation rates,
and diffusion properties. While both platinum acetyla-
cetonate and palladium acetylacetonate decompose
around 200 °C,*'2 the activation energy of the diffu-
sion of platinum is 1.4—1.5 times higher than that in
the case of palladium?? which leads to a slower surface
diffusion of platinum and results in nanoparticle for-
mation from a smaller area around the seed.
Hydrogen production from aqueous ethanol solu-
tion with metal-nanoparticle-decorated N-TiO,(A) NF
and N-TiO,(B) NF catalysts shows about an order of
magnitude higher rate than that of the reference
catalyst (same support materials without metal) under
both UV-A and UV-B irradiation (Figure 3). Using UV-A
irradiation, the rates of H, evolution were found to be
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Figure 3. Hydrogen evolution from ethanol/water mixture (molar ratio 1:3) over parent and noble metal loaded (1.0 wt %)
catalyst materials (100 mg each) under (a) UV-A (total UV power on the reactor ~1.54 W, A(/ax) ~ 365 nm) and (b) UV-B (total
UV power on the reactor ~1.46 W, A(lnax) ~ 312 nm) irradiation. N, gas was bubbled through the reactor at a flow rate of

400 mL/min, serving also as a purging gas for the evolving gaseous products.

around 330 umol/h for N-TiO,(A)-Pd NF, 330 umol/h for
N-TiO,(A)-Pt NF, 250 umol/h for N-TiO,(B)-Pd NF, and
700 umol/h for N-TiO,(B)-Pt NF, while only 50 umol/h
for N-TiO,(A) NF and 30 umol/h for N-TiO,(B) NF. When
using UV-B light source—as expected—the generation
rates were considerably higher: 1350 umol/h for
N-TiO,(A)-Pd NF, 1550 umol/h for N-TiO,(A)-Pt NF,
1530 umol/h for N-TiO,(B)-Pd NF, and 2250 umol/h
for N-TiO,(B)-Pt NF, and 120 umol/h for N-TiO,(A) NF
and 30 umol/h for N-TiO,(B) NF. As the catalyst amount
was 100 mg in all of the experiment, the hydrogen
production rate normalized to the total catalyst mass is
3300 umol/gh for N-TiO,(A)-Pd NF, 3300 «mol/gh for
N-TiO,(A)-Pt NF, 2500 umol/gh for N-TiO,(B)-Pd NF,
and 7000 umol/gh for N-TiO,(B)-Pt NF, while only
500 umol/gh for N-TiO,(A) NF and 300 umol/gh for
N-TiO,(B) NF. When using UV-B light source—as
expected—the generation rates were considerably
higher: 13500 umol/gh for N-TiO,(A)-Pd NF, 15500
umol/gh for N-TiO,(A)-Pt NF, 15300 umol/gh for
N-TiO,(B)-Pd NF, and 22 500 umol/gh for N-TiO,(B)-Pt
NF, and 1200 umol/gh for N-TiO,(A) NF and 300 #mol/h
for N-TiO,(B) nanofibers. The highest values of effi-
ciency of the energy conversion from photo energy to
chemical energy stored in hydrogen are 5.3 and 10.6% for
UV-A and UV-B photons, respectively, calculated by>*

photo energy conversion (%)

_output energy of hydrogen evolved « 100
N energy of incident light

To further demonstrate the high efficiency of our
N-doped and metal-decorated catalysts, commercial
TiO, nanoparticles (Degussa P25) decorated with 1.0 wt %
Pt nanoparticles were prepared and their photo-
catalytic performance was measured using the same
conditions as with the nanofiber-based samples. Com-
parison of the absorption spectra (Figure S4 in Sup-
porting Information) of the TiO,-based materials shows
evidence of higher absorptivity in the visible region. As
shown in Figure 3b, all of the four new catalysts clearly
outperform the conventional TiO,-Pt as well as other
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metal-decorated TiO,-based samples synthesized by
other groups (Table S1).

The better catalyst activity under UV-B exposure is
explained by the larger number of photons of high
enough energy to induce electron—hole pairs in the
semiconductor. The reason for better photocatalytic
activity for the metal-decorated nanofibers as com-
pared to the clean support materials is due to the
efficient electron—hole separation, which inhibits re-
combination, thus improving the photoefficiency of
the catalyst.>' ~2* Doping TiO, with nitrogen results in
the formation of new p-states near the valence band
(similar to deep donor levels in semiconductors), en-
abling electron transitions with lower energies than in
the undoped TiO,." Since the N/Ti ratio for the inter-
stitial N atom of N-TiO,(A) NF is higher than that for the
N—Ti bond of N-TiO,(B) NF, one may expect a smaller
band gap (or more p-states near the valence band) and
consequently a better photocatalytic activity for the
catalysts with N-TiO,(A) NF. Experiments with the
pristine N-doped support materials are in agreement
with the expectations; that is, N-TiO,(A) NF performs
better than N-TiO,(B) NF. The metal-decorated samples
seem to perform quite similarly except N-TiO,(B)-Pt NF,
which produces almost twice as much hydrogen as the
other metal-decorated catalysts. This difference is not
thoroughly understood; however, a direct electron
transition from the p-states to any empty states of
the Pt nanoparticle might give a reasonable explana-
tion as such transitions should be more favored en-
ergetically than the ones from the valence band and/or
the p-states to the conduction band of the semicon-
ductor followed by a subsequent transition to the
metal. On the other hand, Pt-decorated samples have
advantages over the Pd-decorated ones derived from
the smaller particle size and accordingly higher disper-
sion value of the catalyst particles. To have insight into
this aspect, we calculated the turnover frequency
values (see the Supporting Information file) and found
higher ones for Pt in three of the four cases. As the
particle size and dispersion was not fully correlated to
the product amount and use of turnover frequency has

VOL.5 = NO.6 = 5025-5030 = 2011 ACS

NANO)
NANO

WWww.acsnhano.org

J1O1LdV

5028



controversies in photocatalytic processes, we used
product rate/amount of catalyst values for comparing
different methods, and this value has the practical
advantage to lead easily to product amount/cost of
catalyst calculations.

In summary, a set of novel photocatalyst materials
based on N-doped TiO, nanofibers were developed
and tested for hydrogen generation from ethanol—
water mixtures of 1:3 molar ratio by applying UV-A and
UV-B irradiation. Each photocatalyst was found to be
highly efficient, outperforming the metal-decorated

METHODS

Sodium titanate (Na,Ti,O,,. ) nanofibers were synthesized
through the hydrothermal synthesis route from anatase TiO, in
aqueous NaOH solution (10 M) at 175 °Cfor 24 h using a rotating
autoclave applying 120 rpm revolving around its short axis.
Washing of Na,Ti 05, in 0.1 M HCl was applied to exchange
Na™ ions to protons in the nanofibers. Finally, the product was
washed with deionized water to reach pH ~7 and finally filtered
and dried in air at 70 °C.

Two kinds of nitrogen-doped TiO, nanofibers, referred as
N-TiO(A) NF and N-TiO(B) NF, were synthesized using different
calcination methods. N-TiO,(A) NF was synthesized by the
calcination of H,_,Na,Ti 0, ; nanofibers at 600 °Cin ammonia
gas flow (50 mL/min, 2% NHj in N, buffer) for 15 h. N-TiO,(B) NF
was synthesized also from H,_,Na,Ti,O,,; nanofibers but in
two subsequent calcination steps: first, calcined in air at 600 °C
for 12 h to form TiO, anatase nanofibers, followed by a second
calcination step in ammonia gas (50 mL/min, 2% NHs in N,
buffer) at the same temperature for 3 h. The Na/Ti atomic ratios
of the two products were ~30.4% in N-TiO,(A) NF and ~25.5%
in N-TiO,(B) NF.

The as-made N-TiO,(A) NF and N-TiO,(B) NF were used as
support for Pt and Pd nanoparticles deposited by wet impreg-
nation. In a typical process, 20.4 mg of platinum(ll) acetylace-
tonate (Aldrich, 99.99%) or 292 mg of palladium(ll)
acetylacetonate (Aldrich, 99%) was dissolved in 100 mL of
acetone and mixed with 1.0 g of N-TiO, NF by ultrasonic
agitation for 3 h and stirring for 6 h. After the solvents were
evaporated at ~80 °C under N, flow, the samples were calcined
in air at 300 °C for 2 h, and then reduced in 15% H, (in Ar buffer)
flow at 500 °C for 4 h to obtain the products: N-TiO,(A)-Pt,
N-TiO,(A)-Pd, N-TiO,(B)-Pt, and N-TiO,(B)-Pd each with ~1.0 wt %
metal load. Pt-decorated TiO, nanoparticles (Degussa P25),
used as reference catalyst, were made using the same routine
as with the nanofibers described above.

The microstructure of diameter/structure of individual nano-
fibers (N-TiO,(A) NF and N-TiO,(B) NF) and the decorating metal
nanoparticles (N-TiO5(A)-Pd NF, N-TiO,(A)-Pt NF, N-TiO,(B)-Pd
NF, and N-TiO,(B)-Pt NF) were studied by transmission electron
microscopy (EFTEM, LEO 912 OMEGA, 120 kV) as well as by X-ray
diffraction (XRD, Siemens D5000 and Philips PW 1380, both
using Cu Ka radiation). High-resolution TEM images of TiO, NF,
N-TiO,(A) NF, and N-TiO,(B) NF were taken with a JEOL 2000FX
(JEOL Ltd.) electron microscope operated at 200 kV (LaBg gun).

The E-potential of the catalysts (dispersed in ethanol) was
determined from their electrophoretic mobility using a {-po-
tential analyzer, 90Plus/BI-MAS (Brookhaven Instruments
Corporation). The velocity of the particles was measured by
laser Doppler velocimetry. The analysis of chemical composition
and oxidation state was carried out by X-ray photoelectron
spectroscopy (XPS, Kratos Axis Ultra DLD, mono Al Ka source,
analysis area of 0.3 x 0.7 mm?, applying charge neutralizer).

Photocatalytic H, generation tests were carried out using 1:3
molar ratio mixture of ethanol and water (1 L) in which 100 mg
of TiO,-based catalyst was suspended before each experiments.
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conventional TiO, nanoparticle catalyst materials.?>3>~%

Among the synthesized photocatalysts, the highest
hydrogen generation rates were obtained with
N-doped TiO,(B) nanofibers decorated with Pt nano-
particles (diameter of 1.9 £ 0.3 nm, 1.0 wt % Pt in the
catalyst). When we applied only 100 mg of catalyst in
1 L water—ethanol mixture—without optimizing the
reactor conditions—the H, evolution rates were as
high as 700 umol/h (UV-A) and 2250 umol/h (UV-B)
corresponding to photoefficiency values of ~3.6 and
~12.3%, respectively.

The temperature of the mixture was kept near the room
temperature. For light source, six pieces of UV-A lamps
(Philips Actinic BL 15W/10 SLV, the wavelength of maximum
emission of UV-A lamp was at ~365 nm and the power in the UV
range was ~3.15 W) or six pieces of UV-B lamps (Sankyo Denki
G15T8E UV-B lamps, the wavelength of maximum emission of
UV-B lamp was ~312 nm, and the power in UV range was 3.0 W)
were placed in a hexagonal arrangement around the reactor.
When the geometry of the experimental setup was taken into
account, the total UV-A and UV-B powers reaching the reactor
were ~1.54 and ~1.46 W, respectively. To avoid sedimentation
of the catalyst powders, N, gas was bubbled through the
reactor with a flow rate of 400 mL/min, serving also as a purging
gas for the evolving gaseous products. The outlet of the reactor
was connected to a cold trap and to a molecular sieve and then
to a hydrogen analyzer (General Electric, XMTC-6C-11).
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